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PREFACE

This book contains basics of the MIMO-OFDM system which provide substantial
growth in capacity and throughput along with reliability because of antenna
diversity. To achieve this, the MIMO system doesn’t require any extra bandwidth or
transmission power, which is again in favor of the wireless system design. Thus the
MIMO and OFDM systems are executing key roles in the existing as well as future
generations to make them sophisticated and popular. Although there are many
advantages of MIMO-OFDM systems, it is observed that the wireless channel even
in a slow fading environment is vulnerable to different error rates like 'bit-error-rate
(BER)', ‘symbol-error- rates (SER)', and ‘Frame-error- rates (FER)’. Similarly, this
technology is also susceptible to inter-symbol and inter-carrier interferences because
of high PAPR and failure of orthogonality in the OFDM system. The OFDM
system also needs very accurate frequency synchronization between transmitter and
receivers. This is because of the presence of closely placed narrow-band sub-carriers.
The slight change in frequency may lead to carrier frequency offset (CFO). Many
factors affect the synchronization like characteristics of devices manufactured by
different manufacturers may not similar or may vary from the nominal specification,
temperature, and aging effect may be the reason of CFO. Another reason for CFO is
the relative motion between transmitter and receiver. This is known as the Doppler
shift effect. However, the Doppler shift is much less than oscillators frequency still,
it can degrade the quality of received signals. The CFO can destroy the orthogonality
of sub-channels and lead to ICI. The effect of the above-listed factors resisting the
advancement and applications of the future wireless system are motivating us to

produce this research work in the form of book.

Chapter 1 under the heading of introduction, the history of wireless communication
and the classification and features of the next-generation wireless system have been
discussed. Background and overview of an OFDM system, MIMO system separately
have been illustrated along with the merits and demerits of the combination of the

MIMO-OFDM system which has been successfully employed in earlier wireless



systems (1G to 3G) and is being investigated and analyzed for the next-generation
wireless system. The rest of the book is planned into different chapters summarized

as follows;

Chapter 2 illustrates the review of the literature from the research articles by
renowned researchers and academicians. The review process is classified according
to various issues faced by MIMO-OFDM wireless communication systems, such as
error rate performance, PAPR reduction, Capacity improvement, and Code-based
performance evaluation of the MIMO-OFDM System. In each case, the

methodologies used by the researcher and their results have been illustrated.

Chapter 3 deals with details on features, basic concepts, and design issues in
MIMO-OFDM systems. Beginning from the basic single carrier modulation (SCM)
system, the basic idea behind the OFDM system has been illustrated. The advantages
of diversity concepts in the MIMO system have been explained, and finally, the

basic architecture of the MIMO-OFDM system has been discussed.

Chapter 4 deals with problem identification and the methodology used for the
fulfillment of proposed research work. This chapter is classified according to issues
encountered in MIMO-OFDM wireless communication systems and each method
has been illustrated using detailed mathematical expressions. Methodologies
included in this chapter are BER performance and probability of error analysis using
different constellation schemes; PAPR reduction methods using ICF and SLM
schemes; performance investigation of MIMO-OFDM System over Multipath fading
Channels; performance Evaluation of MIMO-OFDM System using transmit
beamforming (Alamouti STBC scheme) and receive beamforming (MRC scheme).
Channel capacity (ergodic as well as outage capacity) has been elaborated using

proper mathematical expression.

Chapter 5 demonstrates the performance investigation of the proposed MIMO-
OFDM wireless communication system, via simulation results of various
methodologies used. This chapter includes the illustration of simulation results of the
different algorithms employed for error rate improvement, PAPR reduction, and

channel capacity enhancement.



Chapter 6 deals with the conclusion of the overall research work done and future scopes

to the overall contribution of this book.

In particular, this book will be very useful for B.Tech. (Under graduates), M.Tech. (post
graduates) and Ph.D. researchers in the field of next frontier wireless communication.
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Abstract

In today’s modern era the speed of the mobile communication system plays an important role in
human life. As numbers of customers and applications are rapidly increasing, there is a necessity
for improvement in the speed of the network and high data rate capability for the optimum use of
mobile applications. From the beginning of first-generation mobile communication, speed and
throughput were the critical issues in the wireless communication system. That motivated
researchers to improve the speed and throughput of the network. When 3G and 4G are not
fulfilling the gap of speed in humans and their use, it is important to design an advanced 5G
mobile communication system. 5G is intending to target a higher data rate capacity at high speed
compared to the current 4G system, with a higher density of mobile broadband customers. The
blend of Multiple-input multiple-output (MIMO) wireless technology with orthogonal
frequency-division multiplexing (OFDM) is a highly efficient and popular technology that is still
performing better in past and future generation wireless systems for achieving targets discussed
above. Besides many advantages of MIMO and OFDM schemes, the wireless communication
system using the MIMO-OFDM scheme faces many challenges, such as bit error rates (BER),
inter-symbol interference (ISI), high peak to average power ratio (PAPR) which in turn breaks
the orthogonality in the OFDM system causing inter-carrier interference (ICI). The information
throughput or capacity of a wireless system can be improved by increasing the number of
antennas at receiving and transmitting end but at cost of computational complexity. Also, in the
MIMO system maintaining space between antennas is to have un-correlated fading paths and to

reduce cross-correlation and inter-antenna interference.

Intending to grow accessible wireless systems able to meet the requests of information-
intensive applications, the proposed technology dynamically in gaining radio frequency data
transfer capacity. Along these lines, we must look to innovations to create more throughputs
from existing data transfer capacity and expanding the channel capacity. In this research, various
techniques for improving error rate and capacity or throughput using different constellation
schemes along with different sets of antennas in the MIMO system such as transmit
beamforming scheme (Alamouti STBC scheme), receive beamforming scheme (MRC scheme)
have been employed, and analyzed for error rate performance. The STBC coding scheme is used

to achieve better spatial diversity that improves the system performance in terms of data rate and



reliability. The iterative clipping and filtering scheme and selective mapping scheme along with
cyclic prefixes are employed and analyzed for PAPR reduction to maintain the orthogonality and
hence to avoid ISI and ICI in the proposed system. The simulation results in the result section
depict that, to achieve the BER value of ~ 107*the MRC Scheme with (1 x 2) and (1 X 4)
antenna system outperforms the Alamouti STBC coded MIMO-OFDM scheme with (2 x 1) by
SNR of 2 dB and 11 dB respectively. Similarly, the Alamouti STBC coded MIMO-OFDM
scheme with (2 x 2) antenna system outperform MRC Scheme with (1 x 2)system by 4.8 dB
SNR to achieve BER value of 10™%, on the other hand, MRC Scheme with (1 X 4)system
outperforms the Alamouti STBC coded MIMO-OFDM scheme with (2 x 2) system by SNR of
3 dB. The PAPR reduction performance of the proposed scheme using ICF techniques
outperforms the SLM technique by 2.8 dB at the CCDF of 10~*. Different antenna system
(M x My) have been employed and analyzed and the results depict that increasing number of
antennas at the transmitter and the receiver gives a substantial increase in the capacity of the
wireless system, for example at the SNR of 20 dB, (2 x 2), (3 X 3) and (4 x 5) antenna system
provides the channel capacity of 11.31, 16.77, and 24.74 b/s/Hz respectively.



Table No.

Table 1.1
Table 1.2

Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 2.5

Table 2.6

Table 2.7

Table 5.1

Table 5.2

Table 5.3
Table 5.4
Table 5.5

Table 5.6

Table 5.7

Table 5.8

List of Tables

Title of table Page
No.
History of wireless communication 3

Evolution of different generations of wireless communication 4

Error rate performance using various modulation schemes 39
Error rate performance of STBC coded MIMO-OFDM 40
System

Error rate performance of Alamouti STBC coded MIMO 41
System

Error rate performance of MIMO System using MRC scheme 42
PAPR reduction performance in OFDM system -1&2 43-45
Channel capacity performance in MIMO-OFDM 46
Ergodic capacity, Outage capacity and outage probability 47
performance

Simulation parameters for OFDM spectrum at different 114

frequencies

Estimation of ergodic capacity with different combination of 120

antennas

Simulation parameter table for PAPR reduction 123
Comparative error performance for different CR 126
Comparative error performances for different clipping and 127
filtering level

BER performance comparison for EG, MRC and SC 133
schemes

Comparative error performance of different scheme with 133
antenna selection

Comparative error performance of MRC, AI-STBC and 133

STTC scheme



Table No.

Table 5.9
Table 5.10

Table 5.11

Table 5.12
(a)
Table 5.12
(b)

Title of table

Error performance for STTC (2 x 2) antenna system
comparative capacity analysis of proposed MIMO-OFDM
system

comparative PAPR performance analysis of proposed OFDM
system

comparative error rate performance analysis of proposed
system

comparative error rate performance analysis of proposed

system

Page
No.

133
134

135

137

138



Figure No.

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4

Figure 1.5
Figure 2.1
Figure 3.1
Figure 3.2

Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 4.1
Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

List of Figures

Title of figure

Wireless propagation through a fading channel

Simple block diagram of OFDM transmitter and receiver
Block diagram of SCM with frequency domain equalization
Various antenna diversity schemes a) 1 x 1 (SISO), b) 1 x 2
(SIMO), ¢) 2 x 1 (MISO), d) Mt X Mg (MIMO)

Simple MIMO-OFDM block diagram

Orthogonally spaced OFDM signal in the frequency domain
System functional block diagram of SC-FDMA

(a) Wideband transmission in SCM

(b) Narrowband transmission in MCM

Composite signal transmission

Inter-carrier interference between adjacent channels

Guard band between neighbouring channels

System architecture of OFDM

‘M’ diversity Branches

Multi-input multi-output antennas system

A MIMO-OFDM system with M; X My antenna configuration

Wireless channel model with multipath fading
Analytical result of BER Vs SNR
BPSK constellation plot

QPSK constellation plot

Four phases (4-QAM) signal constellations (a) single (b) Two
amplitude 4 point QAM constellation

Eight point 8 QAM constellation (a) and (c) Rectangular 8 QAM

constellation. (b) and (d) circular 8 QAM constellation

Page
No.

10

11
18
51
52

54
54
55
57
63
67

74
76
76

78

81



Figure No.

Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11
Figure 4.12

Figure 4.13
Figure 4.14
Figure 4.15
Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure 5.10
Figure 5.11
Figure 5.12
Figure 5.13
Figure 5.14
Figure 5.15

Figure 5.16
Figure 5.17

Title of figure

Input-output Characteristic of HPA

Conventional ICF method for PAPR reduction
Conventional selective mapping scheme for PAPR reduction
Single input multiple output (SIMO) receiver beam forming
Space time-coded (Mt X Mg) MIMO system

(a) Two Transmit and one Receive Antenna system (b) 2-
Transmit, 1-Receive Alamouti STBC coding

Gaussian channel

(Mt x Mg) MIMO System

(Mt x Mg) MIMO System with feedback

Spectrum of OFDM transmitter at frequency 20MHz
Spectrum of OFDM transmitter at frequency 100MHz

Input FFT signal of OFDM system

Sinusoidal signals with different frequency and their DFT
Flowchart for the estimation of ergodic capacity

Flowchart for the estimation of outage capacity

MIMO ergodic channel capacity for different antenna systems

MIMO channel capacity chart for different antenna systems
Outage probability at 8dB SNR

Channel capacity for receiver diversity

CDF of capacity for receiver diversity at 5dB SNR

Error performance of clipping and filtering (ICF) method
Error performance for Selective Mapping (SLM) scheme
Clipped and filtered OFDM signal

Error performance for different clipped ratio and clipping &
filtering levels

Bit error performance with variable Symbol length

Error performance of MRC scheme with (1 x 2) and (1 x 4)

antenna configuration

vi

Page
No.
84
87
88
93
96
98

101
105
108
114
115
115
116
118
119
120
121
121
122
122
124
125
125
126

127
128



Figure No.

Figure 5.18
Figure 5.19

Figure 5.20
Figure 5.21
Figure 5.22

Figure 5.23
Figure 5.24

Title of figure

Error performance for receive diversity

BER Performance for Equal gain, MRC and selection combining
scheme

Alamouti STBC simulation flowchart

Error Performance Comparisons of MRC & Alamouti STBC
Error Performance Comparison of MRC, Alamouti STBC and
STTC scheme

Error performance for STTC with (2 X 2) antenna system

Error performance of AI-STBC (2 x 2) scheme over Rayleigh
fading channel

vii

Page

No.
129
129

130
131
131

132
132



List of Abbreviations / Symbols

3GPP Third Generation Partnership Project
ADC Analog-to-digital converter

AWGN Additive White Gaussian Noise

BER Bit Error Rate

BPSK Binary Phase Shift Keying

CCDF Complementary Cumulative Distribution Function
CDF Cumulative Distribution Function
CDMA Code Division Multiplexing Access
CF Crest Factor

CFO Carrier frequency offset

CIR Channel Impulse Response

CP Cyclic prefix

Csl Channel State Information

DAB Digital Audio Broadcast

DAC Digital-to-analog converter

D-BLAST Diagonal Bell Labs layered space—time
DCT Discrete Cosine Transform

DFT Discrete Fourier Transform

DMT Discrete multi tone

DVB Digital Video Broadcasting

EGC Equal-gain combining

EM Expectation maximization

FDM Frequency Division Multiplexing
FDMA Frequency-division multiple access
FFT Fast Fourier Transform

FSK Frequency shift keying

GA Genetic Algorithm

GPRS General Packet Radio Service
H-BLAST Horizontal Bell Labs layered space-time
HSDPA High Speed Downlink Packet Access

viii



ICI
IEEE
IDFT
IFFT

ISI
LAN
LOS
LS
LTE
MAN
MCM
MIMO
MISO
ML
MMSE
MRC
MSE
MUD
NLMS
OFDM
OFDMA
PAPR
PDF
PSK
PTS
QAM
QoS
QPSK
RF
SCM
SCO
SDMA

Inter Carrier Interference

Institute of Electrical and electronics engineers
Inverse discrete Fourier transform
Inverse Fast Fourier Transform
Internet protocol

Inter Symbol Interference

Local Area Network

Line of sight

Least Square

Long Term Evolution
Metropolitan Area Network
Multicarrier Communication
Multi-Input-Multi-Output
Multiple-input single-output
Maximum Likelihood

Mean Square Error Estimation
Maximal ratio combining

Mean Square Error

Multi User Detection

Normalized least mean square
Orthogonal Frequency Division Multiplexing
Orthogonal frequency-division multiple access
Peak to Average Power Ratio
Probability Density Function
Phase shift keying

Partial Transmit Sequence
Quadrature Amplitude Modulation
Quiality of service

Quadrature Phase Shift Keying
Radio Frequency

Single carrier modulation
Sampling clock offset

Space Division Multiple Access
ix



SER
SFBC
SIMO
SISO
SLM
SM
SNR
STBC
STC
STFBC
STTC
SVvD
TDMA
UFMC
uwB
VBLAST
VolIP
WAN
Wi-Fi
Wi Max
WLAN
ZF

ZP

Symbol Error Rate
Space—frequency block code
Single-input multiple-output
Single-input single-output
Selective Mapping

Spatial multiplexing
Signal-to-noise ratio

Space-time block code
Space-time code
Space-time—frequency block code
Space-time trellis code

Singular value decomposition
Time-division multiple access
Universal filtered multi-carrier.
Ultra wideband

Vertical-Bell Laboratories Layered Space-Time
Voice over Internet Protocol
Wide area network

Wireless Fidelity

Worldwide Interoperability for Microwave Access
Wireless Local Area Network
Zero forcing

Zero padding



Next Frontier MIMO-OFDM Based Wireless Communication System

Chapter 1

Introduction

1.1 INTRODUCTION

Transmission of information or data or signals over meters to thousands of
kilometers through space without using wired lines is known as wireless
communication. Wireless communication is not only used for the communication
between people but also things (IoT) and devices or systems. The applications of
wireless are not only limited to the cellular telephonic system but also it is used for
internet browsing, networking of working places or homes, internet of things (loT),

wireless devices used in computer systems, radiofrequency applications, GPS, etc.
1.1.1  History of wireless communication

The history begins with the theory of electro-magnetism. The transmission and
acceptance of information, data signals, or symbols using the electromagnetic system
is known as telecommunication. This definition was first given by ITU (International
Telecommunication Union). The theory of electromagnetism was first invented by
Hans Christian Oersted and Andre-Marie Ampere in the decade of 1820. Using
electromagnetic theory, Joseph Henry and Samuel Morse established electrical
telegraphy in 1832. In the US, the electrical telegraphy networks were used first in
1840. In 1864, James Clerk Maxwell introduced wireless propagation via
electromagnetic waves and it was confirmed and verified by Heinrich Hertz in 1887.
Marconi performed radiotelegraphy experiments, got a patent for the wireless system
last decade of the 19th century between1895-1897. After 1897 things were not
changed for many years, Americans referred to this transmission of information
through the electromagnetic wave as a Radio, because transmitters were radiating the
information using electromagnetic waves. Since the information or signals were
transmitted with no wire link or wired connection between transmitter and receiver,
British nationals were referring to this communication as wireless and in 1923 the

BBC (British Broadcasting Company) was the first company who use the word
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wireless. Things were transformed after 1923 because of advancements in integrated
circuits since the wired telephony was fixed in one place and peoples were not free
to use it anywhere. Also, the application of wired telephony was very limited. Thus
mobile cellular system comes into existence in the decade of 1970s. This technology
was friendly and workable for electronic mails, database accessing from remote
places, and messaging services. In this era of the 1970s, Bell Laboratories had taken
a foremost responsibility in the development of the novel mobile/cellular technology.
Initially, NMT (Nordic Mobile Telephone) cellular system established closed
cooperation between different operators (PTTs) in European countries. Later the US
also agree on common standards and protocols of the analog AMPS system and
captured 2/3rd mobile subscribers worldwide. The European PTT administrators
agreed on a common protocol for cellular wireless networks in the 1980s referred to
as GSM. The GSM is a French acronym for Groupe Special Mobile, the international
group of European PTT administrators. The new standards for Pan-European digital
mobile communication were developed in 1992 called a GSM cellular system. The
advantage of common standards was that it allows international roaming across
many European countries. Also, the key benefits of digital communication systems
were transmission capacity per unit of the spectrum, encryption facility, data
security, and the ability to combat wireless link impairments. A brief history of

wireless communication can be viewed at a glance is shown in table 1.1.

1.1.2 New generation wireless technology overview.

Every generation of cellular services signifies a big contribution to the quality of
services, speed, and capacity of information transmission. The journey of generation
‘G’ of cellular communication started with first-generation 1G in 1979. As the
speed, capacity, bandwidth, and user applications increase because of advancements
in technology, the generation of cellular telephony changed from the previous
generation to the next generation. Table 1.1 shows the evolution of different
generations of wireless technologies. The evolution of different generation wireless
systems and the specification are depicted in table 1.2.Table 1.1 History of wireless

communication.
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Table 1.1 History of wireless communication

Year Description

1866 Dr. Mahlon Loomis, patented a wireless transmission (22km)

1882 Amos Emerson Dolbear, patented wireless transmission system using telephone receiver, microphone and
Induction coil.

1885 Thomas Edison patented electrostatic induction based wireless transmission system.

1895 Marcomi generated and detected a coded message at a distance of 1.75 miles. Indian physicist, Dr.
Jagadish Chandra Bose transmitted and received wireless signals using microwave devices.

1897 Marconi demonstrated a radio transmission system for 18 mules. Established first Wireless Telegraph and
Signal Company.

1900 Tesla demonstrated a system for detecting an object using radio waves — (RADAR).

1918 Armstrong invented the Super-heterodyne Radio Receiver using 8 valves

1929 L. Cohen proposed resonant transmission lme for radio reception. HA. Affel and L. Espenscheid of
AT&T/Bell Labs demonstrated the concept of coaxial cable for a FDMA multi-channel telephony system.

1932 International Telecommunications Union (ITU) formed and the word Telecommunication comed by ITU.

1933 Armstrong demonstrated Frequency Modulation (FM) and proposed FM radio in 1936

1934 FCC (Federal Commumications Commission) formed i US

1944 Time-Division Multiplexing (TDMA) was mvented. Radio Research Lab developed radar
countermeasures (jamming) in the 25 MHz to 6 GHz range.

1948 Shannon laid out the theoretical foundations of digital communications

1955 John R Pierce proposed application of satellites for communications.

1969 The first digital radio-relay system begins its operation in Japan using 2 GHz operating frequency.

1974 FCC allocate 40 MHz for cellular telephony

1978 AT&T Bell Labs started testing a mobile telephone system based on cells.

1982 GSM (Group Special Mobile) established

1984 Imtial deployment of AMPS cellular system.

1990 Formation of [EEE 802.11 Working Group to define standards for Wireless Local Area Networks
(WLANs)

1993 CDMA (Code Division Multiple Access)

1994 PDCC (Personal Digital Cellular Operable) in Tokyo. Japan

1995 CDMA operable in Hong Kong

1996 Six Broad Band PCS (Personal Communication Services) licensed bands (120 MHz)

1997 Broadband CDMA constructed and 3rd generation mohile.

1999 WLAN systems, Bluetooth, using the 2.4 MHz spectrum.

1997 Release of IEEE 802.11 WLAN protocol. supporting 1-2 Mbit/s data rates in the 2.4 GHz ISM band

1999 Release of IEEE 802.11b WLAN protocol, supporting 1-11 Mbit/s data rates in the 2 4 GHz ISM band

1999 Release of IEEE 802.11a WLAN protocol, supporting 1-54 Mbit's data rates in the 5 GHz ISM band

2003 Release of IEEE 802.11g WLAN protocol, supporting 1-54 Mbat/s data rates i the 2 4 GHz ISM band

2009 Release of IEEE 802.11n WLAN protocol, supporting up to 150 Mbit/s data rates i both the 2 4 GHz and

5 GHz ISM bands
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Table 1.2 Evolution of different generations of wireless communication
Generation 1G 1G e 4G 5G
. 2 K 5
Year of 1979-80 1993 2001 2009 2018
launching
AMPS (Advanced
Technoloey Mobile (P'hmle GSM WCDMA LTE, MIMO,
CCUNOIOLY | System). NMT. : : WiMAX i;‘jn_
TACS vaves
Access TDMA, s . OFDM.
System FDMA CDMA CDMA CDMA BDMA
Circuit
switching for
Switching L g volce and packet packet packet
Circuit switching i T S T
type = packet switching switching switching
switching for
data
Wireless
Internet - Narrow Ultra- World
N oad-Ba .
Service No Internet Band Broad-Band Broadband Wide
Web
Bandwidth | - 000% 25 MHz 25 MHz 100 MHz 30GHz to
communication 300 GHz
200 Kbps 100 Mbps
. X More
2.4 Kbps to 14.4 i} (IMT-2000) | (Walking)
_ 64 Kbps = than
Speed Kbps 21.6 Mbps 1Gbps LG
. s
(HSPA+) (Stationary) P

Advantages of next-generation (4™ to 5 generation) technology:

High resolution

Bidirectional large bandwidth

Technology for subscriber supervision and security tools

Easily upgradable from the previous generations

1
2
3
4. Provides an enormous capacity (Gbps)
5
6

Provides uniform, uninterrupted, and consistent connectivity across the World

Disadvantages or limitations of next-generation (4" to 5™ generation)

technology:

1. It is very difficult to achieve the target of claimed speed due to lack of

infrastructure, incompetent technological support worldwide.

2. The cellular phone which was designed for 3rd generation becomes useless in

next generation (4th and 5th generation) wireless technology.
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Applications of next-generation (4™ to 5™ generation) technology:
High-quality or resolution video streaming

Ultra-high transmitting and receiving speed

I0T, Internet of things

Al, Artificial Intelligence

Automobile advancements

Robotics

Healthcare or Patient care at remote places

© N o o~ w DN PE

Defense technology and many more

1.2 BACKGROUND AND MOTIVATION
1.2.1 Background of OFDM system

Today, there is an overwhelming need for high-speed data transfer and reliable
wireless communication with high data rates to meet the demands of users and their
applications such as video streaming, electronic mail, Internet browsing, bulk data
transfer, and real-time applications. It is very challenging to provide such a reliable
and high-speed network in a wireless environment that can transmit massive
amounts of data from source to destination. Unlike wired communication, in the
wireless environment, there are many obstacles in the transmission path, like trees,
hills, monumental buildings, and many more which cause deterioration in the signal
quality. In addition to the direct path (line of sight, LOS) of receiving, the
transmitted signal reaches the receiver via multiple time-delayed paths because of
refraction, reflection, and absorption from the different obstacles present in the
wireless environment. Also, depending upon the distance between the base station
and the mobile station, the transmitted signal is randomly attenuated because of
absorption by several objects in the transmission path. Multiple replicas of the
originally transmitted signal with random signal strength are received at the
receiving station through multiple delayed paths. These replicas add up either
constructively or destructively, causing a severe degradation in the system's signal

quality performance. This is called fading in wireless communication. The fading of
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the signal is shown in fig.1.1. The relative motion between transmitters and receivers
in a fading environment results in an increase in the power spectrum. Similarly, the
wireless medium is shared by multiple users and their applications, resulting in
mutual interference between different users. In addition to the challenges faced by
wireless links in a fading environment, wireless networks also have other significant
issues such as bandwidth availability, transmission power constraints, hardware

complexity, and overall system cost.

4
,\?;

Station

| Receiver

*LOS - Line of sight ; DP - Delayed path
Fig. 1.1 Wireless propagation through a fading channel
In wireless systems, we have a limited spectrum in which it is very difficult to
accommodate many users and their applications. One of the simpler solutions to
improve bandwidth is to use higher-order modulation techniques; however, this
solution can degrade signal quality compared to lower-order modulation if the
transmitting power is not raised to a specific level. One of the most suitable and
effective solutions for reliable communication over a wireless link is to apply
various diversity techniques such as frequency, time, space, antenna, and modulation
diversity. When a signal is transmitted through a wireless environment, only a small
amount of signal power reaches the receiver due to path loss or fading effects. To
overcome this problem, the most noticeable solution is to increase the transmitting
power by using a special type of antenna system [1]. But there is a limit to the use of
transmitting power in battery-operated devices. The equipment designed for low-

power applications tends to be unable to accommodate network protocols and
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sophisticated technologies to handle mobility. Similarly using specialized antenna
systems to maintain QoS and high SNR can lead to increased hardware complexity
and ultimately system cost. The application of an 'Orthogonal Frequency Division
Multiplexing (ODFM)' scheme is important to reduce the after effects of channel
fading. The basic block diagram of an OFDM transmitter and receiver is shown in
fig. 1.2. The OFDM scheme is a 'multi-carrier modulating (MCM)' system where a
wideband signal is divided into n number of narrow-band frequency flat signals to
avoid frequency selective fading. In the OFDM scheme, individual narrow-band
signals are referred to as sub-carriers. The orthogonal placing of the subcarriers in
OFDM systems minimizes the possibility of ‘inter-symbol interference (ISI)". A
'single-carrier modulation (SCM)' system shown in fig 1.3 requires a guard signal
between two adjacent symbols with a very complex equalization technique to avoid
ISI. Whereas a multi-carrier modulation scheme like OFDM does not require any
complex signal processing algorithms. Instead in the OFDM scheme simple
IDFT/IFFT and DFT/FFT signal processing techniques can be efficiently used. In
SCM, energy of each symbol is distributed over the whole bandwidth therefore;
there is a minor effect on error probability. The output signal of SCM depicts a small

crest factor; on the other hand, OFDM output depicts a Gaussian distribution [2], [3].

1

—-
- Base-band
Signal Input Modulation N-Point | Dto A OEDM signal
—_— M-PSK or : IEET 1 | Converter - )
M-QAM v ‘It and Filter |
—-

N | Base-band signal

Transmitted through

OFDM - Transmitter wireless lshannel
B band |
. ase-ban
Signal Out | De-Modulation [< N-Point = AtoD OFDM signal \J
-1 M-PSKor i FET E Converter |-s———
M-QAM ¥ | and Filter

OFDM - Receiver

Fig. 1.2 Simple block diagram of OFDM transmitter and receiver
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Modulati Insert Channel with
odufation cP AWGN

4—‘ IFFT ’4—‘ Equilizer |<— FFT

Fig. 1.3 Block diagram of SCM with frequency domain equalization

Data in
—

Data Out
«+—| De-Modulation

The single carrier system is susceptible to ISI because of the high data rate. To avoid
ISI a symbol duration ‘Tsym’ should be greater than the maximum symbol period
(Tsym > Tmax)- Therefore to reduce the ISI symbol duration must be increased
somehow. This can be done by introducing guard signals between neighboring
symbols. For example, if the available bandwidth (W) is 1MHz, the symbol
transmission rate isl ps, and the maximum delay spread is 10 ps, then ISI will be
occurred in at least 10 consecutive symbols. To avoid this duration of symbols to be
transmitted must be greater than or equal to 10 us. Thus to avoid the ISI guard band
of a specific duration must be added between the symbols such that the total symbol
period becomes greater than or equal to 10 us. But, due to this extra overhead in the
symbol period, the data rate is reduced [4].

The OFDM modulation technique is the most effective and efficient MCM technique
[5] where the data signal is transmitted using ‘N’ numbers of orthogonally spaced

sub-carriers. If 'W' is the available bandwidth, then the bandwidth of each subcarrier
in OFDM system will be (W/N) [6]. Due to this fact, the OFDM system maintains

the same data rate as the SCM due to the presence of multiple sub-carriers, despite
the lower symbol transmission rate in OFDM. The most important feature of an
OFDM system is that it is less sensitive to ISI, optimizes power and bandwidth,
avoids complex equalization techniques, and provides high spectral efficiency.
These characteristics make the OFDM system the most efficient solution for future

wireless systems to meet the need for high speed and highly reliable communication

[7]1.
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1.2.1.1 Advantages and disadvantages of the OFDM system.

Advantages:

Following are the major advantages of the OFDM system;

1.
2
3.
4. The OFDM system is robust against frequency selective fading compared to

It is able to combat ISI.
It is able to fight against ICI if orthogonality of the OFDM system is maintained.
It offers high spectral efficiency.

SCM.

In, OFDM offers low complexity using a ‘maximum likelihood (ML)’ decoder to
provide better system performance.

One can integrate the OFDM system with the MIMO system to enhance the

speed, capacity, and trustworthiness of the communication system.

Disadvantages:

1.

Signal distortion occurs due to frequency mismatch between transmitter and
receiver.

Practically in the OFDM system, channel variation may occur even at slow
fading, which may destroy the orthogonality and become the cause of ICI.

The 'Cyclic Prefix (CP)' or guard signal added to each symbol to reduce ISI in
the OFDM system decreases the data rates. Similarly, the equalization technique,
space-time coding techniques used to reduce channel interference may increase
the complexity.

High ‘peak to average power ratio (PAPR)’ in OFDM causes failure of

orthogonality which results in ICI.

1.2.2 Background of the MIMO system

The deteriorating effect of multipath fading can be mitigated using antenna diversity

or spatial diversity, which can be achieved using multiple transmitting and receiving

antennas. Such antenna system is known as ‘multiple-input multiple-output

(MIMO)’ systems. The key benefit of the MIMO system is to increase data rate

9
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substantially and to improve system reliability by improving error rates probabilities.
In the MIMO system above benefits can be achieved without using the additional
increase in channel bandwidth or transmission power [8]. Different antenna diversity
schemes are shown in fig.1. 4. In a MIMO system, hardware complexity and power
requirements are major issues due to the need for separate radio frequency (RF)
chains at each antenna of the transmitter and receiver. Furthermore, the RF chain

operates in the same frequency band, so their isolation is essential for the proper

Rx1
«vv
pal

{ Rx2

functioning of the transmitter and receiver.

) x1 A Rx1 )
L

a) SISO b) SIMO

Receiver

Tx1

Transmitter %2 Receiver \

c) MISO

Transmitter Receiver

d) MIMO

Fig. 1.4 Various antenna diversity schemes a) SISO, b) SIMO, c¢) MISO), d) MIMO

1.2.3 Overview of the MIMO-OFDM system
As discussed in the above sections, today there is a substantial need for high speed
and reliable wireless communication systems capable of providing multimedia

services, such as high definition (HD) video streaming, ultra high-speed data

10
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D, W
s

transfer, high security, and network enabled real time 10T control etc. In addition,
virtual reality and multiplayer gaming are on the rise, requiring high-speed and
energy-efficient systems as many devices today are battery-powered. To fulfill these
demands, there is a need for substantial capacity, minimum interferences, zero
packet loss, lower latency, and an energy-efficient wireless system [9]. Modern
wireless systems like ‘Ultra-Wideband (UWB)’, ‘space time-coded (STC)’ systems
such as ‘space-time block- coded (STBC)’ ‘Space-time trellis-coded (STTC) ‘space
division multiple access (SDMA)’, and beamforming MIMO systems offer
significant gain. The future generation of wireless communication systems aims for
providing all kinds of multimedia services. Undoubtedly, the ultra-high-speed and
trustworthy wireless network providing ultra-high security against channel
impairments in the fading environment requires further improved wireless system
architectures [10]. The future wireless systems may comprise many wireless devices.
The requirement of additional bandwidth to accommodate numerous applications
may incur the challenge of exploitation of available spectral resources. Among
various available technologies in the wireless system, the OFDM technology has
many advantages and attracted the interest of researchers in this field. The merger of
OFDM and MIMO technology has emerged as an efficient technology in the next-
frontier wireless systems. However, the performance of the MIMO-OFDM system
may be seriously affected because of various channel impairments as a result of
fading, which results in many deleterious effects like packet loss and decoding
failure [11]. Figure 1.5 depicts a simple architecture of the MIMO-OFDM system.

MIMO FS wireless channel

Signal
Decoder Out
| or De- |—»

Modulator

ADC,
Filter and
RF

Data bits / Encoder
Signal in or
—]

DAC, Filter F=

N-point and RF

IFFT

M-point

Modulator FFT

MIMO-OFDM Transmitter section MIMO-OFDM Receiver section

Fig. 1.5 Simple MIMO-OFDM block diagram

11
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1.2.4 Motivation

Unprecedented growth in the advancement of wireless technology connects the
entire world with ultra high-speed digital wireless communication. Due to this
enormous growth in requirement of the ultra high speed the world is switching
towards next-generation 5G technologies [12], [13]. Switching from the current
generation to the next generation comes across many challenges while dealing with
various wireless protocols and standards like IEEE 802.11a, IEEE 802.16a, etc. The
primary objective of new generation technology is to optimize the resulting
complexity of the combination of different schemes and algorithms. This
combination is necessary to achieve ultra high speed with negligible error i.e. high
quality of services and to make optimum use of available bandwidth etc. As
discussed above in section 1.2.1., in a multipath fading environment the OFDM
system is a promising technology that effectively combats ICI and ISI. In an OFDM
system, the frequency selective fading channel is divided into several flat fading
channels known as sub-channels or sub-carriers. All the subcarriers remain
orthogonal to each other which make the OFDM system robust against ISI.
Similarly, orthogonality can be retained by reducing PAPR, which results in
reducing ICI. In Section 1.2.2., the basics of the MIMO system have been discussed
which provide substantial growth in capacity and throughput along with reliability
because of antenna diversity. To achieve this, the MIMO system doesn’t require any
extra bandwidth or transmission power, which is again in favor of the wireless
system design. Thus the MIMO and OFDM systems are executing key roles in the
existing as well as future generations to make them sophisticated and popular [14].
Further, the antenna diversity or spatial diversity provided by MIMO systems can be
combined with other diversities for improving system performance. The spatial
diversity can be combined with channel coding referred to as space-time coding to
achieve new heights in wireless communication in terms of reliability and
transmission rates [8]. Incorporating MIMO and OFDM technology prohibits the
target wireless system from frequency selective fading without the application of
complex equalizers. MIMO-OFDM is the gifted technology for the most trustworthy
communication systems [11]. The MIMO-OFDM schemes using spatial diversity

12
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and the high spectral efficiency provide remarkably high capacity, transmission
rates, and robustness against channel impairments [15]. MIMO-OFDM system has
been adopted in various standards Wi-Fi, LTE, and LTE Advanced or 3GPP, Wi-
MAX, IEEE 802.16m, WLAN / IEEE802.11n [14], [16]. Although there are many
advantages of MIMO-OFDM systems, it is observed that the wireless channel even
in a slow fading environment is vulnerable to different error rates like 'bit-error-rate
(BER)', ‘symbol-error- rates (SER)', and ‘Frame-error- rates (FER)’. Similarly, this
technology is also susceptible to inter-symbol and inter-carrier interferences because
of high PAPR and failure of orthogonality in the OFDM system. The OFDM
system also needs very accurate frequency synchronization between transmitter and
receivers. This is because of the presence of closely placed narrow-band sub-carriers.
The slight change in frequency may lead to carrier frequency offset (CFO). Many
factors affect the synchronization like characteristics of devices manufactured by
different manufacturers may not similar or may vary from the nominal specification,
temperature, and aging effect may be the reason of CFO. Another reason for CFO is
the relative motion between transmitter and receiver. This is known as the Doppler
shift effect. However, the Doppler shift is much less than oscillators frequency still,
it can degrade the quality of received signals. The CFO can destroy the orthogonality
of sub-channels and lead to ICI. The effect of the above-listed factors resisting the
advancement and applications of the future wireless system are motivating to carry
out this research work.

Many techniques, coding, and algorithms have been already used for the mitigation
of error rates, PAPR, interferences like ISI and ICI and to enhance the speed,
channel capacity, or information rates in wireless communication. However, the
excellent features of MIMO and OFDM systems are not fully used. The methods
used for the mitigation and improvement of the above-listed factors that limit the
performance of the wireless systems can be improved further to achieve the optimum
capability of the MIMO-OFDM wireless communication system. This research work
is mainly focused and committed to improving the capability of a wireless link in
terms of speed, channel capacity, and promising to minimize the different error rates

and the most harmful factor PAPR in the OFDM system. The main objective of the

13
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book is to analyze various algorithms or methods already being used on the various
parameters, modulation schemes, and coding schemes for different antenna
configurations. Our aim is to choose the best parameters for testing and analyzing
the different schemes to obtain the best suitable results regarding improved capacity,

reduced PAPR, and error rates.

1.3 OBJECTIVE AND SCOPE OF THE BOOK

1.3.1 Objective of the book.

The major objective of the book is to get better the overall performance of the

proposed MIMO-OFDM wireless communication systems;

» To achieve better data rate or capacity by employing the spectral efficiency of
the OFDM system and the spatial multiplexing (antenna diversity) of the MIMO
system. To enhance the channel capacity or throughput without increasing
transmission power.

» To mitigate various error rates, like BER SER and FER using MIMO system
along with the schemes like MRC and Alamouti STBC coding.

> To reduce PAPR at the desired level without affecting the BER performance of
the system.

» To reduce deleterious effects of ISI and ICI by maintaining orthogonality in the

frequency selective fading environment

1.3.2 Scopes of the book.
The scope of the book is to explore the research methodologies regarding;

» The combination of MIMO and OFDM technology is employed to combat the
frequency-selective fading effect in the wireless environment. The capabilities of
these technologies are employed intelligently to preserve the orthogonality
between the sub-carriers of the OFDM system to avoid ISI and ICI.

» The application of antenna diversity or spatial diversity for the improvement of

error rates like BER, SER and FER as well as to enhance the channel capacity of

14
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the wireless communication system. Particularly the receive diversity scheme
(MRC scheme) and transmit diversity scheme (Alamouti scheme) are analyzed
for BER performance and  channel capacity improvement. Space-time coding
such as space-time block code (STBC) and space-time trellis code (STTC)
are used with the MIMO system for analyzing error rates.

> Different PAPR lessening methods for improving the PAPR performance in the
OFDM system.

1.4 ORGANIZATION OF THE BOOK

In chapter 1 under the heading of introduction, the history of wireless
communication and the classification and features of the next-generation wireless
system have been discussed. Background and overview of an OFDM system, MIMO
system separately have been illustrated along with the merits and demerits of the
combination of the MIMO-OFDM system which has been successfully employed in
earlier wireless systems (1G to 3G) and is being investigated and analyzed for the
next-generation wireless system. The rest of the book is planned into different

chapters summarized as follows;

Chapter 2 illustrates the review of the literature from the research articles by
renowned researchers and academicians. The review process is classified according
to various issues faced by MIMO-OFDM wireless communication systems, such as
error rate performance, PAPR reduction, Capacity improvement, and Code-based
performance evaluation of the MIMO-OFDM System. In each case, the

methodologies used by the researcher and their results have been illustrated.

Chapter 3 deals with details on features, basic concepts, and design issues in
MIMO-OFDM systems. Beginning from the basic single carrier modulation (SCM)
system, the basic idea behind the OFDM system has been illustrated. The advantages
of diversity concepts in the MIMO system have been explained, and finally, the

basic architecture of the MIMO-OFDM system has been discussed.

Chapter 4 deals with problem identification and the methodology used for the

fulfillment of proposed research work. This chapter is classified according to issues
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encountered in MIMO-OFDM wireless communication systems and each method
has been illustrated using detailed mathematical expressions. Methodologies
included in this chapter are BER performance and probability of error analysis using
different constellation schemes; PAPR reduction methods using ICF and SLM
schemes; performance investigation of MIMO-OFDM System over Multipath fading
Channels; performance Evaluation of MIMO-OFDM System using transmit
beamforming (Alamouti STBC scheme) and receive beamforming (MRC scheme).
Channel capacity (ergodic as well as outage capacity) has been elaborated using

proper mathematical expression.

Chapter 5 demonstrates the performance investigation of the proposed MIMO-
OFDM wireless communication system, via simulation results of various
methodologies used. This chapter includes the illustration of simulation results of the
different algorithms employed for error rate improvement, PAPR reduction, and
channel capacity enhancement.

Chapter 6 deals with the conclusion of the overall research work done and future scopes
to the overall contribution of this book.
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Chapter 2

Literature Survey

This chapter presents the technical background behind this research and a detailed
survey of research articles based on system performance against various issues in the
MIMO-OFDM wireless system.

2.1 BACKGROUND

The wireless communication background is very antagonistic. The signal propagated
over a wireless channel is vulnerable to fading, channel interference, variation in
amplitude, time delays, frequency offsets, and path loss effect, etc. Also, the scarcity
of bandwidth in a wireless system is a big challenge in a wireless system. The next-
generation wireless communication system should provide higher spectral
efficiency, higher throughput, highly reliable with quality of services at low cost.
New wireless schemes, such as UWB, advanced source, and channel encoding
techniques STC, SDMA, beam forming, MIMO, and OFDM wireless systems are
competent for offering substantial gain, delivering multimedia services that require
high data rates. Undoubtedly, the high data rates, and high robustness against
channel impairments, error rates, require competent wireless system architectures.
OFDM is very popular in wireless systems since it is capable to provide high
‘spectral efficiency (SE)’ and effectively deal with multipath fading [17]. The blend
of OFDM with spectrum efficient MIMO boosts up the OFDM as a good candidate
to combat the challenges in the wireless system. In a MIMO-aided system, the high
data rate and high channel capacity or data rates can be accomplished with the help
of spatial diversity and Multiplexing techniques. The channel capacity is
substantially increased due to antenna diversity. The MIMO-based system minimizes
channel fading effects using various diversity techniques. OFDM offers multicarrier
transmission over fading channels; this will be useful in minimizing ‘inter-symbol
interference (ISI)’ problems and thus avoid the application of complex DSP
algorithms for the same in the case of single-carrier transmission. Besides all the

advantages of MIMO-OFDM schemes mentioned above, the wireless technology
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using the MIMO-OFDM scheme faces many challenges and its performance is

rigorously corrupted due to different channel interferences that lead to decoding

failure that results in packet loss at the receiver [11].

2.2 LITERATURE SURVEY
MIMO-OFDM has been the most researched topic in the last decades. Many

problems have been researched and mitigating techniques have been suggested. Still,

there are some trade-offs and challenges to be addressed and improved. A literature

review has been prepared based on the following challenges faced by the system

designers of a wireless system.

1.

Error Performance of the MIMO-OFDM System
PAPR Reduction in OFDM system

2
3. Channel Capacity of MIMO-OFDM System
4,
5

Code-based performance evaluation of MIMO-OFDM System
MRC based performance evaluation of MIMO-OFDM System

2.2.1 Error performance of the MIMO-OFDM system
In the OFDM system, the subcarriers are orthogonal if and only if the peak of each

subcarrier is aligned with the null point of the adjacent two subcarriers.

Orthogonality of the subcarriers in the OFDM system is portrayed in fig. 2.1.

Main Lobes of Orthogonally

<——— spaced frequency spectrum
of OFDM

f
<—— Side Lobes
/]\ /l\ 4\ /I\ Null Points of
) ) ) main lobes

Fig. 2.1 orthogonally spaced OFDM signal in the frequency domain
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The orthogonality is an important feature of the OFDM system that prohibits
impairment like ICI since the orthogonality failure in OFDM causes an increase in
ICI. In addition to high PAPR, the random frequency errors like imperfect
synchronization between subcarriers, Doppler frequency shift, and local oscillator
frequency difference between transmitter and receivers in the OFDM system are the
main reasons for loss of orthogonality between subcarriers[18], which is responsible
for ICI, ‘multi-user interference (MUI)’, and an increase in BER [19]. Similarly, the
multipath propagation in the fading environment due to delayed signal replicas
causes overlapping of signal energy with neighboring sub-channel that leads to ISI.
One way to mitigate ISI is to introduce a pilot signal or cyclic guard interval or CP
in each symbol. The filtered OFDM technique can be used to minimize the effect of
interference in a multiuser environment. Although the length and roll-off factor of a
filter can prohibit out of band radiation, the ISI and ICI increase at the same time.
Attempt to insert a guard band of sufficient length to mitigate ISI and Ul (inter-user
interference) will decrease the spectrum efficiency of OFDM [20]. When the
OFDM symbol delay is greater than the maximum delay spread, the chances of
occurrence of ISI can be significantly reduced [18]. The ICI can be mitigated by
maintaining orthogonally in the OFDM system. Following are brief reviews of

articles related to error rate reduction techniques.

Jayan and Nair (2018) in this article Filtered Orthogonal Frequency Division
Multiplexing (F-OFDM), with a sub-band filtering approach are introduced.
According to the traffic in the 5G network, different sub-bands are handled. The
presentation of F-OFDM and conventional OFDM systems is analyzed in perspective
to ‘Power Spectral Density (PSD)’ and BER. The experimental setup consists of
VERILOG and the performance is investigated for different parameters. The PSD
plot of the simulated results shows that the F-OFDM has smaller side-lobes compared
to conventional OFDM which leads to improvement in spectral efficiency. The BER
value for conventional OFDM and F-OFDM is found 4.0 x 10~°at the SNR of 10
dB.
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Algahtani et al., (2019) proposed a next-generation MIMO-OFDM system. The
authors suggested a new technique the rate less space-time block code (RSTBC) for
eliminating the effects of channel impairments. The authors carry out an experiment
using a (2x2) antenna configuration in the MIMO-OFDM system. A test bench using
FPGA has been used to measure RSTBC. Results of BER performance depict that the
experiment results are similar to simulation and analytical results. Considering the
number of blocks = 1 to 18, QPSK modulation with the loss rate of 10% and 25% for
the simulation of BER versus the number of blocks, the experimental and simulation
BER value is 4.8 x 1073 and 3.2 x 1073 respectively at a 25% loss rate. Similarly at
a 10% loss rate BER experimental and simulation value is 4 x 10™* and 6.25 X
1075 respectively for 8 blocks.

Nambi et al., (2018) proposed a new OFDM-IM method, where IM stands for index

modulation to improve BER performance. They used lower order modulation

techniques for lessening the error rates in a system. In this method, few bits are used

for the selection of symbols and the remaining for the selection of index

combinations. A group of subcarriers is selected and modulated as per incoming

bitstreams. Simulation is carried out using the number of subcarriers N=128, symbol

size M= 4 (proposed) and 8, 02 active subcarriers, symbol length n=4, and CP length

of 16. At the spectral efficiency of 1.778 b/s/Hz and SNR of 20 dB, the BER value

for OFDM-IM, M=8 is 4.5 x 1073 and for proposed OFDM-IM, M=4 is 3.5 X

1073 and 2.9 x 10~3 for OFDM with QPSK.

El-Abasi et al., (2015) presented an experimental setup for the verification of indoor

wireless scenarios using the MIMO-OFDM-IA scheme with antenna selection. They

employed two subcarrier selection criteria 1) Maximum sum rate (MSR) and 2)

Minimum error rate (MER). Transmit antenna selection (TAS) is employed based on

per subcarrier selection keeping distance }‘/2 (A = wavelength) between each node.

The sum-rate (b/s/Hz) for per subcarrier selection maximum sum-rate and minimum
error-rate at 20dB is found 22 and 21 b/s/Hz analytically. Similarly, the sum rate
(b/s/Hz) for bulk selection maximum sum-rate and minimum error-rate at 20dB is

found 22 and 18 b/s/Hz analytically. The BER value for bulk selection at maximum
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sum-rate and maximum SNR is 3.5 x 1072 and 4.5 x 1072 at 10 dB analytically.
Similarly, for per subcarrier selection, it is 1.5 x 10~* and 7.5 x 10~> analytically
at 10 dB.

Rahmat et al., (2018) authors suggested that the 1SI and BER performance can be
improved if the missed symbols are predicted based on other symbols received in
each OFDM signal under the deep fade scenario in Rayleigh fading channel. To
achieve a high sampling rate a pre-coded OFDM scheme is employed and a new
iterative receiving technique is utilized for the recovery of ideal symbols. Thus ISI
and BER can be improved and the same has been depicted through simulation
results. The simulation is carried out using 16-QAM, data block size K=32, number
of subcarriers N=128, and oversampling factor of L=4. The BER value for 1, 10, and
100 iterations at sampling rate probability of ¥4 and 15 dB SNR is 1.25 x 1072,
1.20 x 1072 and 1.15 x 1072,

Arbi and Geller (2019) proposed an algorithm for the selection of two Rotated and
Cyclically Q-Delayed (RCQD) QAM modulation is planned to optimize the BER. A
blind SLM scheme is proposed to improve PAPR. For the 64-QAM modulation at a
10 dB SNR over Rayleigh fading channel the symbol error rate is 0.29 x 10™*. The
BER values for the blind detection and hard ML estimation over the Rayleigh fading
channel at 15 dB SNR is 2.8 x 1072, For 16 QAM and 4 QAM modulation, the
BER value at 15 dB SNR is 7.0 x 1073 and 1.25 x 1073 respectively.

Bento et al., (2019) proposed M-PSK modulation with magnitude modulation
techniques and pulse shaping filters for the improvement of BER. A Gaussian model
is employed to estimate the error distortion distribution due to magnitude modulation
(MM) used for BER evaluation. Here two cases are considered, first BER is
analyzed over the AWGN channel analytically. Second, BER is analyzed for the
time-dispersive channel using MM, with an equalization technique in the frequency
domain at the receiver. The analytical results prove that the BER analysis is
accurate.

Giannopoulos and Paliouras (2008) suggested a ‘partial transmit sequence (PTS)’
scheme for the reduction of PAPR, which is responsible for an increase in power
consumption as well as degrading BER performances. The BER analyzed over the
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AWGN channel for different SNR values and considering the effect of DAC and the
PA performance on the transmitted signal. The PTS scheme reduces IBO need is by
1 dB in case of SNR > 6 dB without affecting BER. The proposed PTS scheme
reduces power consumption considerably up to 22% without any harmful
degradation in BER performance. Authors also show that by decreasing the
resolution of DAC by 1 bit, the power consumption is reduced by 50%.

Yang et al., (2019) proposed a filtered OFDM (F-OFDM) scheme for the mitigation
of ISI, ICI, IUI, and BER. An optimized F-OFDM model with proper filtering
parameters and guard signal of proper bandwidth is employed for uplink
asynchronous F-OFDM system. Simulation results show proposed F-OFDM scheme
outperforms the conventional OFDM scheme in terms of spectrum efficiency. The
following parameters are used for simulation: Size of FFT = 2048/1024, CP length
60, Modulation scheme 64 QAM, and sub-band filter as Kaiser Window FIR filter.
At 15 dB SNR the BER value is about 8.0 x 10~*. The spectrum efficiency is about
5.2 to 5.5 b/s/Hz for 20 iteration and above. The spectrum sufficiency is about 4.5 to
5.5 b/s/Hz at the SINR of 20 dB.

Wang et al., (2017) proposed a ‘Polynomial cancellation coded (PCC -OFDM)’ and
‘universal filtered multi-carrier (UFMC)’ techniques are combined to reduce the
amplitudes of side-lobes in (OFDM) spectrum to combat ICI in 5G network. In this
article, the authors analyzed signal to interference plus noise (SINR) ratio versus
BER presentation. The proposed scheme improves the ICI and ISI performance but
at the cost of spectral efficiency and computational complexity. To reduce the
computational complexity author further proposed a new scheme overlap and add
(OA-UFMC) using an infinite IIR filter bank. Simulation results show BER analysis
over AWGN and Rayleigh fading channels for conventional OFDM, UFMC, and
PCC-OFDM schemes considering 10 or 50 sample time offset. It is observed that
there is no considerable degradation in BER for PCC OFDM even at 50 samples
which shows the proposed scheme can mitigate ICI significantly. At 15 dB SNR,
over Rayleigh fading channel, the BER value for OFDM and PCC-OFDM at 10 and
50 samples using 16 QAM and QPSK modulation is comparable and it is 8.0 x 1073
and 9.0 x 10~3 respectively. Similarly, for the UFMC scheme at10 and 50 samples
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using BPSK or QPSK, the BER is 8.0 x 1073 and 1.3 x 1072 respectively. Over
AWGN channel at the SNR of 10 dB for UFMC at 10 and 50 samples using BPSK
or QPSK, the BER is 5x 107° and 4.0 x 10~>. For the conventional OFDM
scheme for the same condition, the BER is 4.0 x 107> and 10~* respectively. For
PCC-OFDM the BER at 10 dB SNR and 10 or 50 samples is 1.85 x 103 using 16-
QAM modulation, whereas for QPSK it is the same as UFMC that is 5 x 1076,

Wu and Li (2019) proposed a simple and efficient with less complex computation
for the mitigation of ICI. The result shows a considerable increase in SINR output.
The length of CP is used such that it is equal to delay spread to avoid system
overhead. The settling time of automatic gain control (AGC) is chosen greater than
the remaining portion of CP which is not overlapped with ISl otherwise
orthogonality of subcarriers will be lost and that leads to ICI.

Hao et al., (2016) proposed a less complex algorithm for the mitigation of ICI in the
MIMO-OFDM system based on the linear time-varying channel estimation.
Simulation using QPSK and 16QAM constellation schemes demonstrate that 2 dB
SNR gain is achieved at the un-coded BER is 1073 and the normalized Doppler
frequency is 0.1. For the simulation following parameters are considered, BW=1Mz,
number of subcarrier K=1024, maximum Doppler shift = 100Hz, 02 transmit
antennas, and 4,8 and 12 receive antennas over Rayleigh fading channel.

Fu et al., (2007) proposed a two-stage equalizing technique for the mitigation of ICI
and MUI in OFDM. Tomlinson-Hiroshima-precoding (THP) is used as the first
nonlinear stage which is used to reduce the spatial ISI and the second stage is the
low complex MMSE equalization technique which is used to lessen ICI. The
simulation result proves that the proposed method reduces the BER by 10%. The
MIMO-OFDM system with a multiuser scenario using 4-QAM, 64 subcarriers, 4 or
8 transmitting antennas, and 6 tap Rayleigh fading channels is considered for BER
analysis. At 15 dB SNR value 4 transmit antennas and 4 users the BER is 7.5 X
1073 with a proposed equalizing or pre-coding scheme for different values of the
frequency offset. Similarly for the same condition for 4 users and 8 transmitting
antennas the BER at 15 dB SNR is 6.5 x 107>,
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2.2.2 PAPR reduction in OFDM system

For faithful signal transmission, the amplitudes of the signal should lie under the
linear region of power amplifiers (PA) wused in transmitters. Reliable
communications mostly depending upon the faithful amplification of transmit power
using power amplifiers. If amplitudes of transmitting signal cross the range linearity
of PA leads to pushing the PA in a nonlinear region, where it behaves non-linearly
and leads to out of band radiation. In the OFDM system, the logical summation of
the signal from all N subcarriers at IFFT in the time domain produces very high peak
power in an OFDM signal. When such a high peak power is fed to the input of PA, it
is unable to accommodate the input power and hence enters into saturation region
causing nonlinear amplification of input signal leads to out of band radiation. The
ratio of peak signal power to the average signal power is known as ‘peak to average
power ratio (PAPR)’ and it is increased due to the above said reason. High PAPR
value in the OFDM is one of the major issues and it must be reduced to have reliable
wireless communication. Many PAPR lessening methods are available but it is found
that these schemes reduce the PAPR at the cost of an increase in BER and
computational complexity [7]. The following sections give brief reviews about
various PAPR reduction techniques suggested by different authors.

Xing et al., (2020) proposed a less complex companding technique for PAPR
lessening in OFDM system over AWGN channel using QPSK modulation scheme.
This reduction scheme outperforms other companding schemes by 3 to 5 dB SNR
while achieving a BER of 10~*. For ¢c=0 and A= 1.414, 1.67, 17.34 the PAPR values
measured from simulation results are 3.4, 4.25, and 5.1 dB respectively at the CCDF
of 1073,

Tang et al., (2020) proposed a hybrid scheme of iterative clipping and filtering
scheme and enhanced non-linear companding scheme. Simulation is carried out using
parameters, the number of subcarriers 256; 16 QAM modulation; oversampling factor
=4; clipping ratio 1.5 to 1.8; clipping level 3; shape factor s = 60, the normalization
factor v=0.72 to 0.87. The simulation results depict that the projected ICF scheme is
very close to ENC in terms of PAPR and for clipping ratio of 1.5 & 1.8 the PAPR
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value is found to be 4.25 dB and 5.4 dB respectively at the CCDF of 1073, At 10 dB
SNR the BER is recorded as 7.0 x 1073 and 4.0 x 1073 for CR=1.5 and 1.8
respectively.

Bao et al., (2016) developed the PAPR reduction technique based on the Bayesian
approach using the surplus ‘degree of freedom (DoF)’ of the transmit array. Further,
they suggested the ‘generalized approximate message passing (GAMP)’ embedded
into the variational ‘expectation-maximization (EMO0’ framework scheme to reduce
the computational complexity in the suggested methodology. The proposed EM-
TGM-GAMP algorithm for the number of iterations 20 and 200 shows that the
PAPR is reduced to greater than 11 dB compared to ‘zero-forcing (ZF)’ algorithms
at the CCDF of 1%. Similarly, the PAPR presentation of the suggested scheme is 2
dB, 3.2 DB less than the PAPR performance of the FITRA algorithm at 2000
iteration and clipping algorithm respectively. The above said presentation of the
suggested scheme is achieved at the cost of 2.5 dB and 1.7 dB loss of SNR gain at
SER value of 10~3 compared to ZF and FITRA schemes.

Rateb and Labana (2019) proposed a PAPR diminution technique based on linear
signal coefficients and analyzed different performance metrics. The author shows
through analytical and simulation results that PAPR can be reduced effectively
without any considerable change in BER at the cost of a little reduced data rate. At
1024 subcarriers, the PAPR is recorded below 7.4 to 6.9 dB with a 1% to 2% fall in
data rate. Also, it is observed that by an increasing number of subcarriers the value
of PAPR varies slightly. The proposed technique achieves results where PAPR is
less than 6 dB, 6.5 dB, 6.9 dB, and 7.4 dB, for spectral efficiency of = 90%, 95%,
98% and 99%.

Gokceli et al., (2019) proposed an ‘iterative clipping and error filtering (ICEF)’
scheme for PAPR minimization. In this scheme, the noise is controlled flexibly and
filtered within the transmitter pass-band. The results are demonstrated in the milieu
of the 5G wireless network. At CCDF of 1% the PAPR value is reduced to 8.35dB,
6.3dB and 6 dB with 1,2,20 iterations. The PAPR of the original signal was 9.4 dB at
CCDF of 1073.
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Anoh et al., (2017) -1, introduced the ‘iterative clipping and filtering (ICF)’ scheme
for the reduction of PAPR in OFDM signal. The author uses the ‘Lagrange
multiplier (LM)’ for the optimization to reduce the number of iterations, and the
MMSE method to improve the BER presentation. The approach suggested by the
author performs better compared to the conventional ICF method. Results show at
CCDF of 1% and 03 iterations (Clip), PAPR reduced to 4.2 dB from 10.2 dB PAPR
of original signal without optimization. Whereas using optimization the PAPR value
reduces to 0.9 dB from the original PAPR value. The BER value at the SNR of 10
dB is found to be 1.0 x 1072 using optimization and 9.0 x 10~2 without using
optimization.

Anoh et al., (2017) -2, proposed the novel a root-based p -law companding (RMC)
method for PAPR minimization. In this method amplitude of the OFDM signal is
expanded and compressed simultaneously unlike the conventional MC scheme. The
proposed scheme outperforms all other MC schemes and gives PAPR = 3.2 dB at the
CCDF of 1073 . The BER value of the proposed scheme at 10 dB SNR is 1.2 X
1072 achieved.

Kim (2019) proposed a novel OFDM-IM scheme, which uses an index of active
subcarriers. In this scheme dither signals are added to the inactive subcarriers to
lessen the PAPR. Simulation results show the PAPR reduced to 5.9 dB from 9.6 dB
(original) at CCDF of 1%. The BER value is found to be 1072 at 20 dB SNR.

Tang (2019) proposed the clipping-noise compression technique for the
minimization of PAPR in the OFDM system. Here the transmitted signal is modified
using clipping and noise compression in the time domain. The proposed scheme
shows PAPR equals to 4.8 dB, 4.6dB, and 4.4 dB for p = 2, 3, and 10 respectively at
CCDF of1073. For the clipping ratio of 6 dB and 3 dB, the BER value of the
proposed scheme is found to be 2 x 103 and 6.5 x 1073 respectively.

Gupta et al., (2019) proposed selected mapping (SLM) technique for lessening the
PAPR. Authors use discrete cosine transform (DCT) for optimizing PAPR in
transmitted OFDM signal. At CCDF of 0.001% and phase sequences U = 16, 32, 64
and 128, number of subcarriers 128 and 4-PSK modulation, a notable gain of 1.36,

1.25, 1.4, and 1.27 dB respectively is obtained. For the condition stated above, at the
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CCDF of 1073, the lowest PAPR value for U= 8, N=128 and 4 PSK modulation, U
=128, N =128, and 4-PSK, U =8, N =64, and 4-PSK, U = 128, N = 32, and 4-PSK
is measured as 7.7dB, 6.3 dB, 7.2 dB and 5.0 dB.

Amhaimar et al., (2018) introduced a partial transmit sequence (PTS) scheme with a
novel swarm intelligence algorithm, also referred to as fireworks algorithm (FWA) is
employed to mitigate PAPR. The suggested scheme achieves less PAPR with lower
computational complexity. The proposed PTS-FWA gives the best PAPR result
compared to another algorithm like ‘simulated annealing (SA)’, ‘standard particle
swarm optimization (PSO)’, and ‘genetic algorithm (GA)’, and SLM scheme. At the
CCDF of 1073, the PAPRs values observed are 7.1 dB, 5.2 dB, 5.879 dB, 4.421 dB,
4.948 dB, 4 dB, and 10.66 dB for the SLM scheme, PTS, GA, SPSO, SA, FWA, and
original OFDM signals, respectively.

Gao et al., (2018) suggested iterative PTS combined with clipping method for
lessening the PAPR. The proposed scheme portrays better PAPR performance
compared to the PAPR performance by individual PTS and Clipping method. At
CCDF of 1073 PTS method alone reduces PAPR to 7.75 dB, Clipping method
alone reduces PAPR to 6.4 dB, and combined iterative PTS-clipping method reduces
PAPR to 5.25 dB. Also, the proposed method reduces the computational complexity.
Francisco Sandoval (2017) introduced a hybrid technique combining modified code
repetition (MCR) and SLM scheme with clipping. The simulation is carried out
using the number of subcarriers 512, 50% cyclic prefix, the oversampling factor of 1,
and BPSK modulation over the AWGN channel. The simulation result shows the
PAPR reduces to 3.4dB at the CCDF of 1073 and the BER value of 1.0 x 107
is achieved at the SNR of 7 dB.

Wang et al., (2015) proposed an ‘iterative companding transform and filtering
(ICTF)’ method of PAPR minimization and BER improvement. It is proved that the
suggested ICTF scheme outperforms the conventional ICF method. It is also shown
that the ICTF method presents the best BER performance without de-companding at
the receiver. Simulation results after 3 iterations the proposed ICTF-LST (linear
symmetrical transform) and ICTF-TPWC (two piecewise compandings) shows
PAPR of 6.5 dB and 5.25 dB respectively at CCDF of 1073. Also, the ICTF-TPWC
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scheme with 3 iterations provides an SNR gain of 1.2 dB compared to the
conventional ICF method after 8 iterations to achieve BER of 1.0 x 107

Wang and Wu (2019) proposed a ‘tone reservation (TR)’ scheme based on ‘signal to
clipping noise ratio (SCR)’ for PAPR mitigation. It is found that the suggested
scheme mostly suffers from a low convergence rate. To improve the above problem
author suggested multiple scaling SCR (MS-SCR) scheme. The above problem is
improved at the cost of an increase in computational complexity. From the
simulation result, it is observed that proposed technique for the clipping ratio 3, 2,
and 1 dB, the PAPR is reduced to 6.1 dB, 5.1dB, and 4.6 dB respectively at the
CCDF 0of1073. The BER result for the proposed MS-SCR scheme with CR=2 and 4
is 8.0 x 1073 and 3 x 10~* respectively at the SNR of 10 dB.

Ni et al., (2016) proposed a new ‘adaptive tone reservation (ATR)’ technique for the
minimization of PAPR in the multiuser MU-MIMO-OFDM system. Analytically
PAPR value found between 5.1 dB to 10.5 dB. Simulation results show that the
achievable PAPR is 6.8 dB at the CCDF of 10~3 and clipping ratio 2.2 dB.

2.2.3 Channel capacity of MIMO-OFDM system

In recent years and the coming future, the application of wireless mobile
communication is dramatically increasing. At the same time number of users is also
rapidly increasing that needs a high data rate, high speed, highly reliable wireless
link to fulfill demands of the future communication on the wireless link [41], [42].
To increase the wireless link capacity one of the most popular techniques is to
employ the MIMO antenna system which consists of multiple transmitting and
receiving antennas [43]. The MIMO system utilizes multiple antennas to provide
antenna diversity at transmitter and receiver and more degree of freedom to transmit
and receive several data streams by exploiting spatial multiplexing and thus increase
the channel capacity [44]. The channel capacity can be increased linearly by
increasing the number of transmitting and receiving antennas in the MIMO system.
Moreover, the MIMO system provides a reliable communication link in a fading
environment [45], [46]. In the MIMO system, the capacity can be enhanced without

utilizing extra bandwidth and transmit power by the factor, min(My, Mg) where
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‘M7’ and ‘My’ are the number of transmitting and receiving antennas. [15]. A
merger of MIMO technology with an OFDM system and their simple
implementation offers high spectral efficiency, high channel capacity, highly reliable
link, minimum interference between sub-bands or subcarriers, and improved error
performance in fading environment [47-48]. Many techniques have been adopted to
improve the capacity of the wireless link and some of the research articles in this
field have been surveyed in the following paragraphs.

Anoh et al.,(2019), used ‘quasi-orthogonal (QO)’ ‘space-time block code (STBC)’
MIMO technique including beamforming to improve BER as well as data rates. The
result shows the BER performance of STBC and SVD detection with single-
directional beamforming using 16-QAM constellation and 2 x 1 antenna system is
1.6 x 1071 and for 4 x 1 antenna system is found to be 1.9 x 1072 at 10 dB SNR.
The data rate of the SVD based QO-STBC-MIMO system at 10 dB SNR is 6.2
bits/s/lHz for 2 x 1 antenna configuration. After elimination of interference, the
additional gain of 3 dB is achieved at 10~* BER. Hadamard-based QO-STBC
provides data rates, up to 6 bits/s/Hz.

Sahoo and Sahoo (2019) investigated the channel capacity performance of the time-
varying MIMO channel model using a sparse model based on the ‘diffusion least-
mean-square (DLMS)’ algorithm. The performance is measured in both urban and
suburban milieu. The experiments are performed on I-METRA, IEEE802.11 &
3GPP channel models using STBC. The estimated CSI is employed to determine
channel capacity. The experimental results show that using the AC-DLMS algorithm
at 15 dB SNR the channel capacity for IEEE 802.11 channel, I-METRA channel,
and 3GPP channel is measured to be 14 bps, 18.8 bps, and 17.2 bps respectively. At
the SNR of 20 dB, the capacity for the same channels is found to be 18 bps, 22.2
bps, and 20.8 bps respectively.

Aggarwal and Bohara (2018) proposes a nonlinear ‘dual-band (DB)’ ‘multi-user
(MU)’” MIMO-OFDM system to evaluate SER and the average capacity over the
Rayleigh fading channel. The authors show that the preprocessing employed before
transmission can be used to minimize ‘inter-user interference (IUI)’ in a linear DB-

MU-MIMO-OFDM system. Following parameters are used for simulation of HPA
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based DB-MU-MIMO-OFDM nonlinear system; The number of subcarriers N =
1024 and the cyclic prefix length = 256, users =4, IBO=5dB For, and total transmit
power of 5, 10, and 15 dB, the overall capacity is found to be 10,18 and 24 bits/s/Hz
respectively.

Kundu and Hughes (2017) Authors determined the channel capacity of broadband
MIMO-OFDM systems using coupled receiving antennas considering ‘uniform
circular array (UCA)’ and ‘Uniform linear array (ULA)’. Upper and lower bounds
have been placed over the best capacity which is achievable and realizable with the
frequency-selective matching of receiving antennas. Results show the channel
capacity has been surprisingly improved in presence of perfect matching and
coupling of receiving antennas. The frequency of selective matching is increased
with an increase in SNR. The frequency-selective-lower bound outperforms the
frequency non-selective matching by 14 to 32 % in the case of a 2 X 2 antenna
system and 26 to 44% in the case of 4 x 4 for CSI at receiver. Similarly for full CSl,
it is found that FS exceeds FNS by 14 to 23% and 20 to 29% for the same antenna
systems.

Chen (2012) proposed a full correlation scheme for measuring MIMO channel
capacity in the reverberation chamber. The model proposed by the author can
measure the ergodic capacity accurately but not the outage capacity. 6x 3, 4x 3, and
2X 3 antenna systems are used to measure ergodic capacity in the reverberation
chamber and it is measured as 6 bits/s/Hz, 5 bits/s/Hz, and 4 bits/s/Hz at 10 dB SNR,
whereas at the SNR 25 dB it is found to be 20 bits/s/Hz, 17 bits/s/Hz, and 12
bits/s/Hz.

Choudhury and Gibson (2007) investigated channel capacity and outage probability
over Rayleigh fading channel. The CSI at the receiver as well as the transmitter is
known. It is shown that average capacity probability is not affected considerably
whereas the average distortion of source information increases with SNR. The
simulation result shows the probability of distortion at 5dB SNR is 0.7. By
increasing the SNR value to 15 dB the overall distortion is reduced and the

probability of getting average distortion is 0.9.
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Torabi et al., (2006) demonstrated the effect of erroneous CSI on the error
performance, outage probability, and channel capacity of the MIMO-OFDM system.
They consider the SFBC-OFDM scheme and adaptive modulation to determine the
‘spectral efficiency (SE)’ under imperfect CSI at the transmitter. Simulated results
for perfect CSI (0% error) the capacity is found to be 26.5 bits/s/Hz. At 1%,5% and
10% CSI error for 3x3and 8x8 antenna system the channel capacity is measured as
13.5, 10, 8 bits/s/Hz and 36.6, 26.5, 21 bits/s/Hz respectively. The BER value for
SFBC-OFDM with QPSK modulation for 3x3 antenna system is 3.0 x 107° at 5%
CSl error and 10 dB SNR.

2.2.4 Code based MIMO-OFDM System

Although the MIMO-OFDM is a highly accepted technology in wireless
communication, some factors such as Computational Complexity, power constraints,
ICI, and the system cost may limit the efficacy of the system [60]. Recently different
technologies have been employed for combating the many issues in the next-
generation wireless communication systems such as ‘maximal ratio combining
(MRC)’, STBC, and/or ‘Space-time Trellis code (STTC)’ aided MIMO-OFDM
system, Alamouti STBC system, and so on. In the following sections, some articles

related to these technologies are reviewed.

2.2.4.1 Performance evaluation of STBC coded MIMO-OFDM System

Adejumobi and Pillay (2019) employed ‘cyclic structured STBC coded spatial
modulation (STBC-CSM) for the cyclic rotation of active pairs transmitting antennas
to transmit Alamouti codes obtained from two sets of modulation for the
improvement of the spectral efficiency (SE) of the proposed system. Also, the
authors show that ‘media-based modulation (MBM)’ using RF mirrors provides a
noteworthy enhancement in the error rate presentation of the STBC-CSM system. A
low complexity ML detector is employed for the proposed MBM-STBC-CSM and
MBM-STBC-SM system which reduces the computational complexity by 41% with

a significant BER performance.
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Zhang et al., (2020) introduced a new CSI estimation scheme for STBC based
MIMO-OFDM system in a time-varying environment. They employed ‘adaptive
multi-frame averaging (AMA)’ and ‘improved mean square error optimal threshold
(IMOT)’ systems for the estimation of CSI precisely without adding complexity and
hence to improve the system performance. Results represent that the proposed
schemes can achieve better system performance in terms of BER. At the BER of
1072 the AMA-IMOT method has an SNR gain of about 0.5 dB to 2.7 dB compared
to the ‘threshold-based selection (TBS)’ method. Similarly, at the Doppler spread of
20 Hz, the AMA-IMOT method achieves an SNR gain of 0.3 dB to 2.4 dB compared
to TBS methods at the BER of 1073,

Wu et al., (2019) introduced a novel STBC scheme with rectangular differential
spatial modulation (RDSM) for the MIMO system to improve error performances of
the MIMO-OFDM system. The authors merged STBC and RDSM to achieve the
benefits in system performance and to eliminate shortcomings of the conventional
DSM scheme. The proposed RDSM-STBC scheme outperforms the DSM method
which is depicted in simulation results. BER performance of proposed method using
BPSK and QPSK modulation and ML detectors for 4 x 2 and 8 x 2 antenna system
at the SNR between 10 dB to 20dB is found almost similar and in the range of 102
to 107>,

Tang et al., (2020) proposed an STBC-MIMO-OFDM scheme with antenna systems
of 2 X2 and 4 x 4, employing Kalman filter for estimation of MIMO channels. Here
the CSI is estimated iteratively using the Kalman Filter equation. At the BER of
10~ for Doppler spread of 20 Hz, the proposed KF method provides SNR gain of
1.2 dB, 1.3 dB, and 2.3 dB compared to SVD, DFT, and LS methods, respectively.
At the BER of 1073, the proposed KF method provides an SNR gain of about 0.8
dB and 2.0 dB SNR compared to DFT and LS methods, respectively. The proposed
method provides better BER performance of STBC MIMO-OFDM system over
CDT1 channel at 10 dB SNR with Doppler frequency shifts of 80 Hz is about 2.4 x
1072 and 9.0 x 10~3 for 2 x 2 and 4 x 4 antenna configuration respectively.

Shao et al., (2019) presents STB coded full-duplex relaying spatial modulation
technique (STBC-SM-FDR). Here source and destination functions in half-duplex
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mode whereas relay node functions in a full-duplex mode and transmits the
information bits along with STBC code words. The authors investigated the BER
and Channel capacity of STBC-SM-FDR and found that the proposed scheme gives
better BER results with less complexity. At 20 dB SNR for a transmission rate of 5
bits/s/Hz, the BER value equals 6.0 x 1073 for 4 transmit antennas. For 8 transmit
antenna it is about 1075 at 4 bits/s/Hz transmission rate. Channel capacity at 20 dB
SNR for 4 x 2 and 6 x 4 configuration is 5.2 and 5.7 bits/s/Hz.

Raut and Jalnekar (2019) proposed a novel Dolphin-Rider-Optimization (DRO)
optimization technique for the STBC-MIMO-OFDM system is employed. The
performance of the proposed system has been analyzed over Rayleigh and Rician
channels and 03 types of constellations BPSK, QPSK, and QAM. The Proposed
scheme is found more effective using BPSK modulation with minimal BER of
3.78%x10—-7 and a maximal throughput of 0.875.

Dehri et al., (2019) proposed and analyzed the new blind digital modulation
classification algorithm for the STBC-MIMO-OFDM system in presence of
frequency offset and channel estimation error. The major scope of their article is the
design of the estimator and its impacts on the blind classification capability. The
simulation results proved that the proposed algorithm is robust against CFO, CSI
errors, and impulsive noise. The suggested system functions well at low SNR too.
Xiao et al., (2017) proposed an STBC-MIMO-DSM (differential spatial modulation)
scheme, which utilizes hybrid concepts of the STBC and the DSM to exploit
diversity benefits of MIMO-STBC, without any knowledge of channel estimation.
Novel antenna matrixes with sparse RF chains are employed and then it is extended
to large-scale MIMO systems. Both analytical and simulation results portrayed the
proposed techniques are capable of outperforming the existing DSM and differential
Alamouti schemes with considerable performance gains. At 15 dB SNR, BER =
1.8 x 1075, 2.2 x 10™* and 4.8 x 1073 for BPSK, QPSK, and 8 PSK modulation
and with Ny.=4and N, = 2.

Kumar and Saxena (2014) proposed STBC coded MIMO system with a high code
rate. Different modulation schemes have been employed in the semi-blind digital

environment. The simulation results show the performance is very near to the

33



Next Frontier MIMO-OFDM Based Wireless Communication System 8

scheme using known CSI estimation. At 10 dB SNR the BER value for Alamouti
model at %2 code rate, diversity 1, a semi-blind scheme using QPSK modulation and
16- QAM modulation for the antenna configurations (1) 3 x 3 is about 4.0 X
107> and 4.1 x 1073, (2) 4 x 4 QPSK isabout 1.4 x 10~7 and 2.0 x 1073, With
increasing code rate beyond Y, suddenly BER values dropped between 10~ and
1072 for both antenna configuration and the constellations with the same parameters

except code rate.

2.2.4.2 Performance evaluation of Alamouti STBC coded MIMO-OFDM

System

The capacity and information rates can be enhanced over fading channel by providing
spatial diversity using multiple transmitting and receiving antennas in a MIMO
system. The STBC is a very efficient method of accomplishing transmits diversity
[8]. By adapting the switching strategy for the transmit antenna selection, the average
feedback requirement can be reduced and the probability of average error rate can be
enhanced [67].

Alamouti in 1998, introduces transmit diversity using two transmit antennas (M; =
2) and one receive antenna (M = 1). The proposed Alamouti scheme provides
diversity similar to the ‘maximal ratio combining (MRC)’ scheme using (M; = 1)
and (M, = 2) antennas. According to the author, the proposed scheme can be
generalized with 02 transmit and M number of receive antennas which can provide
2M diversity. The simulation results show a comparison between BER values for
Alamouti and MRC scheme using different antenna systems over the Rayleigh fading
channel using the BPSK modulation scheme. At 15 dB SNR the BER values for the
MRC scheme with 1 x 2 and 1 X 4 antenna system is 2.0 x 10™* and 7.5 x 10™*
and for Alamouti scheme with 2 x 1 and 2 x 2 antenna system is 1.5 x 10~7 and
2.0 X 107, The above results are obtained without any extra bandwidth, channel
information, and additional computational complexity compared to MRC.

Roopa and Shobha (2019) proposed the Alamouti and OSTBC coding techniques for
the BER reduction of a MIMO system with a 2 x 2 configuration. The simulation is

carried out using BPSK modulation over Rayleigh fading channel. The simulation
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result shows the BER value for the OSTBC scheme at 10 dB SNR is 8.0 x 107> For
the same environment, the BER values for the Alamouti scheme with 2 x 1 and MRC
scheme with 1 x 2 is found to be 5.5 x 1073 and 1.6 X 1073

Mishra and Kulat (2018) demonstrated a novel reduced feedback scheme for the

analysis and comparison of BER performance, and outage probability in a MIMO

system. The performance comparison of the proposed scheme with the conventional

TAS scheme has been presented in this article. Simulation is carried out using BPSK

modulation and the results depict that the proposed scheme optimally reduces BER

values. At 14dB SNR for N, = 3, 6, 9, and 12 the BER is found to be1.25 x

1073,5.0 x 107>, 6.0 x 107% and 1.2 x 107° respectively.

Dlodlo et al., (2018) proposed differential STBC expansion and trellis coding for

improving the bandwidth efficiency using two transmit antennas. STBC expansion is

carried out by using transformation of the unitary matrix. The proposed method

transmits more information bits in each block of STC compared to the conventional

DSTBC scheme. Using 16-QAM modulation proposed scheme accomplishes a
12.5% hike in bandwidth efficiency. The simulation result depicts the BER

performance as follows. The ‘conventional differential detection (CDD-STBC)’

scheme and the proposed TC-DSTBC scheme using 16-QAM constellation with the

transmission rate of 4 b/s/Hz and 4.5 to 5 b/s/Hz at 15 dB SNR is observed to be

similar that is 4.0 x 1073. The same BER performance for64 QAM modulation is
observed at 21 dB SNR. Thus the former schemeusingl6 QAM outperforms the later

scheme by the SNR gain of 6 dB. Similarly, in the case of bandwidth efficiency also

the scheme using 16 QAM outperforms the scheme using 64 QAM.

Nandi and Nandi (2017) employed the Alamouti STBC code for the improvement of
BER performance in the MIMO-OFDM system. The simulation results show BER

values at 10 dB SNR for different modulation techniques such as BPSK, QPSK, and

16 QAM about 5.0 x 107°,2.0 x 10™* and 4.0 x 1073 respectively. Similarly,

the BER values at 10 dB SNR for the MRC scheme (theoretical) and Alamouti

scheme (theoretical and simulated) are found to be 5.5 x 1073, 1.75 x 103 and

1.0 x 10~* respectively.
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Pattanayak et al., (2017) investigated a multi-user MU-MIMO-STBC system with
imperfect CSI at different SNR values. The authors used Alamouti STBC codes to
enhance transmit diversity for the improvement of reliability. For simulation 2 x
2 antenna configuration, BPSK modulation, over Rayleigh fading channel, the
number of user K= 2,4,8, cyclic prefix length 16, and minimum mean square error
combiner at the receiver are used. The BER value of 1.5x 10™*, 2.8x 10™*, 4.5%
10~* for K= 2, 4, 8 users at 15 dB SNR.

2.2.5 MRC based performance evaluation of MIMO-OFDM System

Lee (2018) proposed an MRC scheme over imperfect channel estimation to
investigate the ergodic capacity and outage capacity in a MIMO system. The author
employs the duel selection method, which is user selection and transmitting antenna
selection for this purpose. The numerical results portray that the proposed MRC
method enhances the capacity with the number of receiving antennas and users, also
the outage probability is restricted. From the simulation results, it is depicted that the
ergodic capacity of the proposed MRC scheme with 2 x 1 for the number of user
K=1 and K=2 at 10 dB SNR is 3.7 and 4.25 bits/s/Hz respectively. The outage
probability of 1073 is achieved at 12 dB and 20 dB SNR for a target capacity of 2
bits/s/Hz and number of users K=2 and K=1. The outage capacity at 10 % outage,
for K=1 at 10 dB SNR is 2.5 bits/s/Hz, the same outage capacity can be achieved at
SNR= 7 dB for K=2 users.

Luong and Ko (2018) proposed OFDM-IM (index modulation) with MRC and
greedy detector for the investigation of BER and error probability. They show that
the proposed scheme performs similarly as MRC -ML (maximum likely hood
detector) at low complexity. Simulation is carried out using BPSK and QPSK
modulation, 1 active sub-carrier of 2 or 2 active subcarrier of 4 subcarriers, one
transmit, and 2, 4, 6 and 8 receive antennas. For MRC-GD with perfect CSI, 4
subcarriers, 2 active subcarriers, and QPSK modulation at 10 dB SNR, the average
error probability is 2.5 x 1072, 2.5x 10™* and 4 x 107¢ for L= 2, 4, 6 receive

antennas.  Similarly, for MRC at receiver with imperfect CSI, L= 2, 4, and 6
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receive antennas the BER at 10 dB SNRis 1.8 x 1072, 6.0 x 10~* and 2.8 x 107>
for L= 2, 4, 6 receive antennas.

Beaulieu and Zhang (2017) introduced a novel asymmetrical power twin branch,
Nakagami-0.5 linear diversity combining scheme. Analytical solutions for average
error probability and outage probability are determined. For ‘selection combining
(SC)’ and ‘equal gain combining (EGC)’ at an error rate of 1072 there is a loss of
1dB. At the error rate of 2 x 1071 to 2 x 1073, the SC and EGC have 1 dB SNR
loss compared to MRC. This indicates at the cost of small SNR loss complexity of
MRC can be avoided.

Misra et al., (2017) proposed MRC and EGC schemes for the improvement in BER
and MRT schemes for lessening the PAPR in the MIMO-OFDM system. Results of
the proposed scheme are compared with SLM and PTS scheme. Considering 2 and
3 receive antennas BER performance for MRC and EGC scheme is compared. It is
found that for BER performance offered by both the scheme is comparable and it is
about 2.0 x 1073 and 2.0 x 10~* at the SNR of 10 dB over the Rayleigh fading
channel. At the BER value of 1073 for 1 x 2 and 1 x 4 the SNR for MRC 12.4 dB
and 4 dB respectively, and the EGC scheme is 12.5 dB and 4 dB respectively. For
the number of channel tap L=4, the PAPR value for the MRT scheme is about 5.25
dB at the CCDF of 1073. The PAPR value using PTS scheme for the number of
sub-blocks V=16 is about 6.9 dB at CCDF of 1073. The result from the simulation
of the SLM scheme for the phase vectors U= 4,8, and 16 it is seen that the
probability of PAPR greater than 6 dB using the SLM scheme is 75%, 60%, and
35% respectively.

Das and Subadar (2017) presented an MRC scheme with two-wave diffuse power
(TWDP) fading channels for BER improvement in MIMO systems. Simulation has
been carried out using 16-QAM modulation upon fading parameters. At 10 dB SNR
for 2 and 3 receive antenna BER value of 6.5 x 10™*and 3.5 x 107 is observed.
Similarly, for 8- QAM and 4- QAM, the BER values for 2 and 3 receive antennas are
found the same as 16-QAM for the same fading parameters.

Tiwari and Saini (2014) proposed MRC diversity and STBC coding for the analysis
of BER performance. Different modulation schemes like 16-QAM, BPSK, and
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QPSK have been used over Rayleigh, Nakagami-m, and Rician fading channels for
the analysis. The BER values for Alamouti STBC using 2x 1 antenna system, 16-
QAM, BPSK, and QPSK over Rayleigh Channel at 20 dB SNR are 1.5x 1072, 5.0
X 107°, and 4.9 x 10™* respectively. Over Rician fading channel for the same
criteria, the BER at 20 dB is 4.0x 10™*, 2.5x 107%, and 9.0x 1073 respectively.
For m = 0.5 over the Nakagami-m channel, the BER values for the Alamouti STBC
scheme using 16-QAM, BPSK, and QPSK is 6.0 x 1072, 2.9 x 1073, and 1072,
The BER values for the MRC scheme over the Rayleigh fading channel at 10 dB
SNR with 1x 2 and 1x 4 are 1.9x 1073 and 2.0 x 10~° for BPSK, 1072 and
2.0 x 10™* for QPSK, and 1.0 x 10~! and 3.2 x 10~2 for 16 QAM modulation.
The BER values for the MRC scheme over the Rician fading channel at 10 dB SNR
with 1x 2 and 1x 4 are 7.0 x 10™* and 5.0 x 107¢ for BPSK, 6.5 x 1073 and
10~* for QPSK and 1 x 10~ and 2.3 x 1072 for 16 QAM modulation. The BER
values for the MRC scheme for the Nakagami-m fading channel at m=0.5 and 10 dB
SNR with 1x 2 and 1x 4 are 1.0 x 1072 and 5.0 x 10~* for BPSK, 4.0 x 1072
and 3.0x 1073 for QPSK and 1.2x 10"! and 6.5x 1072 for 16 QAM
modulation.

Ahn (2009) proposed a MIMO-MRC scheme for the analysis of outage probability
and symbol error rates (SER) over Rayleigh fading channels. The average SER and
the outage probability are analyzed for BPSK modulation. The outage probability at
SINR 10 dB for 2x 2, 3x2,4%x2, 4x3, and 4x 4is 5.0 x 1071, 4.0 x 1072,
1.0 x 1072, 2.0 x 1073, and 3.0 x 10~*. The average SER value at 15 dB SINR for
2x 2,and 4x 2 is about 7.0 X 1075, and 2.5 x 1077.

2.2.6 Comparative analysis of literature survey at a glance

In this section, the literature review is portrayed in tabulation form. In this
presentation, the research articles from the year 2015 onwards are considered. From
the tables, it is very easy to analyze different issues of the wireless communication
system. Table 2.1 to table 2.6 depicts the analysis of various issues like different

error rates, PAPR, data rate, etc.
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Table 2.1 Error rate performance using various modulation schemes

Technology & parameters used for Bit Error
S.No. Authors  |Year gy & parar SNR | Rates/Symbol Error
simulation
rates
. ) L=1 0.5
Rate-less space-time block code (RSTBC); = =% 102
. Experimental setup using FPGA, 2Xx2 - -
Ali H. ) b bearri - | at10 L=4 5% 1073
1 |Algahtani 019 antenna system; number of subcarriers 64; % loss =6 T 102
et al Number of symbols 1000; QPSK rate -
h modulation; Number of RSTBC blocks L= N _
1,2,4,6,8 L—8 0.625 X 10
Two RCQD algorithms  with  QAM M=64 | 7.5x 1072
Tarak Arbi constellations is proposed BER reduction, - M=1 =
2  |and Benoit 2019 | over Rayleigh fading channel; with M-QAM SNR= 6 | 35x10
) X . 10dB
Geller modulation,256  subcarriers, and  blind M=4 | 95x 103
detection or hard ML detection.
Meiiie Yan Filtered OFDM (F-OFDM) scheme; Size of SNR=
3 |y af 9 D019 | FFT 2048/1024, CP length 7% of symbol 0B 2.5 x 1072
' length, Modulation scheme 64 QAM.
OFDM-IM method; number of subcarriers _
4 E.a";]\wbbhi”elttgl 2018 | 128; symbol size and length =4; Cp il(;ldRé 5.0 x 1072
' length=16; QPSK modulation
Gopika Jayan i . . _
5 |and Aswathy 018 F-OFDM; BPSK modulation; 50 resource |SNR= 4.0x 10-6
. blocks. 10dB
K. Nair
A pre-coded OFDM scheme is employed;
Alireza N=128 subcarriers, and L=4 oversampling SNR=
6 2018 | factor, symbol size 32, modulation 16-QAM, - 3.25 x 1072
Rahmat et al. . - - . - 10dB
10 iterations of an iterative receiver at
sampling rate probability of ¥4
2.5 %
Rayleigh 1072
. PCC -OFDM and UFMC techniques; _ |fading to
7 [ShendiWang 17 | Ravieigh fading channel: BPSK, QPSK, and | SNR- 28 x 10-2
etal. . 10dB —
16 QAM modulation 4,0x107°
AWGN t0 5.0 x
channel 10-6
_— 2
The Bayesian approach using the surplus Clipping| 1.9 x 10
degree of freedom of the transmit array. EM- —4
Henavao Bao TGM-GAMP algorithm is proposed for the S(E@R FITRA | 48x10
8 etalgy 2016 | number of iterations 20; the number of SNR=
' antennas 100 at BS, 10 single users; Number 10 dé ET-
of symbols 128; 16 QAM modulation TGM- 1073
technique. GAMP
MIMO-OFDM-IA (Interference alignment) Max
scheme with antenna selection; CP length 16; Sum- 1.5x 107*
9 Mohammed b015 the number of subcarriers 64; users 03 and |SNR= rate
El-Abasi et al. 3 X 2 antenna system; Per-subcarrier antenna |10 dB
. Max _5
selection scheme at max-sum-rate and max- 7.5x10
SNR SNR
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Table 2.2 Error rate performance of STBC coded MIMO-OFDM System

S.No

Technology & parameters used for

Bit Error Rates/Symbol

Authors Year simulation Error rates @ SNR=10dB
The STBC based MIMO-OFDM system in TBS | 1.5%x1073
a time-varying environment with CSI | Static | AM
estimation scheme; AMA and IMOT |channel| AIM 1x1073
1 Mingtong 2020 schemes are employed, Parameters: 2 x 2 oT
Zhang et al. antenna  configuration, number  of | Static | TBS | 2.0 x 1073
subcarrier = 1280, CP length =256, QPSK | channel| AM
modulation, Doppler spread between 20 Hz |with DS| AIM | 1.5 x 1073
to 160 Hz. =80Hz| OT
_ 2x2,DS=80 24 % 10-2
. The STBC-MIMO-OFDM scheme with 2 Hz )
Ruiguang . .
2 Tang et al. 2020 | x 2 and 4 x 4 c_onflguratlons of_ antenna 4x4 DS=80
systems employing Kalman filter for ' 9.0x 1073
estimation of MIMO channels. Hz
STBC-CSM; MBM modulation using RF |16 QAM, 3x2,
mirrors; less complex ML detector is | MBSTBC- 2.6 x1073
A%i?j;uygea% d employed to_ reduce complexity; BER CSM
3 Narushan 2019 | performance is analyzed for MBM-ST_BC-
Pillay CSM, Nt = 3, Nr = 2, 16-QAM, RF mirror {16 QAM, 4x2, 2.4 % 103
(mrf) = 2 and MBM-STBC-SM, Nt = 4, Nr [ MBSTBC-SM '
=2, M =16, mrf=2,
A novel STBC scheme with rectangular |BPSK | 4 x2 | 2.5 x 10-3
differential spatial modulation (RDSM); | and -
4 | ChaowuWuet |, o | BER performance for BPSK, QPSK, and | ML 8x219.0x10
al. ML  detector; 4x2 and 8xX2 |QPSK |4x2 |1.8x 1072
configuration, transmission rate between 2 | and
to3 prU ML 8x2 | 48x1072
STB co_ded fuII—dup_Iex relaying spatial | sTgC-SM- 3
modulation technique (STBC-SM- | epR (4 x 2) 1x10
Yanzhang FDR);ML det_ector;_ 4 X 2 and 8 X 6
5 2019 | antenna configuration with 2 active
Shao et al. ; ) o oML
transmits antennas; transmission rate 4 | STBC-SM 3% 10-2
bits/s/Hz and 5 bits/s/Hz for A1 = 1, using | FDR (8 X 6)
QPSK modulation.
A | hybrid optimization techni th BpeK
novel hybrid optimization technique, the _s5
Shital N. Raut, Dolphin-Rider-Optimization (DRO) is QPSK_| BER | 2.5x 10
6 Rajesh M.  |2019 | utilized for the STBC-MIMO-OFDM [AM
Jalnekar scheme; over the Rayleigh channel; using BPSK .
BPSK, QPSK, and QAM modulation. QPSK | SER | 6.0 x 10~
QAM
BPSK 8.0x 107
The STBC-MIMO-DSM  (differential ~
7 Lixia Xiao et 2017 spatial modulation) scheme; BPSK, QPSK, QPSK 7.8 X 10
al. and 8 PSK modulation and with N.= 4 and
N, =2 8PSK 42 x1072
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Table 2.3 Error rate performance of Alamouti STBC coded MIMO System

S.No

Technology & parameters used for

Bit Error Rates/Symbol

Authors Year simulation Error rates @ SNR=10dB
Alamouti (2 x 1) | 1.0 x 1073
Siavash M Alamouti scheme with 2 x 1 and 2 x 2 X ”
1 Alamouti | 1998 | antenna configuration; BPSK modulation Alamouti (2 x 2) | 1.3 x 10
over Rayleigh fading channel. MRRC (1 x 2) 1.9x 1073
MRRC (1 x4) | 6.0x1073
. . OSTBC codin _
The Alamouti and OSTBC coding 91 gox10s
Roopa M. and . LIS (2x2)
technique for BER minimization, 2x2 -
2 Dr. B.N. 2019 . . . Alamouti _3
configuration, BPSK Modulation scheme 55x%x 10
Shobha over Rayleigh fading channel STBC (2 x 1)
yielg g MRC (1x2) | 1.6x 102
Sudhir Kumar A novel reduced feedback rate scheme for Nt=3 1.25 x107°
Mishra and transmit antenna selection (TAS) scheme; Nt =6 5.0 % 10°5
3 Kishor 2018 | BPSK modulation scheme; BER s i
Damodar analyzed for a different set of transmit Nt=9 6.0 X 10
Kulat antennas Nt = 3, 6, 9, and 12. Nt = 12 1.2 x 10~6
Differential STBC expansion and trellis ,
coding (TC-DSTBC) for improving the | TC-DSTBC for | 4.0 x 10
bandwidth efficiency using two transmit 16QAM
B. Dlodlo et antennas; BER performance is analyzed
4 ' al 2018 | using M-QAM modulation (M=16 and
' 64) scheme, over Rayleigh fading | Tc-DSTBC for »
channel. No chaneel information is at the 64QAM 1.4x10
receiver, Nt =2 and Nr=4, Viterbi
decoder,
BPSK 5.0x 1073
QPSK 2.0 x 1074
16QAM 4.0 x 1073
Alamouti STBC coded MIMO-OFDM | Theoretical
S Nandi and A system. BER values are analyzed for | (Tx=1,Rx=2, | 5.5x 1073
5 Nandi 2017 | different modulation schemes; BER | MRC)
values comparison between MRC and | Theoretical
. _ _ 1.75
Alamouti scheme presented. (Tx=2, Rx=1, % 10-3
Alamouti )
Simulated
(nTx=2, —4
NRX=2. 1.0 x 10
Alamouti)
Multi-user MU-MIMO-STBC  system _ 2
. with imperfect CSI; BPSK modulation, K=2 1.7x10
Prabina the number of user K= 2, 4, 8, cyclic
- ] Il [} - -2
6 Pattar;?yak et 2017 prefix length 16, and MMSE combiner at K=4 1.3x10
the receiver is used over Rayleigh fading K=g 9.8 x 10-3

channel; 2 x 2 antenna configuration.

41




Next Frontier MIMO-OFDM Based Wireless Communication System

Table 2.4 Error rate performance of MIMO System using MRC scheme

Technology & parameters used for Bit Error Rates/Symbol
S:No Authors Year simulation Error rates @ SNR=10dB
BPSK BE_R 2.5%x 1073
Nr=2
(perfec BER
-5
t CSI) Nr=4 1.0 x 10
BPSK | BER _
. . ... |(Imperf | Nr=2 6.0 x 107
The OFDM-IM (index modulation) with e-ct BER
MRC and greedy detector (GD) for the _ 6.0 x 107>
. S CSl) Nr=4
investigation of BER and error IEP
Thien Van probability; BPSK  and  QPSK | QPS Nr=2 | 25X 1072
1 Luongand |2018 | modulation; one transmit, and 2, 4, 6 and K \EP
Youngwook Ko 8 receive antennas; for BPSK | (perfe _ 25x 107
: : - Nr=4
modulation, 2 Subcarriers and 1 active ct \EP
subcarrier, and QPSK modulation, 4 | CSI) NI=6 4.0x107°
Subcarriers, and 2 active subcarriers. r=
QPS | BER 1.8 x 10-2
K Nr=2 )
(Im- | BER 4
perfec | Nr=4 6.0 x 10
t BER s
csl) | Nr=s | 28% 10
. Different combining schemes including SC 5.5 %1072
N. C. Beaulieu MRC with unequal power dual branch
2 and Yixing | 2017 -qual p o ' EGC 5.5 x 102
Zhang over Na.kagaml-m where m=0.5, BPSK
modulation MRC 45x 1072
1x2 | 22x1073
MRC | 1x4 | 1.6 x1073
1x8 | 1.0x10™*
MRC | 1x2 | 1.7x1073
The MRC and EGC schemes for the |pror
The and schemes for the Rayleigh | 1x 3 | 1.4 x 10~
Ms. Manisha improvement in BER and PAPR fading
3 Misra ot al 2017 | reduction in MIMO-OFDM system; for 1x2 3
N=10000 subcarriers, channel taps L = 4, X2 |22x10
number of transmit antennas = 8 EGC | 1x4 | 1.2x1073
1x8 | 20x107™*
EGC | 1x2 | 20x1073
over
Rayleig | 13 | 2.0x 107
h fading
MRC scheme with two-wave diffuse 1x2 | 65x107*
Pampee Das power (TWDP) fading channels for BER | 16-
4 and FEu aban | 2017 improvement in  MIMO  systems. | QAM,
Suba%ar Considering 1 x 2 and 1x 3 antenna [8-QAM,
configuration with 16 QAM modulation [4-QAM | 1x3 | 3.5x107°
scheme
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Table 2.5 PAPR reduction performance in OFDM system

hnol ; PAPR in dB
S.No. | Authors |Year Technology & parameters used for @ CCDF= Remark
simulation 3
10
C=0 13448 4% 1074,
. . . |A=1.414,
Zhitong A low complexity companding C=0 775 BER
1 Xing. etal. {2020 | schemes; AWGN channel; QPSK - y @SNR | 2.5x107*
; A=1.67 dB
modulation. C-0 10dB
- -4
A=1734 5.1dB 1x10
ICF method with ENC scheme, 256 | ' 2% | 4.25 10"
subcarriers , 16 QAM modulation; _ dB | BER
Bo Tang et . g CR=1.5
2 al 2020 | oversampling factor =4; clipping ICE and @SNR
' ratio 1.5 to 1.8; clipping level 3; ENC  |54dB 10dB 4x10°
shape factor s = 60, v=10.72 t0 0.87 CR=18
The blind detection in an SLM 9.7dB Tone Reservation
i ion i
AI;rZE d scheme is used to improve PAPR; 7dB PT_S i
3 Benoit | 2019 | Rayleigh fading channel; with 64- 8.9 dB Clipping (10
Goller QAM modulation; iteration)
subcarriers=1024; sub-blocks= 16 8.6dB Blind detection for
' SLM
. . . 9.8dB SLM
Ahmad M Low-complexity techniques like
Rateb ancj SLM, PTS and ICF for PAPR 8.3dB PTS
4 Mohamed 2019 | reduction are analyzed over AWGN 72dB Cliopi
Labana channel, 16-QAM and 64-QAM : _lpplng i
modulations , and 1024 subcarriers Linear scaling of
6.0t07.0 dB .
coefficients
ICEF scheme. Bandwidth 20 MHz; 8.35 dB 1 Iteration
Selahattin Total number of subcarriers 2048; X
5 Gokceliet [2019 | QPSK, M-QAM  constellations 6.3dB 10 Iteration
al. (M=16 and 64), for iterations = 1, .
10.and 20 6 dB 20 Iteration
A novel OFDM-IM scheme; BER
Kee-Hoon Modulation 16-QAM; clipping ratio @10
6 : 2019 | 5; iteration=2; subcarrier N=128; 6.7 dB 7.0 x 1072
Kim o dB
length of sub-block = 4; Number of
h . . SNR
active subcarriers k= 2
-3
Clipping-noise compression C_'R' 4.4 6.5x10
. . . =3 dB
technique with u -law algorithm; 6.350 BER X 103
Number of subcarriers 256; | C.R.=6 lB @10
7 Bo Tang |2019 | modulation = 16 QAM; over ICF dB 38 X 10-2
sampling factor =4; Number of - h-' 48 & | SNR &28
iteration =3 ; clipping ratio = 3 and echnig 171 6 X
6 dB; 11 =10 uefor | as 107
H CR=3,6
SLM technique with discrete cosine
Prabal transform (DCT) for optimizing
8 Gunta et |2019 PAPR; Modulation: 4-PSK, Phase 57 dB o
gl sequences U=128, N=32 '

subcarriers
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Technology & parameters used for | PAPR in dB @
S.No. | Authors |Year simulation CCDF= 10-3 Remark
TR scheme based on SCR; and MS S-SCR BER 5.0
for |75dB |@10dB —a
L -SCR scheme used for _ x 10
Jingaqi S . | CR=2 SNR
optimization; 16-QAM modulation;
9 Wang and | 2019 Numb f 'subcarriers 256: T MS-
Wen Wu umber of subcarriers 56', one SCR BER 0.8
reservation T=32; oversampling rate for 5.1dB |@10dB x. 10-3
4; Clipping ratio =4,3,2,1 CR=2 SNR
PTS scheme with an FWA 52dB Con. PTS
algorithm, 2 x 1and 4 x 1 antenna
Lahcen system, QPSK, 52 subcarriers, 4dB PTS-FWA
10 Amhaimar |2018 | 104 random  OFDM  symbols,
etal. oversampling factor L =4, over
AWGN channel, number of sub- 71dB SLM
blocks = 2; 4; 6; 8
7.8 _
PTS 4B Sub-block V =4
Iterative PTS combined with | Clippin | 6.4 Al .
11 Fan Gao 2018 clipping method; OFDMA scheme g dB 4-Clip & filter
etal. with 256 points IFFT, number of | PTS- 6.2 V =4,4-Clip &
blocks 3000 and sub-blocks ‘V’ Clipping dB filter
5.25 | V =4, lterative PTS
IPTS dB & Clipping
A hybrid techniqgue combining
modified code repetition (MCR) and
SLM scheme with clipping; number BER
12 Francisco 2017 of subcarriers 512, 50% cyclic | MCR- | 3.4 @10 4.8
Sandoval prefix, the oversampling factor of 1, SLM (B dB x 1076
number of phase sequences 8 and SNR
BPSK modulation over the AWGN
channel.
1-clip;
with & 1.9 _3
without  |&5.5d 2'511((11%_2
optimizat | B
ion
2-clip; BER
Clipping and filtering (ICF) method; | with & | 1.25 @10 - -
13 Kelvin 2017 | AWGN channel, QPSK modulation, | without |&4.7 4B
Anohetal. |-1 128 samples, 512 subcarriers, No |optimizat | dB SNR
CP, MMSE optimization ion
3-clip;
with &
. 1.0 1x 1072
o |5 :
PR | a8 9 x 1072
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Technology & parameters used for | PAPRindB @ | Rema
S.No. | Authors |Year simulation CCDF=10-3 rk S.No.
Root-based u -law companding BER
Kelvin | 2017 (RMC)  method; Number of @10
14 subcarriers 512; symbols =128, 3.2dB 1.2 x 1072
Anohetal. |-2 . . dB
QPSK modulation, oversampling SNR
factor=4; u = 30;
MRT SdZBS For Channel tap =4
Ms MRT, MRC, and EGC schemes are 6.9
> used in the MIMO-OFDM system PTS ~ |For sub-blocks =16
15 Manisha |2017 for th ducti bearri dB
Misra et al or the PAPR reduction, subcarriers 75 0% of time. for
N=10000, channel taps L = 4 >6.0 '
SLM dB number of phase
vector U=4 8, 16
ATR  technique;  Number of
subcarriers 1024; number of peak
Chunxing reduction tones (PRT) = 64, 6.8 _ _
16 Ni et al. 2016 clipping ratio =2.2, wuser =10 ATR dB
antennas =100; and 4-QAM
modulation
Clippin | 4.9 1.9
The Bayesian approach using the | g dB x 1072
surplus degree of freedom of the 4.8
transmit array. EM-TGM-GAMP | FITRA | 3dB S@E?O % 10~
Hengyao algorithm is proposed for the
17 2016 . ! i dB
Bao et al. number of iterations 20; the number SNR
of antennas 100 at BS, 10 single ET- 26 s
users; Number of symbols 128; 16 | TCM- | 45 10
QAM modulation technique. GAMP
ICTF- BER
ICTF with linear symmetrical |LST with | 6.5 @10 0.5
transform and two piecewise 3 dB dB x 1073
companding method; the number of |iteration SNR
Yong subcarriers=1024; QPSK
18 Wang et |2015 moedulatlon; oversampling ratlo.: 4; ICTE- BER
al. 10° random OFDM frames; 03 .
; S TPC with | 5.25 | @10 3.0
iterations; over AWGN  and 3 dB 4B % 10-5
multipath fading channels; 25% CP |. .
length. iteration SNR
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Table 2.6 Channel capacity performance in MIMO-OFDM
Technology & Data Rates
S.No. Authors | Year parameters used for BER @ 10dB SNR bits/s/Hz @ 10
simulation dB SNR
STB coded full-duplex | T2 M | 1x 101 | 2.15 bitsisiHz
. . (4 x2)
relaying spatial
modulation technique
(STBC-SM-FDR);  ML-
Yanzhang detector, 4 x 2 a_nd 8x6
1 Shao et al 2019 an_tenna _conflguratlt_)n
' with 2 active transmits | STBC-SM- 3 % 102 2 55 bits/s/Hz
antennas; transmission | FDR (6 X 4) '
rate 4 bits/s/Hz and 5
bits/s/Hz; A =1 z; QPSK
modulation.
1.6
QO-STBC-MIMO SVD | 2X1| 751 SVD 6.2
technique; standard SVD std 65 2% 1 bits/s/
. bases detection with one- 2x1| T, Hz
Kelvin Anoh S . STBC X 10
2 etal. 2019 dlr_ectlonal beamforming 19
using 16-QAM | SVD | 4x1| 7, 6.8
constellation; 2x1 < :110 :le bits/s/
antenna system stee| 4% 1] 10-3 Hz
The time-varying MIMO I-MET.| 2 x 2 9.9 bits/s/Hz
channel model using a | IEEE .
sparse model based on the [802.11 2x2 6.0 bits/s/Hz
. DLMS (diffusion least-
Madhusmita mean-square)
Sahoo and algorithm; 2 x 2 antenna
3 Harish 2019 . L
Kumar configuration; 16 QAM,
Sahoo AWGN. cha}aneI, STBC 3-Gpp| 2x2 8.5 bits/s/Hz
code diversity; Capacity
tested for IEEE802.11, I-
METRA, and 3 Gpp
channels.
5.5 Pr = 18
A nonlinear dual-band SER 1 6x2 x 1071 [10dB |bits/s/Hz
MU- MIMO-OFDM
Parag system; subcarriers =
Aggarwal 1024, users = 4, CP=1/4,
4 and Vivek |2018 | IBO=5dB; overall 6.0 P = 24
Ashok capacity is measured |SER |3 x1| . ._ T .
Bohara against 4 users for x 107" |15dB |bits/s/Hz
transmitting power Py = 5
dB to 15 dB.
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Table 2.7 Ergodic capacity, Outage capacity and outage probability performance

Data rates/ Capacity and Outage capacity
Ergodic capacity .
MRC  scheme  over (K=1) 3.7 bits/s/Hz
imperfect channel Ergodic capacit _
estimation to investigate J (K:ZE) Y 4.25 bits/s/Hz
the ergodic capacity and "Qutage capacity at 10% :

1 E:enghun 2018 | outage capacity in a %utagpe (Kil) 2.5 bits/s/Hz
MIMO  system; - transmit "5tage capacity at 10% .
antenna selection and user outage (K=2) 3.3 bits/s/Hz
(K) selection is combined Outage probabili 10
for 2 x 1 MIMO system ngSlF\)lR for (éyﬂ@) 6.5 X 1072

Outage probability @10 _3
dB SNR for (K=2) 4x10
Broadband MIMO- | Data rates/ Capacity and Outage capacity
OFDM systems with the .
frequency-selective 2x2 Capacity 4.5 bits/s/Hz
Lopamudra matching of receiving 4% 4 8.0 bits/s/Hz
Kundu and antennas; antenna |UCA -
2 Brian L | 2017 | configurations 2 x 2 and 2X2 | outage 4.4 bits/s/Hz
Hughes 4 x 4; Carrier frequency 4 x4 |CPACILY | 7.8 bits/s/Hz
= 900 MHz, No. of
subcarriers= 64; 2%2 5.0 bits/s/Hz
considering  UCA and [ULA Capacity
ULA at the receiver 4 X4 7.0 bits/s/Hz

2.2.7 Summary of the literature survey

The literature survey is focused on various issues encountered in MIMO-OFDM unwired

communication system. This survey has been carried out for analyzing some noteworthy

issues such as error rates, PAPR, channel impairments, and information or data rate

(capacity), etc. From the survey of literature during the last 05 years, it is observed that

effective and significant to combat one or more issues have been suggested by many
researchers. Considering SNR of 10 dB for measuring BER, PAPR, and Data rates, the

following are some findings from the literature survey.

1. It is observed that the error rate presentation of the MIMO-OFDM system over the

AWGN channel is better than that of over Rayleigh fading channel. Also, the error
rate performance of the MIMO-OFDM system using the lower-order (BPSK/QPSK)

modulation method is better as compared to higher-order (M-QAM) modulation

techniques.
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2. The results of most of the schemes suggested by different researchers depict that over
the AWGN channel the error rate (BER) values are in the range of 107°to 107%. On
the other hand, the BER values over the Rayleigh fading channel is recorded as in the
range of 1072 to 103, For example, the F-OFDM scheme by Jayan and Nair (2018),
using BPSK modulation over the AWGN channel give BER of107°. The same
system suggested by Yaang et al., (2019), using 64 QAM modulation over the
Rayleigh fading channel gives a BER value of 2.5 x 1072. A similar result is
observed using PCC-OFDM and UFMC scheme suggested by Wang et al., (2017),
that is BER value over AWGN and Rayleigh fading channel are 5.0 x 107 and
2.8 X 1072 using QPSK modulation respectively.

3. For STBC coded MIMO OFDM systems the BER result is improved even over the
Rayleigh fading channels. For example, the STBC-MIMO-OFDM system with DR-
optimization by Raut and Jalnekar (2019), gives BER and SER values in the range of
1075 to 106, the STBC-MIMO-DSM scheme by Xiao et al.,(2017) gives BER value
of 107* , the STBC coded MIMO OFDM systems by Zhang et al., (2020);
Ruiguangtang et al.,(2020); Adejumobi and Pillay (2019), gives the BER value of
1073,

4. For Alamouti STBC coded MIMO system by Roopa and Shobha (2019); Mishra and
Kulat (2018); Nandi and Nandi (2017), the BER values are recorded in the rage of
1073 to 1075 for BPSk / QPSK modulation techniques. It is also observed that by
increasing the number of transmit antennas the BER values can be further reduced to
less than 107°.

5. For the MIMO-OFDM scheme with MRC using BPSK/QPSK modulation, by Mishra
et al.,(2017); Das and Subadar (2017); OFDM-IM-MRC by Luong and Ko (2018),
the BER value is recorded in the rage of 1073 to 10~° over Rayleigh fading channel.
By increasing the number of receiving antennas the BEr BER value decreases.

6. The PAPR performance of iterative clipping and filtering (ICF) scheme in an OFDM
system is found better as compared to others techniques such as PTS, SLM, ICTF,
TR, etc. The PAPR value for; companding scheme by Xing et al., (2020), 3.5 dB to
5.0 dB; SLM scheme by Gupta et al., (2019), 5.7 dB; PTS scheme with FWA
algorithm by Amhaimar et al., (2018), 5.2 dB; IPTS scheme by Gao et al.,(2018),
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5.25 dB; Hybrid MCR-SLM scheme by Sandoval (2017), 3.4 dB; Root based micro-
law companding (RMC) scheme by Anoh et al., (2017-1), 3.2 dB; ICF technique by
Tang et al., (2020), 4.25 dB to 5.4 dB at C.R. = 1.5 and 1.8 and the BER is
maintained to 4.0 x 1073 ; ICF technique by Anoh et al.,(2017-2), 4.5 dB with 3.0
clips and BER = 9.0 x 10~2; ICF technique by Bao et al.,(2016), 4.9 dB with BER =
1.9 x 1072,

7. It is also found that by increasing the transmit antennas in a MIMO system, the
channel capacity or data rates are linearly increases but at the cost of an increase in
error rates (BER). For the QO-STBC-MIMO scheme by Anoh et al., (2019), for 2 x
1 and 4 x 1, the data rates are 6.2 and 6.8 bits/s/Hz respectively; the MIMO system
with DLMS algorithm by Sahoo and Sahoo (2019), the data rates found between 6.0
to 9.9 bits/s/Hz at different standards, using 2 x 2 configuration; the broadband
MIMO-OFDM system using frequency selective matching at the receiver by Kundu
and Hughes (2017), data rates = 5.0 bits/s/Hz and 8 bits/s/hz for 2 x 2 and 4 x 4

antenna configurations.

2.2.8 Need for further Research

From the literature survey of last 5 years it has been observed that the BER reduced in
the range of 107> to 10~® using various modulation schemes, channel coding schemes,
and antenna selection and combining schemes. Here there is a scope to lessen the BER
below the level mentioned above over AWGN channel and Rayleigh fading channel. To
get rid of the most deleterious effects of PAPR in the OFDM system different algorithms
have been used by many researchers and they have reduced the PAPR to significant
value. However, there is further scope for reducing the PAPR without adding
complexity and cost of the system and most important without increasing BER
significantly. As far as the capacity of data transfer is concerned, enhancing capacity by
implementing more antennas in the MIMO system is not a proper solution, since it may
results in high power consumption and the cost and complexity of the system. So there
IS a scope to choose such an algorithm and combination of antennas in the MIMO
system which not only increases the capacity but also lessens the error rates of the

system as well as power consumption and hardware complexity.
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Chapter 3
MIMO-OFDM Systems

3.1 OFDM CONCEPT AND DESIGN CHALLENGES

This chapter includes fundamentals/concepts, benefits, limitations, and design
challenges of the OFDM system. In this new era the high speed, high capacity or data
rate, and reliable wireless communications is the utmost requirement to support
various application on mobile, internet of things, web browsing, secure and
confidential data transfer and so on. An OFDM system is the most efficient and
popular scheme used in wireless communication in the last decade. And till date
OFDM is the best choice for providing errorless communication over the wireless
link. The OFDM is the multi-carrier modulation system that significantly

outperforms the conventional single-carrier system.

3.1.1 Background

Unlike wired communication, in the case of wireless environment transmitted signals
are received at the receiver terminal through multiple paths after brief delays between
each copy due to reflection, refraction, and attenuation from various objects like
forest/trees, hills/mountains, huge buildings, etc. These delayed multiple copies of the
transmitted signal result in serious performance degradation of the wireless
communication system. The phenomenon is also known as fading. If “T” is the
symbol duration of transmitted signal and “T,,” is the maximum delay among all
delayed replicas of the transmitted signal at the receiver then normalized delay spread
is given by Eq. 3.1.

p="Tm/, . (3.1)
If D <<'1 or the symbol period is too greater than the maximum delay spread “ T,,,”,

the channel is known as flat fading channel. The flat fading channel doesn’t incur

inter-symbol interference (ISI). On the contrary, if D>>1 or T <T,,, the channel is
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known as a multi-path fading channel. In such an environment there is a strong

possibility of the occurrence of inter-symbol interference [8].

3.1.2 Single-Carrier (SCM) versus Multicarrier Modulations (MCM)

SCM utilizes only one frequency for transmitting any data signal. It has been used in
several wireless communication systems like 1G, 2G, 3G, and in the uplink of 4G
systems. Due to many advantages, SCM systems are still utilized in 4G
communication standards, for example, SC-FDMA. The SC-FDMA is one of the

best technologies employed for the uplink in the ‘long-term-evaluation (LTE)’

standard. The system functional block diagram of SC-FDMA is as shown in fig 3.1

N-Point Subcarrier M-Point Insert
i }_’ DFT }_’ Mapping }_" IDET }_" R }_’ cP l
N
Channel L‘
Output . . .
B/s N-Point Subcarrier M-Point s/p Remove
IDFT De-Mapping DFT CcP

S/P: Serial to Parallel Converter ~ P/S: Parallel to seral Converter DFT: Discrete Fourier Transform

Input
R —

Fig. 3.1 System functional block diagram of SC-FDMA
The SC-FDMA wireless system uses N-point ‘Discrete-Fourier-Transform (DFT)’

and M-point ‘Inverse-Discrete-Fourier-Transform (IDFT)” modules, where N is
always less than M. Due to this feature occurrence of PAPR is greatly minimized or
produce very little PAPR during signal transmission. The insertion of the cyclic
prefix of proper length makes easy channel equalization in the frequency domain
[77].

Advantages of SCM:

1. The PAPR in SCM is very less compared to MCM. This property of SCM is

very important for a stable, errorless, interference less and reliable
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communication system. SCM is generally used in low-cost devices exploited in
wireless communication systems.

2. SCM systems are less susceptible to phase noise and frequency shift, which is
helpful for time and frequency synchronization in the wireless system.

Disadvantages of SCM:

1. The SCM systems performance in terms of spectral efficiency is deeply
degraded in presence of multipath fading which is obvious in today’s wireless
system.

2. In SCM the bandwidth is high and symbol duration is small hence they more
sensitive to frequency selective fading channels which results in ISI.

3. Toavoid ISI in SCM very complex multi-tap channel equalizer is needed which

in turn makes the SCM system complex and costly.

In the MCM system, the whole channel frequency is split into many
subcarriers. The high-rate input signal to be transmitted is sliced into many low-rate
signals equals to the number of subcarriers and is transmitted on the subcarriers in

parallel.

Time

Time

Frequency 01 011 0nenn- Frequency

Wide Band System Narrow Band System

(a) (b)

Fig. 3.2 (a) Wideband transmission in SCM (b) Narrow band transmission in MCM

From fig. 3.2 it is obvious that the symbol duration in MCM is larger than the
symbol duration in SCM. In case SCM as the symbol duration is too less than the
maximum delay spread, the system is susceptible to ISI. Whereas in MCM the

symbol duration is too greater than the maximum delay spread due to the multi-path
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fading channel and hence the MCM system is more robust against ISI. The
frequency selective channel in the case of SCM is now becoming a flat fading
channel in the case of MCM due to the segmentation of wideband into narrowband
subcarriers. Because of the ability to combat the effects of multipath fading, MCM
systems have become more popular in wireless systems. The MCM system was first
introduced by Randel et al. (2006) with the data rate of 1Gbits/s over 100 m polymer
optical fiber (POF). The data rate achieved by Randel at that time was just double
the highest data rates achieved earlier over the same fiber length. For the above
experiment 80 subcarriers, each with the bandwidth of 2 MHz without any guard
band were used [78].

MCM technology is plagiaristic of frequency-division multiplexing (FDM).
Presently MCM are used in DSL MODEMs and DAB/DVB broadcast system. In
MCM normally FFT technology is used for signal transmission over multiple
independent subcarriers with equal narrow bandwidth. However, MCM technology
is less susceptible to IS, still, the performance of MCM degraded slightly due to the
ISI. The ISI in MCM can be reduced by inserting guard bands between the two
symbols [79]. One of the drawbacks and the most critical issue in MCM is the
presence of PAPR. Due to the increase in PAPR most linear components such as PA
and DAC/ADC in the MCM system behaves nonlinearly which causes in-band
distortion and out of band radiation. This results in a breakdown of orthogonality,
incur interference between adjacent subcarriers (ICI), and major loss in SNR. To
reduce the effect of PAPR, linearization techniques can be used to increase the
linearity of the system but at the cost of an increase in complexity and the system
cost [15], [80]. If ‘D’ is the difference between PAPR of MCM and SCM and ‘N’ is

the number of subcarriers in MCM then, the difference ‘D’ is given by
D=10logN dB ..(3.2)
The SNR loss in MCM system is given by Eq. 3.3
SNR loss in dB = 10 log (%) dB .. (3.3)

Where, Ly, = original block length, L. = length of channel response and L;, + L. — 1

is extended symbol length.

53



Next Frontier MIMO-OFDM Based Wireless Communication System

3.1.3 Frequency division multiplexing (FDM)

In an FDM system, the available bandwidth of a single channel is split into N
number of sovereign frequency channels that allow users to transmit their signal on
different frequency channels within the same bandwidth. Using different modulation
techniques N number of different information signals is translated using N number
of independent frequency channels. All the modulated signals are combined to form
a composite signal using linear summing circuits. Now the resulting composite
signal is ready to transmit over the wireless channel. The carrier signals with
frequencies F; F, F3 ..........Fy used for transmission are known as sub-carriers.

The composite signal to be transmitted over N subcarriers is shown in fig. 3.3

Band width

Fig. 3.3 Composite signal transmission

At the receiver, all the independent information signals are separated using filters
and demodulated to achieve the original information signals. Now if the subcarriers
are very close to each other as depicted in fig 3.3, there is a high probability of
having inter-channel interference or cross talk. The ICI or Cross-talk is a partial

overlapping between the neighboring channels as shown in fig. 3.4.

FNRARBANRABNFRATA Y7777

inter-carrier interference (Cross talk)

Fig. 3.4 Inter-carrier interference between adjacent channels

The chances of incurring ICI can be minimized by inserting narrow bands between
two neighboring channels as shown in fig. 3.5, is known as guard bands. Thus using
the FDM technique independent information signals can be transmitted safely
without ICI.
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Guard Bands

N

F F F
NM 4 5 6

-
Il | .

Fig. 3.5 Guard band between neighboring channels

Advantages of FDM:
1. There is no need for synchronization between receiver and transmitter.

2. More than one information signal can be safely transmitted.
3. Easy demodulation.
4

Due to the slow fading channel, only one channel may be affected.

Disadvantages of FDM:
1. FDM channels may be affected in presence of wide-band fading.

2. Due to more number of demodulators in FDM, the power consumption as well
as system complexity increases.

3. Due to the insertion of guard bands, a large bandwidth is required to
accommodate all the channels.

4. In presence of the guard band also there is a chance of cross-talk.

3.1.4 OFDM Systems

There are two types of MCM namely ‘multi-carrier-code division multiple access
(MC-CDMA and OFDM’; ‘using time-division multiple access (TDMA)’. In MC-
CDMA to distinguish different users, they are multiplexed with orthogonal codes.
Multiple users can access the MC-CDMA system simultaneously; however,
different users are allocated with numerous codes where data is present in either
time domain or frequency domain. In OFDM-TDMA different users are allocated in
time slots to transmit or receive data. It can use all higher-order (M = 4 to 256) M-
QAM modulation along with lower-order modulations like BPSK and QPSK [82].
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The OFDM system can adopt many communication standards like 3GPP Long Term
Evolution (LTE), Wi-Max, IEEE 802.11a/g/n (Wi-Fi), IEEE 802.16a MAN, LAN,
‘Digital Audio Broadcasting (DAB)’ and ‘Digital Video Broadcasting (DVB)’,
European DVB and ‘Asymmetric Digital Subscriber Line (ADSL)’ and many more
[81].

The OFDM is an MCM that was first proposed in 1966. OFDM splits the single
broadband channel into many parallel sub-channels like the MCM system. If “W’ is
the overall available bandwidth of OFDM and ‘N’ subcarriers or sub-channels then

the subcarrier bandwidth is (W/ ) - Each subcarrier has a different frequency and

the frequency of each subcarrier is an integer multiple of a fundamental frequency.

In general, the multicarrier transmission in OFDM includes a set of modulators each
at a different carrier frequency. The transmitter section combines the output of all
the modulators and produces a composite signal for transmission. Consider X, (k =
0,1,2, 3........ , N-1) as a complex number output of the modulation used and it

consists of N bit data. Assuming T, as OFDM symbol period and the carrier

frequency of k"subcarrier f;, = k/T , the complex output of a transmitter is given
S

by
x(t) = YN-Lx, el2™ Kt ..(3.4)

For discrete signal putting t = nT,, where T, is the symbol period of the original

signal, and is equal to TS/N if N is the number of subcarriers. Therefore, t = nTS/N,

and sample index n=0,1,2......... N-1. Therefore the above expression in a
discrete domain can be written as,

x(nT,) = YN-2 X, e/2®/knTo ... (3.5)
j27TknTS
x(nT,) = YN 3 X e’ Ts N ... (3.6)
Therefore the OFDM signal is given by
., _nk
x, = x(nT,) = YNZL X, e?*™V .. (3.7

The above expression is similar to the expression of N-point IDFT except that the

multiplication factor (1/N). If the number of subcarriers is a power of two then many
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efficient and fast algorithms are available for the implementation of IDFT. Thus

OFDM is the best suitable technology in today’s wireless communication [82].

The system architecture of OFDM is shown in Fig. 3.6. In the OFDM system, a
stream of serial data is modulated using BPSK/ QPSK/ M-QAM modulation
technique to map source data to a complex number. The complex value is specifying
the amplitude and phase of the sinusoid at the mapped constellation point for the

corresponding subcarrier. The serial to parallel converter is used to convert serial

complex data stream into the parallel data stream where the stream of serial data

input is split into the stream of ‘K’ low rate parallel data or symbols.

>
. P —
X i 8 g I» e > 7
Signal in 2 0 |» L > .| Piralich
. - = - IFET Insert '0. i
—1 3 t= ™ cp [ serial ™
3 SR > - |
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= . . >
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RF
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Fig. 3.6 System architecture of OFDM
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Now each parallel sub-channel carries one complex number symbol in the frequency
domain. The K symbols are then passed through N-point IFFT. The IFFT receive N

symbols from the K symbols and each symbol has a symbol period of ‘T’ where
(TS = N/W) and produces N orthogonal sinusoids over N subcarriers. Each

subcarrier has a different frequency which is an integer multiple of a fundamental
frequency. The input to an IFFT in the frequency domain is transformed into the time
domain. The output of IFFT is the logical summation of all N orthogonal sinusoids or
N orthogonal sub-carriers which is known as one OFDM symbol. A guard band or
cyclic prefix of a specific length is inserted at the beginning of each output symbol
from the IFFT to prohibit the possibility of I1SI between adjacent sub-carriers. Now
the parallel stream of data including cyclic prefix is converted into the serial data
stream in the time domain which is further passed through analog device DAC and
LPF filter for RF up-conversion before transmitting over RF channel. The
transmitted signal is received through receiving antenna and it is down-converted for
further processing the signal. The received signal is then passed through ADC and
LPF to convert it into digital form. The digital output signal is converted into parallel
form to remove cyclic prefixes from each symbol that was inserted before the
transmission of the signal. The output of the serial to parallel (S to P) converter is
nothing but the original OFDM symbol after removal of the CP, and it is passed
through N-point FFT. The FFT block is employed to converts the input signal from
the time-domain to frequency-domain which is further converted into the serial form
using a parallel to serial (P to S) converter. The serial output from the P to S
converter is demodulated to obtain the original information or data stream. The
presence of fast and efficient IFFT and FFT algorithms at transmitter and receiver
makes the OFDM a very popular system providing high spectral efficiency. Inserting
CP in each symbol increases the symbol period such that the symbol period T,
becomes greater than the multipath delay spread “ T, ”. This minimizes the
probability of incurring ISI in the OFDM system, but at the cost of reduced data

rates.
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Advantages of OFDM Scheme

1. Combating ability against ISI: In OFDM based wireless communication system
the inter-symbol interference has a deleterious effect on system performance. If
the bandwidth of the OFDM symbol is too less than the coherence bandwidth or
the OFDM symbol duration is too greater than the original symbol duration the
ISI can be mitigated. This can be done by adding the CP which is nothing but the
last sample of the previous symbol added at the beginning of the next symbol.

2. Combating ability against ICI: The OFDM systems are time-limited and not
band-limited, so these systems may suffer from out-of-band radiation. The large
picks in an OFDM lead to out-of-band radiation which may break the
orthogonality of the OFDM system and further result in ICI. The effect of ICI
can be mitigated by reducing the high PAPR and thus maintaining the
orthogonality.

3. High spectral efficiency: In the OFDM system the available bandwidth ‘W’ is
split into several flat fading sub-channels or subcarriers. All the subcarriers are
orthogonally spaced that is the frequency spectrum of each subcarrier spectrum
intersects at the zero-crossing level of the spectrum of the neighboring
subcarrier. Although the spectra are overlapped with each other the signal can be
easily demodulated by extracting subcarriers using orthogonality. Thus
overlapped and multiplexed spectrums of subcarriers allow us to improve the
spectral efficiency.

4. Robust against frequency selective fading effects: OFDM divides the overall
channel bandwidth into multiple fat fading channels (sub-bands or sub-carriers)
with narrow bandwidth. Thus the OFDM system offers immunity against the
effects of frequency selective fading.

5. Complexity and flexibility: The OFDM systems are less complex, flexible,
adaptive, and robust compared to SCM. In OFDM, the maximum likelihood
(ML) decoding technique offers low complexity with improved quality of

services.
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6.

Simple channel equalization: since all the subcarriers are orthogonal, the OFDM
system requires a simple signal processing algorithm and only one tap equalizer.
This reduces computational complexity in the OFDM system.

Merger of MIMO and OFDM system: The OFDM system can be integrated with
the MIMO system to achieve the benefits of both OFDM and MIMO systems
together, such as the Speed, capacity, and reliability of the communication

system.

Disadvantages of the OFDM scheme

1.
2.

Signal distortion due to frequency mismatch between transmitter and receiver.
OFDM is susceptible to carrier frequency offset (CFO) and drift compared to
SCM.

Computation complexity increases by increasing the number of subcarriers.
Practically in the OFDM system, channel variation may occur even at slow
fading, which may destroy the orthogonality and becomes the cause of ICI.

To reduce ISI in the OFDM system, it is required to add CP which in turn
reduces the data rates, use of equalization technique, space-time coding, and
other schemes adds computational complexity in the system.

The most deleterious issue in the OFDM system is the high PAPR which further
results in ICI. An attempt to reduce PAPR results in an increase in BER.

3.1.5 Orthogonality in OFDM

The ICI can be mitigated by maintaining the orthogonality in the OFDM system

[15]. Considering the time-limited complex exponential signal {e/2™/«}, k =0----N-

1 which represents various subcarrier at a frequency fk:k/T , Where 0<t < T, ,
S

where T is the OFDM symbol period without a guard signal. The signals in OFDM

are orthogonal if and only if the integral of the products for their common period is

null. Therefore,

1 Ts janfrt ,—jenfit 3y — 1 Ty jemit -jemt
I, Jo"e e ifitdt = fp [FeTTs e T dt .. (3.8)
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Ts 'an—_it
=1/p e de .. (3.9)

:{1 Vintegerk =i

... (3.10
0 otherwise ( )

For the ‘N’ subcarriers, the symbol period T, (T, = TS/N) of original signal; the

discrete signal can be obtained by putting t=nTo=nT5/N, where n =

0,1,2......... N-1. Therefore the above expression in the discrete domain can be
written as,

1 oN-1 j21rk/T nT, —jZTL'i/T nTy, _ 1 «y-1 j27rk/TnTTS —j21'[i/TnTTS

;2n=oe s ‘e s —Nznzoe sN e s N ... (3.11)
.. _(k=Dn
:%Zg;&ejznT (312)
1 Vintegerk =i

= .. (3.13
{0 otherwise (3.13)

3.1.6 OFDM System Design Challenges and issues

To design any system, a comprehensive understanding of the role of critical

parameters and their effects on the system performance is necessary. Following are

some system design challenges in OFDM systems:

= Available bandwidth: The available bandwidth in a wireless network is always
a critical issue since it limits the number of subcarriers to be implemented in the
OFDM system. The number of subcarriers to be accommodated in a given
bandwidth is further reduced due to the addition of guard bands or cyclic
prefixes to mitigate 1SI.

= Required bit rate: The system should be able to provide high speed and data
rates to support today’s multimedia applications and the huge number of users
and their applications.

= Tolerable delay spread: Selection of CP length is also a critical issue since the
delay spread experienced indoor and outdoor is not equal. So the CP length

should be selected carefully according to the maximum possible delay spread.
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= Doppler values: Doppler shift is another critical issue in wireless
communication since the user on running vehicle experiences very high Doppler

shift compared to the pedestrian.

Following are the critical design parameters that need to understand in an OFDM

system,

= The number of subcarriers: In presence of a large number of subcarriers in
OFDM, the synchronization at the receiver end becomes highly complicated.

= The symbol duration and Guard signal period (CP interval): To fight against
multipath fading effects, the symbol duration needs to be increased by inserting
CP of proper length such that no significant amount of energy will be lost.
Ideally, the length of CP should be 2 to 4 times the RMS value of maximum
delay spread.

= Subcarrier spacing: It is a very significant parameter to mitigate ISI; spacing
should be suitable for easy synchronization. Subcarrier spacing is mainly
depending upon the channel bandwidth and number of sub-channels [4].

3.2 DIVERSITY CONCEPTS

In wireless communication, the diversity technique is utilized for finding a highly
un-correlated or independent channel for faithful communication. In wireless
communication, several delayed replicas of the transmitted signal may be received
due to scattering, reflection, and refraction of the originally transmitted signal from
the various objects present in the wireless environment. The basic idea is at least one
or a few of the received replicas having good SNR values to be considered. Thus the
instantaneous or average SNR can be improved significantly. In a small-scale fading
environment, if two antennas are separated from each other by a fraction of a meter,
one of them may receive a stronger signal compared to the other antenna. So
choosing the antenna with a strong and best quality signal at the receiver the effect
of small-scale fading can be mitigated. This technique is called antenna diversity.
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The large-scale fading due to shadowing caused by variation in the surrounding also
degrades the system performance severely. Assuming ‘M’ independent diversity
branches carrying the same information signals. The signal and additive noise at
each branch is identically and independently Rayleigh distributed. Figure 3.7 shows
‘M’ diversity branches carrying the same information, where b is the transmitted bit;
Si=oq Ebl/Zb +ny; Sy =ay Ebl/Zb + Ny -----mmemmeeeee- ;o Sy =ay Ebl/Zb +ny

E, is the bit energy; a; is the fading complex envelop on it" branch and n; is

AWGN noise on i** branch. Let Instantaneous SNR on it" branch y; = Eb/a2 a?

, Where E”/G2 is the SNR without fading. Therefore the average SNR on each

branch, where « is Rayleigh distributed and a? is exponentially distributed,

E
Y= b/(r2 E{a?} ... (3.14)
Therefore y; is exponentially distributed with PDF
1 _YL/
Plr) = e Yo,y =0 ... (3.15)
The probability that a single branch has SNR less than some threshold value y; is,
P(y,<yp)=1—e v ... (3.16)
Signal Processing Jl S1 O
Signal Processing } S2 o

Signal Processing } S3 O \:} Output
—————— -

! Select
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|
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Fig. 3.7 ‘M’ diversity Branches
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For selecting the diversity branch with maximum instantaneous SNR, the probability
that the diversity branches from M branches receiving SNR less than the threshold
SNR value is

PM(VT) = P[Vsel < VT] (3-17)
= P[""i{yi} < vr] . (3.18)
= Pyi<yr)Po2<vyr) ... Py <vyr) ..(B19)
Therefore,
Purr) = [1—¢ o] . (3.20)

Similarly, the probability that one or more branches having SNR greater than the
threshold SNR value is

Py(yr) = Pl¥ser = vrl =P[™"{yi} = vr] .. (3.21)
= [1 = Py(yr)] .. (3.22)
=1-(1- e_yT/‘P)M .. (3.23)

Now average SNR of the selected branch is given by

Vsel = E[mwi{)/i}] (3-24)

= fooo[l — Py(yr)ldy ... (3.25)

= [ [1 -(1- e‘”/w)M] dy ... (3.26)

= J {1 - [Zre-) (’E’)e_iy/‘v]} dy .. (3.27)
=Y (D (M) [ e e dy .. (3.28)
o e Vol P . (3.29)

?sel = w2£1% (3.30)

Thus the average SNR improvement offered by the diversity selection technique is,
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Ase 1
Rl =Y, s .. (3.31)

From the above expression of average improvement in SNR due to diversity
selection we conclude that the average SNR always increases with an increasing
number of diversity branches but at the cost of a decrease in diversity gain. No
additional power is needed, easy to implement provided the signals are to be
monitored faster than the fading. However, this is not an optimal diversity scheme

since all the M branches are not exploited simultaneously.

Diversity is the most effective and efficient technique which can accomplish reliable
communication and fulfills the need of today’s warless communication applications.
Types of diversity schemes are

e Frequency diversity

e Time diversity

e Modulation diversity and

e Antenna diversity

Frequency Diversity: transmission of information signal at different carrier
frequencies offers frequency diversity. For example, the OFDM system where
symbols are transmitted over several subcarriers at different frequencies. The idea
behind transmitting information at different frequency bands is that the fading
doesn’t affect all the channels equally and good average SNR may be received
through at least one or more channels. The frequency diversity technigue is mainly
used to avoid frequency selective fading effects which are very harmful to the

quality of communications [83].

Time Diversity: The main intention of using time diversity is to enhance the
robustness of the system against all kinds of impairments. The time diversity can be
achieved by sending the same information in ‘M’ different time slots such that the
separation between two consecutive time slots is greater than or equal to the
coherence time of the channel. The time diversity can be achieved by sending
similar information on M independent branches in M time slots. The duration of

each independent time slot is greater than or equal to the coherence time of the
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channel. The time diversity in the next generation communication systems is
implemented through the interleaving of transmitted symbols and different channel
codes [84].

Few examples of channel coding:

e Convolution and block coding
e Trellis coding

e Multilevel coding

e Bitinterleaved coding

e Turbo coding, parity check coding, and coded modulation techniques.

Modulation Diversity: To achieve reliable communication with minimum error
rates and maximum data rate different modulation techniques can be used, for
example; M order PSK and QAM, spatial modulation, index modulation, and so on.
This is known as modulation diversity. High data rates and better spectral efficiency

can be achieved using modulation diversity [81], [85].

Antenna Diversity: Antenna diversity or spatial diversity can be achieved by
employing more than one antenna at the transmitter and receiver section of the
OFDM system. It is the most popular, robust, and convenient method to fight against
various deleterious effects of fading. Multiple transmitting antennas transmit the
same information at a single frequency and multiple receive antennas receive several
delayed copies of the originally transmitted signal independently through non-
correlated fading paths. MIMO system is the best example of antenna or spatial
diversity. The main purpose of spatial diversity is to improve data rates and error

rates in a fading environment. In this case, multiple antennas are located 7\/2 , (A=

wavelength) apart from each other to minimize inter antenna interference (1Al).

Different diversity schemes and be merged to obtain enhanced performance of the
system, for example, 1) ‘Space-time coding (STC)’, it is the combination of channel
coding with spatial diversity. This technique offers a better solution for realizing
reliable and impaired immune systems. 2) STBC and STTC coding schemes are
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e
5

used to achieve the best spatial diversity. Among these two codlings, STBC achieves

the best reliability, whereas STTC achieves the best data rates.

3.3  MULTI-INPUT MULTI-OUTPUT (MIMO) SYSTEMS

MIMO systems are the key technology that enhances the channel capacity or
information rate and maintains the reliability of the wireless communication system.

It consists of multiple antennas at receiver and transmitter as shown in fig.3.8.

Transmitter Receiver
Antennas Channel Antennas

hi1

¥ mF D

\ h21 :

¥ XY
Transmitter |7 \

™

Receiver

MIMO System ( Mtx Mr)

Fig. 3.8 Multi-input multi-output antennas system

The primary objective of multiple antennas in the MIMO scheme is to enhance data
rates and improve BER. Also in cellular networks, they are used to support
beamforming to enhance overall network capacity to accommodate a large number
of users and their applications [15]. The MIMO system offers spatial diversity,
which leads to an increase in the data rates and reliability of the system. In MIMO
systems multiple antennas can be employed in many different ways at both transmit
and receive ends. Multiple antennas at the transmitter provide transmit diversity
which leads to providing the best reliability but not the improved data rate. Data

rates are still comparable to the SISO system.
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Alternatively, if the independent un-correlated signals are transmitted via different
transmit antennas can achieve a higher channel capacity at the cost of poor
reliability. Spatial diversity is the space diversity rather than time or frequency
diversity since it uses an RF channel for simultaneous multiplexing of several
parallel streams of information at a single frequency with no extra transmitting

power. In MIMO system the space between two adjacent antennas is maintained at-

least ’1/2 , Where 1 is the wavelength and it is given by A = C/f. The main
c

objective of maintaining space between antennas is to have un-correlated fading
channels, to diminish cross-correlation and ‘inter-antenna interference (IAI)’. In the
MIMO system combinations of coding schemes like STBC and STTC can be used
to achieve spatial diversity that improves the system data rate and reliability
performance. Among these STC schemes, one provides the best reliability whereas

the other provides the best data rates.

Assuming that x;, x,X3,.......,x, are the symbols transmitted via 1, 2, 3... t
transmit antennas and y;, ¥, ¥s, ......., ¥ are the received symbols through 1, 2,
3... r receive antennas. Now if X and y are the ‘t’ and ‘r’ dimensional transmit and

receive vectors, then the MIMO channel matrix is,

r Y17 (X1 7 nq 1
Y2 X2 n,
hi1 hqg e hq X n
V3 3 3
hy1 hog......... ha¢ *
= ; C+] ... (3.32)
. hy1 hyg . hyt . i
Yr-1 xt—l nr_l
L Y L x; | L n, |

If H is the r X t dimensional channel matrix, the above equation in vector form can
be written as

y =HX+7n .. (3.33)
The MIMO system supports several communication standards such as IEEE 802.11,
802.16, and 3GPP. IEEE 802.11used in Wi-Fi (Wireless Fidelity), and the IEEE
802.16 standard is used in Wi-MAX. The latest version of IEEE 802.11 such as
IEEE 802.11n supports data rates of 100 Mbps [8].
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Diversity gain: In the MIMO system, the signal can be transmitted or received with
diversity. Receiver diversity is used to reduce fading effects and transmit diversity is
used to enhance capacity compared to the SISO system. Transmit diversity in a
MIMO system with space-time coding like STBC and STTC is used for transmitting
independent, un-correlated information signals. It is an efficient method of

improving communication reliability and information rates [79].

3.4 MIMO-OFDM SYSTEM

Figure 3.9 show basic MIMO-OFDM system architecture with M transmitting and
My receiving antenna system. The MIMO-OFDM is a multi-diversity technology
providing time, frequency, antenna, and space or spatial diversity which promotes to
improve system performance over a wireless network in a multipath fading
environment.

As discussed earlier the OFDM system is a competent technology used in future or
next frontier wireless systems. The efficient FFT and IFFT algorithm in the OFDM
system makes it a very efficient and effective system providing high spectral
efficiency, and also provide immune system against different types of channel
impairments like ISI, ICI, and error rates. Similarly, the MIMO antenna system
provides spatial diversity (transmit and receive diversity) that supports different
communication standards to provide the best data rate or channel capacity suitable to
numerous cellular/wireless applications which require high speed, high capacity, and
reliable wireless system. Another aim of the next frontier system is to optimize the
system complexity due to the integration of different technologies and algorithms.
To face various challenges of the next-generation system, the alliance of MIMO and
OFDM technologies is playing an important role.

Concatenation of MIMO system with OFDM schemes offers a significant
improvement over, the requirement of bandwidth, power constrain, spectral
efficiency, quality of services, reliability, and throughput to fulfill the needs of today
and next frontier wireless communication system. In addition, the MIMO-OFDM

system can attenuate frequency selective fading effects and avoid the application of
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Fig. 3.9 A MIMO-OFDM system with Mt X Mg antenna configuration

Complex equalizers. The MIMO OFDM has been adopted in several standards such
as Wi-Fi, ‘long term evolution (LTE)’, and LTE Advance or 3GPP, Wi-MAX / IEEE
802.16m, WLAN / IEEE802.11n, etc., [11], [14], [16].
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Chapter 4
Methodology

41 PROBLEM IDENTIFICATION.

Considering limitations in wireless network scenario such as bandwidth availability,
power constraints, and various challenges faced by a wireless communication
network such as hardware and computational complexity, multipath fading
environment, carrier frequency offset, etc., it is a very difficult and challenging task
to develop such a robust, high speed, a reliable and spectrally efficient wireless
system that can fulfill the demands of today’s massive number of users and abundant
applications like video streaming, electronic mails, internet browsing, bulk data
transfer, real-time applications, and many more. Foreseeing the above limitations

and challenges many researchers have been attracted towards designing such a

reliable wireless communication system, less complex, and low-cost system which

doesn’t require any extra bandwidth and transmission power to meet today’s

requirements. In recent scenarios, MIMO-OFDM technology has materialized as a

competent technology to fulfill the needs of a next-frontier wireless communication

system. However many issues and problems have been identified in the MIMO-

OFDM system as listed as follows.

1. Anincrease in error rates or packet loss due to multipath fading environment.

2. In OFDM systems, there may be an increase in Inter Symbol Interference (ISI) as
a result of closely spaced sub-carriers and due to overlapping of delayed replicas
arrival at the receiver.

3. High PAPR is the major issue in the OFDM system, which may break the
orthogonality of the OFDM system and results in inter-carrier interference (ICI).

4. The overall capacity or data rates of the MIMO-OFDM system can be improved
using spatial multiplexing characteristics of the MIMO system without any
additional requirement of power and bandwidth and by increasing the

transmission power. Choosing the number of transmitting and receiving antennas
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to implement spatial diversity is also critical because an increasing number of
transmit antennas can significantly increase the data rates but at the cost of high
power consumption and increase in complexity of hardware and its cost. In
addition, maintaining minimum space between two antennas is a critical issue in
handheld devices.

5. An attempt to achieve a very high data rate significantly results in channel
distortion. In this scenario, it is very difficult to recover the original information
using the simple receiver, which can be mitigated by massive MIMO technology,

complex equalization techniques, and perfect channel estimations.

From the literature survey it has been observed that using various modulation
schemes, channel coding schemes, and antenna selection and combining schemes the
bit error rate over the AWGN channel has been in the range of 107> to 1076. On
the other hand, the BER values over the Rayleigh fading channel is recorded as in
the range of 1072to 1073. Here there is a scope to lessen the BER bellow 107
over AWGN channel and bellow 1073 over Rayleigh fading channel. To get rid of
the most deleterious effects of PAPR in the OFDM system different algorithms have
been used by many researchers and they have reduced the PAPR to significant value.
However, there is further scope for reducing the PAPR without adding complexity
and cost of the system and most important without increasing BER significantly,
since the attempt to reduce PAPR may increase bit error rates in the OFDM system.
So the challenge is to select proper technology which less complex, simple, low cost,
and that does not increase BER beyond a certain limit. As far as the capacity of data
transfer is concerned it can be enhanced by implementing more antennas at the
transmitter and receiver ends of the MIMO system, but this is not a proper solution,
since the increase in the number of antennas will definitely increase the power
consumption and the cost of the system, which is not good for devices like a cellular
phone. So there is a scope to choose such an algorithm and combination of antennas
in the MIMO system which not only increases the capacity but also improves the

error rate lessening performance of the system.
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42 METHODOLOGY

Considering the above-listed problem statements, the proposed methodology can be

categorized as:

1. Analysis of error rates in MIMO-OFDM system: Understanding formulation
for error rates (BER / SER) and their minimization using different constellation
methods, spatial multiplexing, and different space-time coding techniques.

2. Analysis of PAPR in OFDM system: Formulation and investigation of PAPR
using different algorithms and schemes used for PAPR reduction. Comparative
analysis of proposed PAPR reduction scheme with other techniques. ISI
reduction by adding cyclic prefix and ICI elimination by maintaining
orthogonality.

3. Channel capacity analysis in MIMO-OFDM system: Understanding
formulation of capacity or data rates for MIMO system and analyzing channel
capacity using a different set of transmitting and receiving antennas as well as by
implementing MIMO channel codlings such as STBC, STTC, Alamouti STBC
coding, and MRC scheme.

4.2.1 Performance evaluation of BER

Bit error rates (BER) are defined as the ratio of the number of bits received with
error N, to the total number of bits N transmitted through wireless channel.

BER = Ne/,, (4.0
If ‘a’ is the transmitted bit and ‘a™’ is the received bit then the probability of BER
incurred is the probability that the received bit ‘a™’ not equal to transmitted bit ‘a’.
BER is always analyzed against SNR and it is observed that BER decreases with

increasing SNR. Considering continuous-time AWGN channel, if p be the

transmitted signal power, NO/Z be the ‘power spectral density (PSD)’ of noise and

bandwidth equals ‘2W’ then the continuous-time SNR

SNR= Lt _— =2 .. (4.2)
psd .BW NoW
For the discrete time SNR, if the symbol period T = 1/2W' symbol energy E; =

p.T = p/ZW and the noise energy equals noise variance o2 = NO/Z then,
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The discrete-time SNR is given by
SNR = = =L .. (4.3)

NoW
42.1.1 BER in wired communication for BPSK modulation over AWGN

channel

Symbol energy in BPSK modulation E; =

2,(_1\2
W= 1 and Noise power or

variance =g2. Therefore SNR for BPSK = 1/02. Now the BER for wired line for

BPSK modulation on AWGN channel is given by

BER = Q(1/5) = QVSNR .. (4.9)
Where Q function = (x) = 0.5 erfc (x/ﬁ) . ... (4.5)

The above BER equation can be approximated as,
1
BER = % e~ 5NR ... (4.6)

4.2.1.2 BER in wireless communication for BPSK modulation over Rayleigh
fading channel

Consider a wireless channel model in a multipath fading environment as shown in
fig4.1

Additive (AWGN)

Fading Coefficient 'h' o,
noise 'n

Transmitted Symbol l l Received Symbol

X ® _.:m -_:y y=hx+n
NI

Fig. 4.1 Wireless channel model with multipath fading

The channel model of wireless system in multipath fading environment is given by,
y=hx=n .. (4.7)

Where ‘y’ is received symbol, ‘x’ is transmitted symbol, ‘h’ is fading coefficient,

and ‘n’ is the additive white Gaussian noise (AWGN)

If ‘p’ is transmitted power then the received power in Rayleigh fading channel is

|h|2.p, and h = ae/?, where ‘a’ is Rayleigh distributed magnitude of fading
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2
coefficient h. There fore received power = C;—zp and we know that SNR = p/az,

therefore Fading SNR is

SNRp = a’SNR .. (4.8)
Now for BPSK modulation over the Rayleigh fading channel, the BER is given by

BER = Q/SNRr = QVa?SNR .. (4.9)
Since ‘h’ is random the magnitude a is also random and Rayleigh distributed.
Therefore to determine the average BER above equation has to be averaged

concerning the distribution of ‘a’ that is Rayleigh distribution.

Fu(a) =2a.e” % .. (4.10)

Therefore,
average BER = fooo Q(Va2SNR).F,(a)da .. (4.11)
average BER = fooo Q(Va?SNR).2a.e~*da .. (4.12)

Putting SNR = u we have
Avg.BER = f Q(,/ ) 2a.e”%da ... (4.13)

Now we know that the Q function is given by

Q) = f —e2 dt .. (4.14)

Substituting the Q function in equation (4.14) we have

2
Avg.BER = " [ \/%_neT dt.2a.e”“da (4.15)
Solving inner and outer integral with respect to ‘t” and ‘a’ respectively in equation
(4.15), we get a final exact expression of average BER in a wireless communication

system for BPSK modulation over a Rayleigh fading channel,

1 , SNR
Avg.BER = > [1 - 2+s1le ... (4.16)

At very high SNR, the equation (4.16) can be approximated as,

1

BER = — .. (4.17)
2SNR

From equation (4.17) it is clear that the average BER in a wireless system decreases
with increasing the SNR. The analytical result of BER Vs SNR is shown in fig. 4.2
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Fig. 4.2 Analytical result of BER Vs SNR

4.2.1.3 Error probability in BPSK modulation over AWGN channel

Figure 4.3 shows a constellation plot for BPSK modulation.

A

.
-

1
-& JE

4
Fig. 4.3 BPSK constellation plot

Assuming symbols ‘1’ and ‘0’ are equally likely and uniform, the probability of

occurrence of symbols is 50% or '4. Let ‘x’ be the transmitted symbol and ‘y’ be the

received symbol. At any instant say x=0 is transmitted, then the function of the

received symbol

fy=0) = —exp [;—j (y- (—\/E_b))z] .. (4.18)
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e[+ JE) | ... (4.19)

Now the probability that the symbol received as ‘1’ when ‘0’ was transmitted is

nothing but error probability for symbol ‘0’ and is given by

P.(0) = \/%_%fom\/%_%exp [;—(1) (y+ \/E_b)z] dy .. (4.20)

. 1 .
Putting z = T (y + Ep), equation (4.20) becomes
1 co
P,(0) = \/_Ef\/? exp[—z]? dz .. (4.21)

The equation (4.21) can be modified as

P(0) = %%fj;z exp[—z]? dz .. (4.22)

P.(0) = erfc (\/i:z) . (4.23)
P,(0) =Q ( \/%) .. (4.24)

Similarly, the probability for symbol ‘1’ transmitted and ‘0’ received can be written

Sinceerfc(x) = ZQ(\/E x)

as

P.(1) = erfc ( f;—z) ... (4.25)

Since ‘0’ and ‘1’ symbols are equally likely with 50% probability, the average

probability of symbol error is

P, = 2[P.(0) + R (1)] ... (4.26)

P, =7 erfc ( i—’;) . (4.27)
Equation (4.27) represents the symbol error performance of BPSK
modulation/demodulation over the AWGN channel. Since there are only two
symbols, the probability of SER is equal to the probability of BER in BPSK
modulation.

4.2.1.4 Error probability in QPSK (4-QAM) modulation over AWGN channel
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Figure 4.4 shows a constellation plot for QPSK modulation. There are 4 decision
zones (I to 1V). All four signal points are positioned at equidistance from the origin.

A
X3(01) Y an
S e -0
(1) JF_S' av)

A

(1D 4))
(o) O
X2 (00) X1 (10)
]

Fig. 4.4 QPSK constellation plot
The QPSK modulated signal in the time domain is

X;(t) = /% cos [(Zi -1) g] cos W.t — ’% sin [(Zi -1) %] sinW,t ...(4.28)
Where 1 <i < 4 and the received signal y(t) = X;(t) + W(t) for,0<t<T.
Where W(t) is additive noise and ‘T’ is the symbol period. Now the received vector

vy has two components, that is in-phase (I) and quadrature (q) component and given

by

yi = /Es cos | (2i = DE]+ W, , and . (4.29)
Yq = /Es sin [(Zi -1 §]+ Wq ... (4.30)

Yo » implies that the received vector y is either in zone I or zone IV and y, 5o ,

implies that the received vector y is either in zone Il or zone IV. Here W; and I,

are the noise components with zero mean and % variance are Gaussian random
variables. And thus y; and y, are also random variable with % variance and the

. s . . T .
mean of \/E; cos [(21 -1 Z] and—,/E sin [(21 -1) Z]' Now assume that x,(t) is

transmitted and received. The probability that x,(t) received is P,y =

combined probability of y; o and yg4 5, , therefore means for y; and y, is
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yi = Es cos[(M)E]= =, and . (4.31)

yg = \/Es sin [(D] = \/% . (4.32)

Therefore,
‘(YI‘ %)2 —<Yq— %)Z

dy, . f \/_0 No  dy, ... (4.33)

No

© 1
Prary = J T

Yj—- /ES

No

Putting = z, we have,

Prawy = [ /7 JE— - dZ] .. (4.34)

Since, —f e 2" dz=1 ——erfc(a) we have,
2

Praey = [1 —erfc ( E—)] ... (4.35)

2N,

Es 1 Es
Py =1- erfc( /m> + Zerfc2 < /m> ... (4.36)

Therefore from the equation (4.36) the probability of erroneous decision for x,(t) is
Pex4(t) = 1 - Px4(t) (437)

Peyyr) = erfc (\/Z?T:) — ierfc2 (\/ZE;O) ... (4.38)

Since all the 4 symbols are equidistance from the origin and equally likely, the
probability of erroneous decision for x;(t) to x,(t) is equal. Thus the average

probability of symbol error is

1
Pe =7 [Pexiey + Pexaqe) + Pexae) + Pexaco] ... (4.39)

Pe = erfc (\/;) —ierfc2 (\/ZZI;O) ... (4.40)

For large (fv—”) , the second term can be neglected, hence
0

Pe = erfc (Jz?leo) .. (4.42)

In QPSK modulation there are two bits per symbol, so the energy per symbol E; is
twice the energy per bit (E; = 2E}), therefore
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Pe = erfc (\/z:l;) ... (4.42)

Approximation of BER equation for QPSK modulation:

In QPSK one decision error about the QPSK symbol may cause an error in one bit or
both bits of a QPSK symbol. If (11) is detected as (10), that means 1-bit error and if
it is detected as (00), that means 2-bit error. The total number of information bits
transmitted is twice the number of transmitted symbols, therefore average BER is

given by

Average BER = Zpe =2 erfc <\/§> .. (4.43)
2 2 No

The BER equation (4.43) is almost similar to the average BER of BPSK modulation.
Thus error performance of QPSK is as good as BPSK and it requires half bandwidth

for transmission compared to BPSK.

4.2.1.5 Error performance of M-QAM modulation over AWGN channel [86]

For (M=4) 4 QAM or 4 phase QAM constellation, fig. 4.5 shows 4 points single
amplitude and two amplitude QAM constellation with radii A and V3 A. The
minimum distance between two adjacent constellation points is 2A. In both case the
minimum average transmission power is

Pryg = 2A? .. (4.44)
Thus in both cases, the error performance remains the same. Now let us consider 8-
QAM (M=8) constellation with the minimum distance between two adjacent
constellation points equals to 2A. Figure 4.6 shows different types of 8 point circular
and rectangular 8 QAM constellations. In fig 4.6 (a) and (c) signal points are falling
on a rectangular grid hence the minimum average transmission power in this case is
Payg = 6A%. For the signal set shown in 4.6 (b) and (d) the minimum average

transmission power (Py,,q) is 6.83 A% and 4.73 A% respectively.
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(a) (b)
Fig. 4.5 Four phases (4-QAM) signal constellations (a) single (b) Two amplitude  4-point QAM
constellation

From the above values of average transmission power, it is clear that to achieve the
same error performance the 8 point constellation signal set shown in fig 4.6 (d) is the
best since it requires minimum average transmission power for a given minimum

distance between adjacent signal points.

o\ ., ?g

's
S

(©) (d)
Fig. 4.6 Eight point 8 QAM constellation (a) and (c) Rectangular 8 QAM constellation. (b) and (d)

circular 8 QAM constellation.

Let’s examine error performance for the 16 QAM constellations. The 8 QAM
constellations can be generalized for 16 QAM constellations, but the circular 16
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QAM signal constellation performance is not satisfactory compared to the
rectangular 16 QAM signal constellation. Hence we consider the rectangular 16
QAM constellation for investigating the error performance in 16 QAM modulations.
For M > 16, rectangular M array constellation to achieve the best error performance
for the minimum distance between constellation pinpoints the required average
transmission power is a little bit more than the best M array QAM constellation.
Thus rectangular M array constellations are frequently used. The rectangular M-

QAM constellation where M = 2F (k is even) is alike the two signals on quadrature

carriers. Each Pam signal having VM = 2§ signal points and the probability of error
in QAM can be evaluated using the error probability in PAM. The probability of
errors detected at the receiver for QAM constellation is,

P= (1-pPVM)’ ... (4.45)
Where, P+/M is the probability of error in VM array PAM modulation and it is
given by

PVM =2 (1 —%ﬁ).q( 3 ) ... (4.46)

(M—-1).N,

S

where, f,— is the SNR per symbol. Therefore the probability of symbol error in M-

0

QAM is,
P =1-(1-pPVM)’ . (4.47)
This is the exact expression for probability of the symbol error for M-QAM

constellation. For the optimum demodulator, the probability of symbol error for the

M-QAM constellation is tightly upper bounded as

f 3.E,
< 4Q ( /W?’_"—l’jNO> ... (4.48)

The above expression is true for any even k= 1 and average SNR of ES/ Ny

2
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Now for the non-rectangular QAM constellation, where, d,,;;,, IS the minimum
Euclidean distance between signals points, the symbol error probability may be

upper bound by using union bound is

P, <(M—1).0 [ M] ... (4.49)

2No

4.2.2 Performance Evaluation with PAPR Reduction
In an OFDM system with bandwidth ‘W’, the high rate data stream is divided into
‘N’ sub-bands with the bandwidth of “W/N’ where each sub-band experiences flat

fading. For each sub-bands the symbol period, T, = N/W . Sub-bands are
orthogonal to each other and closely spaced with a minimum spacing (1/T ) between
N

two adjacent subcarriers. Even though there are chances of overlapping and
occurrence of ISI. The symbol period can be increased more than the multipath
spread to avoid ISI [8]. Each of the sub-bands with a low data rate signals stream is
independently modulated and transmitted using ‘N’ independent sub-carriers of N-
point IFFT, where the frequency domain signals are transformed into the time
domain. At the IFFT all the sub-carriers in the same phase are added coherently in
the time domain which results in high peak signal power. The ratio of this high peak
signal power to the average signal power is called as peak to average power ratio
(PAPR).

max{|x(k)|*}

PAPR= o)

... (4.50)

In general when all the ‘N’ subcarriers are having equal amplitude and phase when
coherently added using N-point IFFT in the time domain results in PAPR of value N.
Therefore the peak signal power is ‘N’ times that of average power in OFDM. The
high peak signal power in OFDM demands highly dynamic power amplifier (HPA)
circuits in the transmitter. More specifically the power amplifier (PA) in the
transmitter should be self-motivated to accommodate such peak power. The PA must
be biased properly otherwise the PA enters into saturation and cause non-linear

amplification of high peak signals [82]. Even highly linear amplifiers enforce
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distortion in their outputs when applied input is much greater than its normal value,
due to saturation characteristics of such amplifiers [15].

Pout ¢

Pout (max)
OBO
Pout (avg) T

=~| IBO |+

Pin Pin F;in
(avg) (max)

Fig. 4.7 Input Output Characteristic of HPA

The input-output characteristic that is input power (Pin) versus the output power
(Pout) of a ‘high-power amplifier (HPA)’ is presented in fig 4.7. Due to the
saturation condition of HPA the output is restricted to Pout (max) concerning the
input Pin (max). From fig. 4.7 it is very clear that I/P power should be moving
backward by IBO to run PA in the linear area [87]. The non-linear area of I/O

characteristics is given by

IBO = 10 log, , —nman .. (4.51)
in(avg)
Or
0BO = 10 logm% .. (4.52)

High input signal power when applied to the HPA and it enters in to saturation
region; it results in out-of-band radiation which interferes with signals of
neighboring bands and in-band distortion in the received signal [80]. Due to non-
linear amplification of HPA, the orthogonality of the OFDM system may fail which
results in ICI. The high PAPR value in the OFDM system severely affects the
efficiency of the HPA of the OFDM transmitter. It degrades the SQNR of highly
linear devices like ADC and DAC. Also, the HPA consumes more power which
becomes a critical issue in the case of up-linking with battery-operated mobile
terminal [15]. Hence it is very essential to reduce the PAPR to the desired level to
have  trustworthy  communication. Assuming information symbols
X(0),X(1),....X(N — 1) equals tota. The information symbols are loaded onto the
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\s..

= r':—"_—“'\ = _-:

subcarriers and transmitted through N point IFFT. Let the IFFT samples
arex(0),x(1), ....x(N — 1). The K*"*symbol from IFFT is,

x(k) = < SN X (D)eUzmhi/m) . (4.53)
The average power is given by

Pavg = E{lx(k)|2} ... (4.54)
1 N-1 o ,
= — E{|X(l)|2}E |e(]27Tkl/N)|
L3 stwcom e

Since, the phase factor E {|e(j2”"i/"’)|2} = 1 we have

1

Pavg = E{Ix(K)?} = — XI5 E(IX (D17 ... (4.55)

We have assumed that information symbols X(i) = +a

Pavg = E{|lx(l)|*} = N2

1

_ 1 2
Pa,,g—Nza N

a2

Pavg = + ... (4.56)
Now let us find the peak power of the transmitted symbol. From eq. (4.53)
x(0) =~ SN X (WD) ,fork =0 .. (457)
Since X(0),X(1),....X(N — 1) equals to +a.
aN

x(k) = %Zliv;ola =— =a ... (4.58)

Hence, the peak power
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max{|x(k)|?} = a? ... (4.59)
Therefore PAPR in the OFDM system from eq. (4.50), (4.56), and (4.59) is,
a2
PAPR = =N ... (4.60)

2
a/

The eq. (4.60) represents that the peak power is approximately ‘N’ times the average
transmitted power. And it is also observed that the PAPR in the OFDM system
essentially arises due to IFFT transformation. The best way to measure the PAPR is
its statistical parameter, CCDF. CCDEF is the probability that the PAPR exceeding a
certain threshold value of PAPR. Let ‘x’ be the threshold value of PAPR then the
CDF of PAPR of an OFDM signal for N subcarriers is given by

AN
CDF(x) = Pr[PAPR < x] = (1 — eﬁ> ... (4.61)
Therefore, the CCDF of PAPR, CCDF(x) is given by

AN
Pr[PAPR > x] =1 -— (1 - em) .. (4.62)

Many methods lessening PAPR have been employed including ‘iterative clipping
and filtering (ICF)’, ‘selective mapping (SLM)’, ‘iterative companding transform

and filtering (ICTF)’, ‘partial transmit sequence (PTS)’ and so on.

4.2.2.1 Iterative clipping and filtering (ICF)

For the PAPR lessening purpose, the clipping approach is the most accepted
technique, which truncates the transmitted signal to a predetermined specific level
and thus reduces PAPR conveniently in the transmitted signal. However, this
technique is susceptible to in-band distortion which is responsible for degrading the
BER performance and the out-of-band radiation which results in ICI. Although the
effect of out-of-band radiation is reduced by filtering, this may affect high-frequency
components of the in-band signal which was sampled at the Nyquist sampling rate in
the time domain. This problem can be efficiently mitigated by oversampling the
OFDM signal before low pass filtering in the time domain [15]. Also, the BER

performance can be improved by passing the signal through a band-pass filter.
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Attempt to reduce the effects of out-of-band radiation by clipping and filtering may
result in peak regrowth and may exceed the specified clipping levels [88], [89].

Among different schemes employed for lessening PAPR, the iterative clipping, and
filtering of OFDM signal to desire threshold level, ICF is the most prominent PAPR
lessening scheme. Clipping and filtering of the OFDM symbol are performed in the
time domain and frequency domain respectively. The main application of filtering is
to minimize spectral growth. So to have desired PAPR result ICF method employed
many iterations [90]. Figure 4.8 shows the ICF scheme for lessening the PAPR,
Where ‘C0O’ is the original OFDM symbols, ‘N’ is the number of subcarriers; ‘L’ is
the oversampling factor; ‘x,,’ is the OFDM signal before clipping in the time

b

domain; ‘,,” is the OFDM signal after clipping in the time domain; ‘C,,’ is the
clipped signal in the frequency domain; after filtering ‘C’ is OFDM signal in the

frequency domain and ‘x’ is the original OFDM signal in the time domain.

' )

Jnrns | L.N point
Clipping FFT J
. oo C

3 Xm

Set
Clipping
Ratio

Fig. 4.8 Conventional ICF method for PAPR reduction

The number of iterations is denoted by m = 1, 2....M. The clipped signal in
conventional ICF PAPR reduction scheme can be expressed as [34],

=S oo -89
Where ‘A’ is the pre-defined clipping level; @(n) is the phase angle. The ‘clipping
ratio (CR)’ is the clipping level normalized by the RMS value (p) of the OFDM
signal, such that

Clipping Ratio (CR) =y = % .. (4.64)

87



Next Frontier MIMO-OFDM Based Wireless Communication System

It is known thatp = VN andp = M in the baseband and pass-band OFDM
signal respectively [15].

The basic model of OFDM is used for the simulation of PAPR reduction using ICF
schemes. Simulation parameters used for the same are; N=256 subcarriers,
oversampling factor = 2, 4-iterations, Clipping levels 1 to 6, and QPSK modulation
scheme. The performance of the proposed ICF technique for the PAPR reduction
method depicts that at the CCDF of 10~* the PAPR is reduced from 11.8 dB
(unclipped) to 5dB for the clipping level of 6. The simulation result is shown in the

result section.

4.2.2.2 Selective mapping scheme (SLM)

Many methods have been implemented and tested for reducing PAPR from the
transmitted OFDM signal. The selective mapping technique has been observed most
successful method of PAPR reduction. The SLM can efficiently diminish PAPR at

the desired level without introducing distortion in the transmitted OFDM signal [38],

[91].
X° | N-point | * _
IFFT -

P° OFDM

o X* | N-point | x*.| sigonal e
Tapit Serialto | x "'?ég)_’ IFFT with  |—>
Parallel i TPI lowest
E PAPR
1
1

Selection
N-point
&) >~
IFFT
TPs -1 X
y

Side information
index to transmit

Vv
L 4

signal

C(‘.II'I verter

Fig. 4.9 Conventional selective mapping scheme for PAPR reduction

Figure 4.9 depicts the basic block diagram for the conventional SLM method for
PAPR reduction, where the input signal X (n) = X(0),X(1)...... X(N—1) is multiplied

with S number of phase sequences P$ = [P§,P$,Ps, .....P5_,]T, where p = ¢/® and
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@ € (02m) for s=1,2....S, that generate alternative OFDM signal
X5 = [X%(0),X5(1),X5(2),....X5(N — 1)]”. The IFFT of S phase sequences using
N-point IFFT is used to produce independent OFDM sequences, X° =
[x5(0),x5(1),x5(2),....x5(N — 1)]" . Among these X* independent sequences X

= X* with the lowest PAPR value is chosen for transmission [15].

PN argmin
S = s=1,2,..S n=0,1,2,..7]§l2§|x5(n)|) b (4'65)

In the SLM technique, distinctive phase sequences are chosen for diminishing the
PAPR which very complex and monotonous process of locating optimal phase
sequences. In the SLM technique, several independent OFDM signals are generated.
From several independent data signals, the signal with optimum PAPR is chosen for
transmission [92]. The ‘side information (SI)’ index of the chosen signal with
minimum PAPR is transmitted to the receiver section for the recovery of the original
data signal. But this results in data rate loss or reduction in throughput [91], [93].
When the set of Sl bits are transmitted along with the selected independent signal,
the chances of flawed SI index detection have a significant effect on the error
performance of the OFDM system. Every time whenever incorrect Sl index is
detected complete data block is omitted or lost. Hence to protect Sl index bits
channel coding must be used, but this may result further in a complex system and
delay in transmission [93]. One of the disadvantages of the SLM scheme is high
computational complexity as a result of the generation of several alternative OFDM
signals through IFFT [94].

4.2.3 Performance Evaluation of MIMO System over Multipath fading
Channels.

The basics of the MIMO system have been already discussed in chapter 3 (section
3.3). The MIMO systems consist of multiple transmitting and receiving antennas
which provides antenna diversity or spatial diversity in a wireless communication
system to get better the throughput, and quality of services. The antenna diversity
feature of the MIMO system can be employed in wireless systems to combat the

deleterious effects of multipath fading in a wireless channel. The multiple receiving
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antennas at the receiver provide receiver diversity and receive multiple delayed
replicas of the transmitted signal. Each of the receiving antennas experiences
different types of impairments, that is at any time when any one receiving antenna
experiences deep fade, another receiving antenna may receive better quality signal
[8,95]. In a MIMO configuration, each antenna requires an individual RF chain
which is very expensive as compared to the cost of antenna elements. Hence the
proper number of antenna selection at transmitter and receiver is necessary for the
MIMO system [8,96]. Figures 1.4 (b), 1.4 (c), and 3.8 show different antenna
configurations such as SIMO, MISO, and MIMO. The channel matrix H for the
MIMO antenna system with M transmitting and My receiving antennas (M X Mg)

can be written as,

hyhy hym 1
|h21 hyy hZMr |
H= — | ... (4.66)
thttht ———hMtMrJ
The MIMO system model is given by
Y=HS+ .. (4.67)

Where, Y is output vector [My x 1] at receiver, H represents the channel matrix [M,
X Mg], S is the transmitted symbol vector [M; x 1] and 7 is the noise vector
[Mp x 1], each noise element is well thought-out as iid, AWGN noise with
variance o2 and zero mean. The signal vector S can be obtained by weighting the
transmitted symbol. All the signals with good SNR are amplified and others are
attenuated. The output signal at the receiver will be the product of the transmitted
input signal vector and the channel noise AWGN. The received signal without any
interference is given by

Y = \[PoHW;S + n ... (4.68)
Where, P, indicates the average power of desired received signal; Wy indicates the
weighted vector; H is the channel matrix for the preferred user. The decision variable
to detect the transmitted symbol S is obtained after combining it with a weight

vector Wj. Therefore, the resulting received signal is given by
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Z =WH Y =[P |H' WIS + Win ... (4.69)
From equation (4.69), the SNR is given by
SNR = PollEwel” (4.70)
aillwrl? R

To maximize SNR, replacing the received weight vector by Wy = Hu,,4, , Where
Umax 1S @ UNit norm eigenvector corresponding to maximum Eigen value £,,4-
This indicates the strongest path can be selected for the signal transmission through
the wireless channel [76].

4.2.3.1 Error rate performance for transmit beamforming in MISO system.
The MISO antenna system with more than one transmitting antennas and a one
receiving antenna is shown in fig. 1.4(c). Assuming My = 2 transmitting antennas
and M, =1 receiving antenna, we have (2 x 1) MISO system and its model is
given by
=[h1 h2][x1 x2]"+w .. (4.71)
OrY=Hx+ w .. (4.72)
Where, ¥ output (2 x 1) vector, H is fading coefficient matrix (1 x2) , % is
transmitted signal vector (2 x 1), and w is the noise vector with zero mean and
variance o¢2. For the best optimal transmission scheme, let x denotes the single

transmit symbol, the transmit vector is given by

”h” [« - (4.73)

1

Where, ["2] is a unit vector and T [

] is transmit beamformer. Therefore

applying transmit beamforming scheme we have

L
£ = ['}'l’;" ] .. (4.74)
WZXI
From equation 4.72 & 4.73 we have
=[h1  h2] ”}11 [ +w ... (4.75)

= ||h||2—x+w
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= ||A||]x +w .. (4.76)
The SNR is the ratio of signal power to the noise power, therefore
h|| 2 E{|x|?
g < WA B
o
h||2 P
or snr = 1L L (4T7)

The equation (4.77) of SNR is similar to the SNR equation of the MRC (Maximal
ratio Combining) scheme. In this case, the challenge is to find the fading coefficients
hl and h2 to form a beamformer, or in another word, we need the CSI at the

transmitter.

Bit error rate (BER) for transmit beamforming:
Since the SNR of transmit beamforming is similar to the SNR of MRC scheme,
therefore at high SNR the BER equation for transmit beamforming is also equivalent

to the BER equation of the MRC scheme, and it is given by

_2L-1 1\t
BER = ¢ (5) .. (4.78)

where L is the number of transmit antennas.

4.2.3.2 Error rate performance for receive beamforming or MRC scheme.
MRC scheme at receiver or ‘L’ multiple antennas at receiver while single antenna at
the transmitter is shown in fig. 4.10. This scheme is also referred to as receive
beamforming. If ‘x’ denotes the transmitted signal, we have a system model for
receiver beamforming,
Y=Hx+1 .. (4.79)

Where, ‘A’ is iid AWGN noise with zero mean and variance a2 and (1 X L) vector,
Y is output (1 x L) vector, and H is the fading coefficient vector (1 x L). The
expected value of noise that is noise power at each receive antenna is,

E{ln;(k)|*} = 0,2 ... (4.80)
At the receiver, let y1,y2,y3, ... ... yL signals received at L antennas. Combining
received signal linearly, we have

WiyL + Wy, + W3yz + e WYL ... (4.81)
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Therefore beamformer vector is written as
wi + wi+ ..+ willy; + yo+.. +y, 1" = wiy .. (4.82)
= whhx+ whn from eq. (4.79)
which is the sum of the signal component (w" h x)and the noise component (w##).
Therefore to find SNR, the signal power equals to |vT/HE|2P , where ‘P’ the transmit
signal power and the noise power of the beamformer equals to o,,2 ||w]||?, where

w = (WHw) is the beamforming vector. Therefore,

_g—12
SNR = 2R 2 . (4.83)

UnZ(WHW)

Transmitter _T

Receiver

t |
t

I

;—

Fig. 4.10 Single input multiple output (SIMO) receiver beamforming

Choosing ||w||? = 1, that is wHw = 1, eq. (4.83) gives

_H—
SNR = [ZHP .. (4.84)

So, the optimal beamforming vector w, that maximizes the received SNR at the

output of beamformer is, Wy = ﬁ which is also known as maximal ratio
combiner, therefore,
AH 2
= h| P
_|IIhII| — xR
SNR = = ——= |A|| i .. (4.85)

BER equation for the MRC scheme or receiver beamforming scheme:

The bit error rates for the MRC scheme with ‘L’ receive antennas is given by
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BER = (%A)LZ%;& bt (ﬂ)l ... (4.86)

1 2

SNR
2+SNR

where, 4 =

For high SNR, %(1 - = Zsﬁ and %(1 + A1) = 1. Substituting in eq. (4.85), we

have
1 \rwyoq L+1-1
Average BER = (—) Yi! 1
9 (ZSNR) Zico Cl
_ o2-1 1 (1 \b
Average BER = “¢ (=) ... (4.87)

This is the equation for average BER for the MRC scheme with ‘L’ receives

antennas. It is clear from the above equation that the BER value is directly

proportional to ——. Thus BER decreases at a faster rate with increasing the

& R)
number of receive antennas.

Probability of deep fade in MRC scheme with ‘L’ receive antenna:

From eq. (4.85), the SNR at the receiver in the MRC scheme is
—n2 P
12" = =
where ‘g’ is an overall gain of channel for MRC and it is ‘Chi-Square Random
variable’ with 2L degree of freedom. The system is said to be in deep fade when g <

SNLR. The probability distribution of g is

L 1
F,(9) = (L i€ 9 ... (4.88)
The probability of deep fade,
1 -1
P(9<)= fO/SNR(j 79 dg ... (4.89)

Y
(g < SNLR) fo o (Lg— D!

Athigh SNR, 1/c\ = 1, therefore
o 1

1 9"l evp
1\ _9|snr
(g < SNR) Ll o
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Pg<s-)=~ Ll(SNLR)L . (4.90)

L
This implies the probability of deep fade is directly proportional to (ﬁ) , hence by
increasing the number of receiving antennas, the probability of the system in deep

fade decreases significantly.

4.2.4 Space time coded MIMO systems

In an attempt to increase the SNR value in the case of the AWGN wireless channel
the slope of the BER graph is an abrupt fall approach to infinity after some specific
value of SNR. Whereas for the Rayleigh fading channel upon increasing the SNR
value, the slope of the BER graph becomes linear after a certain value of SNR. This
means the BER performance of the MIMO system for the Rayleigh fading channel is
showing significant degradation even after increasing SNR to a high value. Due to
the above-stated facts, it is recommended to convert the wireless fading channel into
an AWGN channel to improve the BER presentation curve. To achieve this antenna
diversity scheme can be utilized in the MIMO system. However, there are few
drawbacks of the receiver antenna diversity scheme, such as computational
complexity, high power consumption, and inter receive antenna space for cellular
units specifically in down-linking. The spatial diversity can be obtained by
employing multiple transmitting and receiving antennas in the MIMO system. In the
case of mobile to base station transmission, due to the availability of multiple
antennas with sufficient space between them at the base station, it is very easy to
achieve receive diversity using different combing schemes like MRC. But in the case
of reverse transmission, because of the limited size of mobile, it is very difficult to
employ multiple receive antennas in the mobile sets and hence difficult to achieve
receive diversity. Therefore it is enviable to obtain transmit diversity to make use
benefits of spatial diversity. Among many available coding schemes, STC in the
MIMO system is widely used for improving diversity gain. To achieve the diversity
gain STC coding is performed on the transmitter side and a very simple linear
processing is employed for STC decoding at the receiver side. To minimize
computational complexity at the receiver end differential STC can be utilized
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without using CSI at the receiver. The STC coded MIMO system with My

transmitting and My receiving antennas is shown in fig. 4.11. The input sequence is
mapped into symbols xy, x,, x5, ... .. .. xy Which is space-time coded mto{xt}l 1

t=1, 2, 3 ...T, where ‘i’ denotes the index of the antenna and ‘t’ denotes the time slots

index of symbols. The STC codeword with N number of symbols is N = M;.T.

Thus the rate of the STC MIMO system is R = N/T Symbols per channel use. At
the receiver end, the received symbols are{y]} , =1, 2, 3 ..T. Let hl-j(t) be

Rayleigh distributed channel gain with i** transmit and j* receive antenna over tt"
symbol time [8], [15], [97].

h11l

1 @ © (T) v 1n @ G M
x1, x1, x1,...... 3 { Y1, Y1, Y1, ...Y1
(1 @ 3 (T ) @ 3 @
X2 X(Z’ x&, """ )&:v} x Y2, Y2, Y2,....Y2
x1, x2, x3,...... xN Space-Time Space-Time xN1, xA2, xN\3,....x"\N
— ™| Encoder Decoder [
v hmTvR v
I | ]

1 3 T
A2 S

A 2 B @
Yvr Y(MR 4MR""¥R

Fig. 4.11 Space time-coded (M1 X Mg) MIMO system

The received signal at jt" received antenna is given by,

(t) (®) 4 (®) (t) (f) (t) ®) (t)
/NOMT [h]1 hY ...n® 1. [ % ..xMT] + 2

) is the noise at j*" receive antenna with (t) time slot and E,, is the average

. (4.91)

Where, zj

symbol energy. The total transmitted power is given as,

s E{| (t)| }

Assuming %z variance for channel gain h;;, the PDF of each channel gain is given by,

. (4.92)

1 _|hs|?
fig(niy) = "l . (4.93)

And the PDF of additive noise is given by,
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®] _1 —|z(.t)|2
fzjm[zj |=2e . (4.98)

T

Based on equation (1), for (Mt X M) MIMO system, assuming quasi static channel

gain of hg) = h;j, the system model is modified as

P b e ) G0 ) 00 o0
0, 2 (T 21 Na22 1MT 1),..(2) () ), @) ()
SCRECHI i T - e ] I PR R |-
. . . NoMT . . . . .

1 (2 T ' 1) (2 T 1) (2 T
ly]\(/IR)yIE/Hg yI(VIR)J hurihmrz  Pmrur leST)xAS% X,E,,T)J lz,ﬁ,;z,(v,; Z,E“gJ

4.2.4.1 Space-Time Block Codes (STBC)

STBC coding techniques are the most efficient method of accomplishing transmits
diversity while other methods failed to do so in the case of quasi-static fading
channels. STBC coding techniques can be generalized to achieve receive diversity
using multiple receive antennas. STBCs can be efficiently decoded at the receiver
using simple linear processing of L number of received signals through L receive

antenna [8].

4.2.4.2 Performance evaluation of STBC coded MIMO system.
Considering BPSK modulation, the probability of bit error can be written as,

P.) =@ (\/%) ... (4.96)

where ¢ = 2;‘@1 ?iTl dl-,m|hi,j|2; p is the average SNR at each receive antenna.

Assuming all the diagonal elements (di_m = dm) corresponding to mt" signal are
identical. Therefore, ¥ = d,, Zﬁ.”jlz’i‘fl|hi_j|2and it is chi-square distributed with

2M;Mygdegree of freedom. Thus the probability of error for large SNR can be

approximated as,

P~ (PMrs-1) (ﬂ)MTMR . (4.97)

MrMpg 4dg,p
From the above equation, it is shown that the BER for STBC coded MIMO system
over Rayleigh fading channel with the BPSK modulation scheme decays inversely
with the (MyMgz)™ power of the SNR. The diversity order of M;Mj is achieved
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which is the full spatial diversity. In the case of other M-PSK modulation for an
AWGN channel, the symbol error rate is given by

MrMR  MrMg
P, ~ 2 (2Hrn) (M_(_)) 6 . (499)
The above equation indicates that diversity advantage can be easily attended using
STBC coded MIMO system.

4.2.4.3 Alamouti STBC scheme

The primary challenge of the transmit beamforming is the requirement of CSI at the
transmitter. To resolve this issue a new scheme STC is introduced. The most popular
scheme in this category is the Alamouti scheme which is also known as the
orthogonal STBC scheme. S. M. Alamouti (1998) established a scheme for
achieving transmits diversity using STBC with two transmit antennas is shown in
fig. 4.12.

X
1
/ h L Receiver

1
Transmitter 2
(a)

v
4
Y

Time

x1 -x2 *

Space
H2 x1*

(b)

Fig. 4.12 (a) Two Transmit and one Receive Antenna system
(b) 2-Transmit, 1-Receive Alamouti STBC coding
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This scheme doesn’t require any channel state information or knowledge of channel
coefficients. Here two symbols x; and x, are transmitted through transmitting
antennas 1 and 2 in two-time slots. During the first-time slot symbol x; and x, are
transmitted through transmit antenna 1 and 2 respectively. During the second time
slot, —x2* and x1* are transmitted through transmit antenna 1 and 2 respectively.
This process is shown in figure 2. Since we are grouping symbols and transmitting
them in two consecutive time slots, hence there is no data rate loss [62]. The
received signal in the first and second-time slot is given in equations (4.98) and
(4.99).

|+ ... (4.99)
Yo = —hi %"+ hyxyt + ny = [y Ryl [—xxz ] +n, .. (4.100)

1
where, y, y, are the received symbols, x;, x, are the transmitted symbols and n,, n,
are the noise in the 15%,27 time slots respectively. h;, h, are the channel

coefficients from 15tand 2™dtransmitting antenna to receiving antenna respectively.

Since the noise terms are iid,

E{[:;*][nl* nz]}=[|n1|2 0] . (4.101)

0 |nz|2

The above equation can be implemented in matrix notation as,
Vi1 _ [h h; ] X1 ny
YZ*] B [hz* —hy" [xz] + [nz*] - (4:102)

h h . )
Let H = [ L 2*], to solve for [xl]. Now let us find the inverse of H. We
hz _hl xZ

know, for a general m x n matrix, the pseudo inverseis defined as, HP =
(HPH)*HH" . Now the term (H¥ H) is given by,

R b 1Th R
H _ 1 2 1 2
(HTH) =, - —hl] [hz* —hl*]

2 2
_ [|h1| J(;"“' 0 ] . (4.103)

|hy]? + 1Ry |2
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For the diagonal matrix the inverse of matrix is the inverse of the diagonal elements
itself,

[2] = (HYH)"'H" ;}2 |

= (H"H)"*H" (H [2] + [:21])
= o]+ arm=an [ ... (4.104)

The equation with the estimated symbol following equalization inthe MRC is

identical to the above solution.

4.2.4.4 Error performance for Alamouti STBC scheme.
In this case, there are two transmitting vectors x,;, and x,, therefore the total

transmitting power ‘P’ is equally divided ‘P/2’ for each transmitting symbol.
Therefore, E{ll 1’} = E{llx|1%} = F/,.
Now SNR for Alamouti scheme,

_ IRIPP/y _ 1iRlP
o2 2 o2

This expression of SNR for the Alamouti scheme is similar to the MRC scheme

SNR

(4.105)

except for the factor of %. That is we get %2 SNR in the Alamouti scheme compared
to the MRC scheme. Thus Alamouti scheme doesn’t require CSI at the cost of Y2
SNR.

BER performance of Alamouti scheme:

As the SNR and the BER expression for the Alamouti scheme is equivalent to the
MRC scheme with two transmit (L=2) and one receive antenna, Therefore BER at
high SNR form eq. (4.87), we have

Average BER= %71 X (L)L

Putting L=2, we have
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L
Average BER = 3C l< L > =3

2 \1 - 2
2 2% \GSNR (SNR)

3

Average BER = GNR?

... (4.106)

Eq. (4.92) represents the BER expression for the Alamouti scheme under the
assumption that channel coefficients are IID Rayleigh fading coefficients with

average power equals unity.

4.2.5 Channel Capacity of wireless communication.

Channel capacity or data rate is defined as the maximum rate of information
transmission between transmitter and receiver with lower probability of error [8].
The Channel capacity can be expressed as the maximum mutual information
between transmitter and receiver over all possible distribution at the source.

Consider the Gaussian channel, as shown in Fig. 4.13.

Complex Gaussian Noise

Zi
Input sequence QOutput sequence
Pora— -
Xi Yi
i=1,234,...n

Fig. 4.13 Gaussian channel

The channel model for the wireless channel is written as,y; = x; + z; with average
power constraint, %Z?zlxiz <p. That means a limited amount of power is

available at the transmitter. There are many types of power constraints; the average
power constraint is most commonly used. In 1948 Shannon demonstrated that the
capacity is the maximum shared information between input and output I1(X;Y) , over

the noisy channel as the blcok length n — oo.

¢ = lim = mAX [(X, Xy Xy YiYs Yy)... (4.107)

oo M p(X1,X2,...Xp) "\ALA2,..
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The simplified expression can be written as
C =D I(X,Y) .. (4.108)
Where, I(X,Y) is shared information between X and Y and it is given by
I(X,Y) = h(y) — h(y|x)
[(X,Y) = h(y) — h(x + z|x) ... (4.109)
‘z’ is noise independent of x source, (x|x) = 0, therefore
I(X,Y) = h(y) — h(2) ... (4.110)
h(z) = ;log; 2meN .. (4.111)

This is derived as the entropy of a gaussian distribution of noise with power N and

mean zero. The variance of power is given by,
E(y?) =E(x+2)?>=E(x?) +E(z%) + 2E(x)E(2) .. (4.112)
E(x) = E(z) =0, for AWGN channel with mean zero, so we have
E(y*)=Ex*)+E(Z*)=p+N ... (4.113)

Therefore, h(y) < ilog2 2me(p + N) , and the mutual information I(X,Y) is given
by
I(X,Y) = %logz 2we(p + N) — %logz 2meN .. (4.114)

1 2 +N
I(X,Y) = Slog, ZoEth)

I(X,Y) = glogz% or

I(X,Y) = ~[log,(1+P/y)] ... (4.115)

This is the expression for the Capacity of the Gaussian frequency flat MIMO
channel. Now the expression for capacity of complex Gaussian channel y; = x; + z;

is given by
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I(X,Y) =log,(1+ /) .. (4.116)
This is the expression of the capacity of the SISO channel.

4.2.5.1 Capacity of frequency flat deterministic MIMO Channel.

Let M+ be the transmitting and Mr be the receiving antennas respectively, channel
bandwidth B = 1Hz and assuming frequency flat band. If H is the (Mt X MRg)
channel matrix, ‘y’ is the received vector (MrX1), ‘x’ is the signal vector (M1X1),

and ‘n’ is the noise vector (MrX1), then the MIMO system model can be written as

y = /ES/MT Hox+n . (4.217)

The component Es/MT indicates the input signal power is uniformly distributed

among My transmitting antennas. The covariance matrix of source ‘Xx’, Rgs =
E[xx"] and because E[x] = 0, we put the constraint Trace (Rss) = Mr. Now let us
assume H is known at the receiver or perfect CSI is available only at the receiver.

The channel capacity for the MIMO system is given by

C =D (X,Y)

I(X,Y) = h(y) — h(y|x)

For AWGN channel,
I1(X,Y) = h(y) — h(n|x)

I(X,Y) = h(y) — h(n)

To maximize this expression we have to maximize h(y), since we can’t do anything

with h(n). The covariance matrix of ‘y’ is Ryy,

Ry, =Elyy"]1 =E [ /ES/MT H.x+nl

H

[y x o]
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m HH xH +nHl}

- iy e

Since E is operated on variables ‘x” and ‘n’ not on deterministic ‘H” and as E[x] =

E[n] = 0, middle two terms are zero and R,, = E[xx], we have

Es

R,, = —~HE[xx"|H" + E[nn]
T

YY" My

Es

Ryy = <= HRy H" + E[nn"]

T

The component E[nn*] matrix is written as

0;ifi+]j

.. (4.118)

.. (4.119)

So we have, [nn"'] = Nyly,, , Where Iy, is the identity matrix of size (Mt x MRg).

Therefore

_E H
Ry, = M—STHRxxH + Noly,

Now, h(y) = log, [det(”eRyy)]

= log,[meMrdet(R,, )]

h(n) = log, [det(neNOIMR)]

104
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= log,[meMrRdet(N,Iy, )]

.. (4.122)

Now the expression for mutual exchange of information between input and output is

wrtten as,

I(X,Y) = h(y) — h(n)

= log,[meMrdet(R,, )] — log,[me™rdet(N,I,)]

I1(X,Y) = log, [

neMRdet(Ryy)

neMRdet(NoImpg)

Putting Ryy in above expression we have the solution as

1(X,Y) = log, [det (1

Es
M7No

+

H. Ry H)|

.. (4.123)

.. (4.124)

Therefore the expression for capacity of frequency flat deterministic MIMO channel

max

C = {lo [det
Tr(Ryy) = Mg U 52

Rewriting above equation

C =log, [det (IMR +

E
<1MR 4+ —— H.Ry,.H"

M;N,

E

Mijo 'HHH)]

)|

... (4.125)

4.2.5.2 Capacity of MIMO channel with and without channel information

available at the transmitter.

Consider a MIMO system as shown in fig. 4.14;

A\ 4
L

i
Transmitter ' H

) 4
__

XMT

E——

A 4
v
Y

Receiver

Fig. 4.14 (M; x Mg) MIMO System
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1) No CSI at the transmitter.

Means ideal estimation of perfect channel knowledge is available at the receiver. In
this case, channel has no preferred direction. So, x =[xy, xz,....xMT]T is non-
preferential. Ry, = Iy, = E[xx"]; E[x] = 0; E[x;x;] =0, if i # . Signals are
evenly powered and independent at the transmitter. The MIMO channel capacity is
given by Eq. (4.124)

C=1 det (1 Es HHH
= log, |aet MR+MTN0'

Since HHY is the positive semi-definite with Eigenvalues as the squares of the non-
zero singular values of H (i.e., A, = 02,1, =02, ...... Ay = 011,) ), the square

matrix HHH can be diagonalized as HH” = Q A Q" where Q is the unitary matrix

where ‘A" is a diagonal matrix of eigenvalues 11, 22, . .., A,,. Rewriting expression
for the capacity
C = log, [det (I, +——.Q A Q")] ... (4.126)
R MTNg

Now using identity, det[AB] = det[BA], let A=Q and B=A Q' , we have Q A Q¥ =A

Q" Q =n , since QHQ is identity matrix Imr. SO capacity expression becomes

Es
C = Ing [det (IMR + m/\)]

1 0---0 O A 00 O
Where, Iy, = |: 1 il and A= | Az i |, therefore capacity
0 00 1 0 00 Ay,

expression can be rewritten as ( r is the rank of the matrix)

T
Eg .
€= Zi_llogz (1+ MrNg ) .. (4.127)

The above expression implies that the MIMO channel capacity is the sum of ‘r’
number of SISO channels or links, each having transmit power (Es / M), power gain

of A; (i=1,2,3,...r) and Ng noise power. Now to find the best value of capacity ‘C’
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let total channel power ||H||% = X1_, A; = & Assuming My = My =M ; r= M full

rank

r=M
Es
C= log, (1 + —MNO .)Li)
i=1
The capacity is maximized subject to the constraint Y™ . 2, =& ;4; = A= % and

if H is an orthogonal matrix i.e. HH? = HIH = %IM , SO we have

M

C= lo (1+ Es E)
82" T MN, M

i=1

Since there is no dependence of any term on sub-index ‘i’ , therefore ¥, = M,

hence

C = M.log, (1 +Ei>
No M?2

Now if we have ||Hy||* = 1, each element of H have the power of unity; ||H||Z =

M? = &, so we have an expression for the capacity

C = M.log, (1+ lﬁ—o) .. (4.128)

Thus the capacity of an orthogonal MIMO deterministic channel is ‘M’ times the
capacity of the SISO channel.

2) The CSl is available at the transmitter (Water-filling).

When the transmitter has access to the CSl, by applying the water-filling principle
the best possible solution is obtained [8]. If ‘P;” is the power of transmitted symbol

on the ‘i parallel channel, the capacity is given by

= 4 5 p.
¢= P:Z%E?l)f’(jﬂzi:llogz (1 + No Alpl) ... (4.129)
The above expression of capacity is true for the independent complex Gaussian

inputs.
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Fig. 4.15 (M; x My) MIMO System with feedback
This optimization problem gives up the well-accepted solution,

+
1
P opt = <H _EA) )
No't

where (z)* = max(z,0) and u is the solution of

+

And the capacity is given by

€ =37, (log (n21,))"

This expression implies that the scheme for providing optimal solution exploits only

... (4.130)

few of the equivalent parallel channels with optimal SNR. The parallel channels with
more SNR or best gain are selected for transmission and hence making beam

forming optimal.

4.2.5.3 Capacity of Ergodic MIMO Channels (Shannon Capacity)

The channel coefficients of ergodic MIMO channels are time-varying. When the
channel is ergodic, employing a long block code length, all possible channel states
are monitored for a long time. For the ergodic channel, the capacity is determined by

taking the expected value of the capacity for an AWGN channel. Consider a channel
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matrix ‘H’ which is random but ergodic. Here we assume channel information is
available at only the receiver and not at the transmitter, signals are complex
Gaussian, equally powered, and independent at the transmitter. Therefore taking an
expectation over random matrix ‘H’, the channel capacity for ergodic MIMO

channel

¢ = E{log; |det (I, + ——.HH")|} .. (4.131)

MTN,
The CSI observed at the receiver is classified according to channel coefficient
realizations. The capacity is determined for each realization since inputs are still
independent Gaussian. Finally, overall capacity is computed by taking the average of

all quantities.

4.25.4 Capacity of Non-Ergodic MIMO Channels (Outage Capacity)

For a non-ergodic channel, it is assumed that fading coefficients remain constant
over the length of the codeword. Here Shannon capacity of the MIMO system is
simply zero since there is a non-zero probability that the shared information between
input and output is less than any fixed information rate. So instead of ergodic
capacity or Shannon capacity, we should define another type of capacity, which is
outage capacity. In this scenario for a low SNR, it is not suggested to allocate power
equally among all transmit antennas. Because this may result in that at the receiver
end we will not be able to distinguish between real signal and noise. Hence it is
suggested that instead of considering all transmit antennas, we should manage all
transmit antennas into a smaller subset with independent Gaussian input and high
power allocation [98]. Assuming ‘k’ transmit antennas (k < M) and independent
Gaussian input with k/2 variance is used. For a given SNR (p) the capacity is a

arbitrary variable and it is given by

C(p) =log.det (I, + pH'R,(K)H) .. (4.132)
Where, R, (k) = %diag{l,l, ..1,0,0,.....0}
If ‘R’ is the rate of transmission then,

Poye = ,_min P(log. det(Iy, + pHR,(k)H) < R) ... (4.133)
=14,..MT

This is the expression for the outage probability in MIMO-OFDM system.
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4.3 ALGORITHMS FOR THE SIMULATION OF VARIOUS

METHODOLOGIES USING MATLAB

Algorithms with sensitive parameters for capacity enhancement, PAPR, and error rate

reduction are depicted in this section. The capacity, PAPR, and error rate results can

be extended with various sensitive parameters of the algorithm.
4.3.1 Algorithm for PAPR reduction using SLM scheme

ok wnN

Initialize;

e FFT size (64,128,256,512....etc)

e Number of selection (4 or 8)

e Symbol sets and the modulation technique used

e Number of symbols to be transmitted

Different phase sequences are multiplied to input signal.
For each signal the OFDM signal is generated.

OFDM signal having lowest PAPR is selected

Plot PAPR Vs SNR

4.3.2 Algorithm for PAPR reduction using ICF scheme

1.

©ooN R WD

Initialize;

e OFDM Symbol size (64, 128,256,512.....etc)

e Interpolation factor (Oversampling factor) L=2,4...

e Size of FFT=0FDM symbol sizexInterpolation factor

e Clipping Ratio (CR=2,3,4,5...)

e Number of iterations ( 3,4,5,6...)

e Maximum number of symbols to be transmitted

Initialize modulation type and the symbol sets

Padding OFDM signal (frequency domain) with (L-1) XN zeros, .
Transform OFDM signal into Time domain using IFFT

Clip the signal to some threshold value

Determine clipping noise which is the difference of original and clipped signal.
Transform the noise in frequency domain using FFT

Apply filter to remove out of band radiation

Compute time domain signal by applying IFFT

10 Determine peak signal power and mean signal power and thus compute PAPR
11. Go back for next iteration to step 5, repeat for the set number of iterations
12. Plot CCDF of PAPR
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4.3.3 Algorithm for Ergodic Capacity for MIMO system

1. |Initialize;
e Antenna configurations ( Receive diversity schemes: 1x1, 1x2, 1x3, 1x4,
1x5) or (spatial diversity schemes: 1x1, 2x2, 3x3, 3x4, 4x5.....etc)
e AWGN noise power
e SNRrange
e Number of iteration in the range of 10°
Assign channel matrix
Assign number of antenna elements
Assign number of SNR vector elements
allocate memory for capacity
allocate memory for singular value decomposition
Determine SNR for this iteration
Calculate transmit power (tx-Power = noise Powerxsnr)
loop over number of iterations
. generate channel coefficients
. calculate singular value decomposition SVD
. store values of lambda in SVD
. find carrier to noise rations
. find allocated power based on water filling algorithm
. Calculate the capacity
. Plot capacity versus SNR
. Repeat for next configuration of antennas

© oo Nk WD

e e N e o el =
~No UM WNPRO

4.3.4 Algorithm for error rates using STTC scheme

1. Initialize;

e Number of iteration for simulation of error rates

e Choose number of transmit and receive antennas (Tx=2; Tx=2)
e Range of SNR

Identity matrix for Rx =1 and 2

Generate 1% and 2" parameters for STTC

Employ modulation technique

Generate random integer data

Employ STTC encoding

Add AWGN Noise

Receive the signal and employ STTC decoder

Compute probability of error rates (BER, SER, FER, and PEP)
0 Plot probability of error (Pe) versus SNR

SeeNoOswN
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4.3.5 Algorithm for BER of OFDM system at different symbol length over
AWGN channel

1.

Initialize

e Symbol length (L= 64,128,256.....1024 etc)

e FFT size N=Lx0.0625

e Random integer data generation for transmission

e Range of SNR for simulation of BER

Employ modulation type

Convert complex serial data into parallel

Convert frequency domain signal into time domain using IFFT
Convert Parallel signal to series

Add Cyclic prefix

Transmit the signal in time domain

At receiver remove CP and convert signal serial to parallel
Employ FFT and covert signal into frequency domain

. Convert Parallel signal to series

. Demodulate the signal to obtain original one
. Compute error rate on received signal

. Plot BER Vs SNR

4.3.6 Algorithm for BER of MRC scheme with (1 x 2) and (1 X 4) antenna
configuration

1.

CoNORWN

10
11.

Initialize;

e Frame length (100 to 150)

e Number of bits/packets (10000 to 100000)
e Range of SNR in dB

Generate random binary sequence

Choose number of transmit antenna Tx=1 and Receive antenna Rx=2 or 4
Transmit symbols

Multiply each symbol with channel coefficient
Add AWGN noise

Select receiving path

Equalize received symbols

Using hard decision decoding determine BER
Repeat process for multiple values of SNR
Plot the BER Vs SNR
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4.3.7 Algorithm for BER of receive diversity

1. Initialize;

e Number of symbols (10000 to 100000)

e Random integer data generation for transmission

e Range of SNR for simulation of BER

e Modulation scheme

e Choose transmit antenna Tx=1 and receive antenna Rx = 1 to 4
Add AWGN Noise

Employ equalizing technique

Employ hard decision decoding at receiver

Compute error rates

Repeat for multiple values of SNR

Choose different number of receiving antennas

Compute BER for each configuration in the same way

Plot BER Vs SNR for each configuration providing receive diversity.

©oN kWD

4.3.8 Algorithm for BER of Alamouti Space Time Block coding with (2 x 2)

antenna configuration

1. Initialize;
e Number of symbols or bits ( 10000 to 100000)
e SNRrange

e Choose number of receive antennas (Rx 1 or 2)
Generate random integers values (0s and 1s)

Employ modulation scheme on random sequence of bits
Rearrange modulated bits into Alamouti code words
Add white Gaussian noise

Transmit through Rayleigh fading channel

Repeat the same channel for two symbols

Receive symbols and apply equalization

. Using hard decision decoding at receiver decode the code words
10. Compute error rates

11. Repeat for multiple SVR values

12. Plot BER versus SNR

© oo N Ok N
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Chapter 5

Results and Discussion

As per discussion in methodology section , here we consider OFDM system with
various parameter such as, number of FFT points 64,128 ,,number of subcarriers per
resource block 52,cyclic prefix length in samples 16, no of bits per symbol 52,
modulation BPSK with 20 MHz ,100 MHz frequency. The said parameters have
been used for simulation with MATLAB platform. Simulation parameters is
depicted in table no. 5.1

Table 5.1 Simulation parameters for OFDM spectrum at different frequencies

Parameters Value

FFT Size 64 and 128
Subcarriers per resource block 52

Length of Cyclic prefix 16

Symbol size (bits per symbol) 52
Frequency 20 MHz and 100 MHz
Modulation type BPSK

The figure 5.1 and figure 5.2 depicted OFDM spectrums for 20MHz and 100 MHz
respectively the power spectral density limited to -55 to -25 and -75 to -35
respectively. In OFDM, multiple closely spaced orthogonal subcarrier signals with
overlapping spectra are transmitted to carry data in parallel. The fast Fourier
transform algorithm is adopted to demodulate the input signal; same has been

represented by figure 5.3

OFDM Spet:trum

-26

Bl q ” i l l ' 1 1
I,
T ,v

power speciral density
.

5 F
—
——
pr—
—
—=

frequency, MHz

Fig. 5.1 Spectrum of OFDM transmitter at frequency 20MHz
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Fig. 5.2 Spectrum of OFDM transmitter at frequency 100MHz
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Fig. 5.3 Input FFT signal of OFDM system

Transmit spectrum OFDM
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Sinusoidal signals of different frequencies, and their discrete Fourier transforms

(DFTs) have been represented in figure 5.4. The first five (x4, X5, X3, X4, and Xs)

sinusoidal signals (figure 5.4 LHS) it is clear that their frequencies are integer

multiple of fundamental frequency and these five signal are mutually orthogonal to

each other. But the first five signals and last two signals (x4 and x, ) are not

mutually orthogonal since the frequencies of last two signals are not multiple of

fundamental frequency. It can be also very clear from the DFT of these seven
sinusoidal signal (figure 5.4 RHS) that the DFTs for first five signals (for k =1, 2, 3,

4, 5) are very clear, but for sixth and seventh signal DFTs are not clear due to

spectral leakage.
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Fig. 5.4 Sinusoidal signals with different frequency and their DFT

5.1 MIMO-OFDM SYSTEMS PERFORMANCE ANALYSIS

5.1.1 Channel Capacity

Shannon Capacity- The channel capacity can be expressed as the maximum mutual
information between transmitter and receiver considering the power constraint on the

total transmitting power of the source, that is
Tr(K.) <P - (5.1)
Where;

Kc = Covariance of the input matrix
Tr (Kc) =Trace of a matrix Kc.
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P = Transmit power

So, the channel capacity is given by
C = rr(ksta logz{det[le+ (L) Hken" ]} - (5.2)

The unit for capacity of channel is bits/s/Hz indicates that at any channel bandwidth
‘W’ the maximum rate of transmission is the product of capacity ‘C’ and band width
W bits/s/Hz. In the case of equal number of transmitting and receiving antenna
configuration of MIMO system the increase in capacity is almost linear with respect
to increase in number of antennas at transmitter and receiver section. It is observed
that at high SNR, after 3 dB increase in SNR, the capacity C grows linearly with
min(My, Mg) bits/s, where M, Mg are number of transmitting and receiving
antennas.

Ergodic Capacity- The channel coefficients of ergodic MIMO channels are time-
varying. When the channel is ergodic, employing a long block code length, all
possible channel states are monitored for a long time. For the ergodic channel, the
capacity is obtained by taking the expected value of the capacity of an AWGN
channel. Consider a channel matrix ‘H’ which is random but ergodic. Here we
assume channel information is available at only the receiver and not at the
transmitter, signals are complex Gaussian, equally powered, and independent at the
transmitter. Therefore taking an expectation over random matrix ‘H’, the channel

capacity for ergodic MIMO channel

¢ = E {log |det (I, + ——. HH")|} .. (5.3)

TNo

The channel state information observed at the receiver is classified according to
channel coefficient realizations. The capacity is determined for each realization since
inputs are still independent Gaussian. Finally, overall capacity is computed by taking
the average of all quantities.

Outage capacity- In the case of a non-ergodic channel, it is assumed that fading
coefficients remain constant over the length of the codeword. Here Shannon capacity
of the MIMO channel is simply zero since there is a non-zero probability that the
mutual information between input and output is less than any fixed information rate.

So in this case instead of ergodic or Shannon capacity, we should define another
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type of capacity, which is outage capacity. For capacity C, if the outage capacity is
‘Co’ at the outage probability of ‘»o’, then

P.(C<Cy) = 1 .. (5.4)

Figure 5.5 and 5.6 represents algorithm/flowchart for the estimation of ergodic and
outage capacity respectively.

Data initialization:

* Number of realizations in the Channel

* Ergodic capacity by SNR
i

Parameter inputting

¢ Number TxRx antennas

* Definition of SNR range
I

=1 Min number of realizations
I

— Min value of SNR
1

Channel matrix assignment
I

Estimation ot ergodic
capacity

s number of
ealizations > max?

Results outputting
* Estimation of average capacity
* Depicting of plots

Fig. 5.5 Flowchart for the estimation of ergodic capacity
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Data initialization:
= Numberofrealizationsin the Channel
« Initialdimension of capacity matrix
i
Parameterinput
+ Qutage probability=0.5
» Numberofantennas
= SNRrange
I
Min antenna number s I
I
Min value of SNR I
| |

1l

Min number of realization I
1L
+ Channel matrix assignment
+ Calculation of Shannon capacity
depeding on realizations
* Definition of capacitv PDF

Is number of
ealizations = max?

|'mitia|ization of binsize for capacity matrix |

* Histogram formation for capacity
based on its bin number
* Computation of PDF of capacity

Min bin value ol capacily
matrix

I Estimation of capacity CDF I

s bin valu
> maxe

IEstimation ot capacity with outaael

s antenna number
Nax?_

Results outputling
= Estimation of average capacity
= Depicting of plots

Fig. 5.6 Flowchart for the estimation of outage capacity
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soqu Channel Capacity for Different Tx & Rx Antenna System
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Fig. 5.7 MIMO ergodic channel capacity for different antenna systems

Figure 5.7 shows MIMO channel capacity for different combination of number of
transmitting and receiving antennas. It is observed that the statement given in section
5.1.1 that the channel capacity increases linearly with increasing the number of
transmitting and receiving antenna is found true. From the fig 5.7, it is seen that after
SNR of 20 dB, the increase in capacity is almost linear. At 20 dB SNR the channel
capacity for (M; x Mg) = (4 x5) the capacity is estimated of 24.7 bits/s/Hz.
Similarly at 25 dB and 30 dB it is recorded about 31.5 and 37.5 bits/s/Hz
respectively. From above capacity values at high SNR the statement “at high SNR,
after 3 dB increases in SNR, the capacity grows linearly with min(M, My) bits/s,”
also found true. The estimation of ergodic capacity with different combination of

antennas in MIMO system is also depicted clearly in fig 5.8 and table 5.2.

Table 5.2 Estimation of ergodic capacity with different combination of antennas

Sr. No. of Transmit No. of Receive Capacity Bits/s/Hz
No. Antennas My Antennas My SNR=20dB | SNR=25dB | SNR =30 dB
1 1 1 5.9 7.6 94
2 2 2 11.3 14.5 16.1
3 2 4 14.5 17.8 21.0
4 3 3 16.8 215 26.3
5 4 5 24.7 315 375
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Channel capacity for (MT xMR)

i Capacity at 20 dB SNR

H Capacity at 25 dB SNR

Capacity Bits/s/Hz

id Capacity at 30 dB SNR

1x1 2x2 2x4 3x3 4x5
Antenna Configuration (MT xMR)

Fig. 5.8 MIMO channel capacity chart for different antenna systems

Figure 5.9 portrays the CDF of the random (1 x 1), (2 x 2),(2 x 4),(3 x 3) and
(4 x 5) channel capacities without any selection at the SNR of 8 dB in which 10%
outage is considered. It is observed that the average probability of capacity for the
entire antenna configurations is equal and that are 50%. It is clear from the CDF that
data rates increases when the numbers of transmitting and receiving antennas are

increases.
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CDF of the Capacity at SNR = 8dB
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Fig. 5.9 Outage probability at 83dB SNR
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90% of the time the channel capacities for (2 x 2),(2 x 4),(3 x 3) and (4 X 5)
random channel at 8 dB SNR are greater than 3.4 Bits/s/Hz, 5.5 Bits/s/Hz, 5.9
Bits/s/Hz and 9.4 Bits/s/Hz respectively.

MIMO Channel Capacity for Different Tx & Rx Antenna System

— Tt w1, IR 1

12 # nTe=1nRe=2
- o= nTe=1 NRt=3
-k mnTr= 1, (Re=d
= g =nTe=1nRx=5

Capacity |b/s/Hz|

o L L L I L L
-10 -5 o 5 16 15 20 25 an

SNR [dB]

Fig. 5.10 Channel capacity for receiver diversity

Figure 5.10 portrays the channel capacity for receive diversity (1 x M) where one
transmit and 1 to 5 receive antennas are used. It is observed from the simulated results
that capacity increases with increasing receiving antennas but at slow rate. At 30 dB
SNR maximum capacity for(1 x 5) is 12.16 bits/s/Hz. Also figure 5.11 presents CDF

of capacity for the receive diversity at the constant SNR of 5 dB.
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Fig. 5.11 CDF of capacity for receiver diversity at 5dB SNR
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5.1.2 PAPR Reduction Scheme Analysis

In this book the iterative clipping and filtering method of PAPR reduction have

been proposed. This section deals with the PAPR analysis using ICF method,

where its PAPR performance is compared with SLM method of PAPR reduction.

The simulation parameter for the same is shown in table 5.3.

5.1.2.1 PAPR analysis using ICF and SLM schemes

The multicarrier OFDM system experiences high ‘peak-to-average power ratio

(PAPR’), which is the major issue in the OFDM scheme; it causes the breakdown

in the orthogonality of OFDM symbols and hence undergo inter carrier

interference (ICl).

Table 5.3 Simulation parameter table for PAPR reduction

Parameters Value

Bandwidth ( BW) 1 MHz
Oversampling factor (L) 8
Sampling frequency, fs = BW*L 8 MHz
Carrier frequency, fc 2 MHz
Symbol length (K) 128
Cyclic Prefix / Gl size 32

Modulation Format

BPSK and QPSK

Clipping Ratio (CR)

1.0,1.2,14,18,2,3&4

Clip and filter levels

1to6

It is also observed that an attempt to reduce the PAPR causes an increase in BER.

Many schemes have been introduces by different researchers for diminishing the
PAPR, such as ICF, ICTF, SLM, PTS, Bayesian approach and many more. Still the

effect on error rates due to reduction in PAPR is the significant issue in OFDM

scheme. In this thesis the conventional ICF techniques is used and its performance in

terms of PAPR and BER is analyzed. It is found that the suggested scheme is

working better as compared to other schemes.

The figure 5.12 and 5.13 represented the ICF and SLM scheme based result

respectively. The basic parameters included in the simulation as, QPSK modulation

techniques, size of OFDM symbol K=128, subcarriers N=4 for ICF schemes,

123



Next Frontier MIMO-OFDM Based Wireless Communication System

Clipping ratio up to 6.

It is observed from the fig 5.12 that, in case of ICF method upon increasing the
clipping and filtering level there is considerable reduction in PAPR. At the beginning
up to clipping and filtering level 4, the PAPR is rapidly reduces but after level 5 the
PAPR is reduced at the slow rate. In case of SLM technique the simulation is carried
out for symbol size K = 64, number of subcarriers N=4 with QPSK modulation
scheme. It is found that the PAPR is reduced by 3 dB compared to original signal.
The PAPR reduced to 7.8 dB using SLM scheme, whereas in case of ICF method for

the clipping and filtering levels 4, 5, and 6, the PAPR is observed as 5.5 dB, 5.1 db
and 5.0 dB respectively.
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Fig. 5.12 Error performance of clipping and filtering (ICF) method

This means the ICF method outperforms conventional SLM method by PAPR gain
of 2.8 dB at the clipping and filtering level of 6. At the CCDF of 10~* the clipping
and filtering method with six clips and filter level the PAPR of 5 dB is achieved,
where as SLM method achieved PAPR of 7.8 dB. Thus from simulation results it is
clear that the proposed ICF technique is more suitable for effectively minimizing the
PAPR without affecting BER. Also, maintaining the simplicity of the system. Figure
5.14 indicates the OFDM signal after clipping and filtering.
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Fig. 5.13 Error performance for Selective Mapping (SLM) scheme

Normal OFDM signal

o ] 100 150 200 250 300

Fig. 5.14 Clipped and filtered OFDM signal
5.1.2.2 Error rate (BER) performance of ICF scheme

The error rate performance of proposed ICF scheme has been presented in figure 5.15
with the OFDM symbol length of K= 128 over sampling factor 8 (L) and different
clipped ratio. The simulation parameters have been portrayed in table 5.3.
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It is seen from the BER result shown in fig 5.15 that the BER performance is
seriously degraded due to clipping compared to unclipped signal. At 12 dB SNR, the
BER value for unclipped signal is 3.5 x 10™°, whereas for clipped signal for
clipping ratio (CR) of 1, 1.2, 1.4, 2, 3, and 4 the BER values are 2.4 x 1072, 8.7 X
1073 ,15%x 1072 ,57x1073,87x 1073, and 2.6 x 1073
seen that for the clipped signal at CR of 4, the BER value of 1073 is achieved at
SNR of 15 dB, whereas for the unclipped signal it is achieved at the SNR of 9.8 dB.
Thus there is an SNR loss of 5.2 dB using clipping at CR of 4.

respectively. It is

BER performance for proposed ICF scheme.
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Fig. 5.15 Error performance for different clipped ratio and clipping & filtering levels

The BER values for different clipping ratio at SNR of 10 dB, 12 dB and 15 dB is
depicted in table 5.4.
Table 5.4 Comparative error performance for different CR

Symbol over Clipped | BER BER BER

length (K) | sampling Ratio Performance Performance Performance
factor (L) (CR) (SNR=10dB) (SNR=12dB) (SNR=15dB)

128 8 1 0.033366 0.0239 0.01626

128 8 1.2 0.02323 0.008661 0.05276

128 8 1.4 0.01587 0.01457 0.01039
128 8 2 0.01587 0.005669 0.002323
128 8 3 0.01193 0.008658 0.004409
128 8 4 0.007874 0.002598 0.001102
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After applying clipping and filtering (ICF) method the BER is maintained very near
to unclipped signal for the clipping and filtering levels of 4, 5, and 6. At 12 dB SNR
for the clipping and filtering levels of 4, the BER values is 4.0 x 10~> ,and for the
level of 5 and 6 it is about 3.7 x 10> which is very close to that of unclipped signal.

Table 5.5 shows the BER performance of clipping and filtering scheme for different

clipping and filtering levels from 1 to 6.

Table 5.5 Comparative error performances for different clipping and filtering level

Symbol over sampling | Clip& filter BER BER Performance
length (K) factor (L) Performance (SNR=12dB)
(SNR=10dB)
128 8 lclip&filter 0.004409 0.001024
128 8 2clip&filter 0.003031 0.0005118
128 8 3clip&filter 0.001181 7.874E-05
128 8 4clip&filter 0.0009055 3.937E-05
128 8 Sclip&filter 0.0007827 3.673E-05
128 8 6clip&filter 0.0005512 3.722E-05

5.1.3 Error rate performance of MIMO-OFDM system

Figure 5.16 shows bit error rates (BER) presentation of MIMO-OFDM system for

various symbol lengths. The length of symbols varied from L=32 to 512.

T T

804098404,

107}

104}

BER

s 8 10
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A
12

OFDM BER Vs SNR for Variable Length

Fig. 5.16 Bit error performance with variable Symbol length
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For all the symbol length the BER performance is found similar. After 14 dB of SNR
the BER decreases rapidly compared to that of for SNR less than 14 dB at AWGN
channel. After 18 dB SNR the BER value is almost less than 10~* for all the symbol
lengths.

5.1.3.1 Error rate performance of MRC scheme

MRC scheme at receiver or ‘L’ multiple antennas at receiver while single antenna at
the transmitter. This scheme is also referred to as receive beamforming. The bit error

rates for the MRC scheme with ‘L’ receive antennas is given by
2L \SNR

L
Average BER = ¢ a3 ( : ) ... (5.5)
L

This is the equation for average BER for the MRC schemes with L receive antennas.

It is clear from the above equation that the BER value is directly proportional to

Thus BER decreases at a faster rate with increasing the number of receive

(SNR)L

antennas. This has been also proved from the simulation result shown in fig 5.17

BER perfoemancde of MRC Scheme

—e SISO
e MAC (Tx: 1 RAx 2) | 1
e MAG (T 1. Rx.4) |

BER

15
SNR[dB

Fig. 5.17 Error performance of MRC scheme with (1 x 2) and (1 x 4) antenna configuration

Using MRC scheme at the receiver with ( Mt = 1 and My = 2) at the 15 dB, 20 dB
and 25 dB SNR the BER values are found to be 3 x 107%,3 x 10™>and 3 x 107°
respectively. And for the MRC scheme with ( Mt = 1 and My = 4), BER values of
the order of 107° is obtained at the SNR of 15 dB only. By doubling the number of

receiving antennas SNR gain of 10 dB is achieved.
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Receive Diversity

Bit Error Rate

Eb/No, dB

Fig. 5.18 Error performance for receive diversity

Figure 5.18 depicts the BER performance with receive diversity with selection of

antenna. For the SISO system without antenna selection gives BER value of 5.0 X

107% at 10 dB SNR. By increasing the number of receive antennas (Rx= 2,3,4) the

BER performance is significantly improved.

Bit error rate
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Fig. 5.19 BER Performance for Equal gain, MRC and selection combining scheme

Figure 5.19 represents the BER performance comparison for EGC (Equal gain

combing), MRC and SC (selection combining) scheme at 12 dB SNR is depicted in

table 5.6. The BER performance for EGC, MRC and SC scheme is 9.0 x 10™%, 4.0 x

107*, and 5.0 x 10~* respectively.
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5.1.3.2 Performance based on space time coded system

Alamouti scheme is transmit diversity scheme with two transmitting antennas and a
single receiving antenna. The Alamouti STBC scheme can be used to improve error

performance successfully. Figure 5.20 shows the stepwise Alamouti-STBC scheme

Initialize Variables

|

Generation of Data

I

Apply Modulation Technique

|

Alamouti STBC scheme

|

AWGN Channel

|

Add Noise

I

Recover signal from STBC

|

Apply Demodulation

I

Apply average filter

|

Display Result

Fig. 5.20 Alamouti STBC simulation flowchart

simulation flowchart.

Figure 5.21 portrays the comparative error presentation for the MIMO-OFDM
system using BPSK modulation. The simulation results of MRC scheme with
(1x2)and (1 x4)is compared with Alamouti-STBC with (2 x 1) and (2 X 2)

antenna system. From the observation it is clear that, the MRC with (1 x 4) provide
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the best result compared to all others schemes. The comparison of BER performance
is given in table 5.7.

o0 Error Performance Comparison of MRC & Alamouti STBC

1 1 1 I I I 1}
= BPSK Modulated
—#— MRC Tx=1 Rx=2
== MRC Tx=1Rx=4
e Alzmouti STBC Tx=2, Rx=1/|
e Alzmouiti STBC Tx=2,Rx=2
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Fig. 5. 21 Error Performance Comparisons of MRC & Alamouti STBC
Figure 5.22 represents the comparative error analysis for the MIMO-OFDM system
using BPSK modulation. The simulation results of MRC scheme with (1 x 4),
Alamouti-STBC with (2 x 2) and STTC scheme with (2 x 2) antenna system are
compared and portrayed in table 5.8. From the fig 5.21 it is found that, the MRC
(1 x 4) gives best BER result compared Alamouti STBC and STTC schemes.

Error Performance Comparison of MRC,Alamouti STBC, & STTC Scheme

—#— STTC Tx=Rx=2
—&— Alamouti STBC Tx=2, Rx=2
—g— MRC Tx=1,Ru=4

4
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1
o
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SNR(dB)
Fig. 5.22 Error Performance Comparison of MRC, Alamouti STBC and STTC scheme

Figure 5.23 represents BER, SER, FER and probability error rate for STTC scheme
with (2 x 2) antenna system. The STBC and STTC schemes are comparable with
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respect to spatial diversity for a given number of transmitting
antennas. The STBC provide only diversity gain where as STTC

and receiving

provide coding

gain. After analyzing the comparative performance, STTC is found better for both

coding as well as spatial diversity gain. Using STTC scheme with

(2 x 2) antenna

system, the simulation result for error rates such as BER, SER, FER and PE are
depicted in table 5.9. It is clear that STTC offers better coding for spatial diversity
but the best error performance is offered by Alamouti STBC coding using the same

antenna configuration.

STTC Error Performance Tx=2 and Rx=2
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b oLl &< <o - % =B8ER
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Fig. 5.23 Error performance for STTC with (2 X 2) antenna system

BER for EPSK modulation with 2Tx, 2Rx Alamouti STEC (Rayleigh channel)
T T T T T T T T T
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Fig. 5.24 Error performance of AL-STBC 2x2 scheme over Rayleigh fading channel
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Figure 5.24 shows error rate of 1.22 x 10~* for Alamouti-STBC scheme using
BPSK modulation, hard decision coding and equalization at receiver, 2x 2 antenna

system over Rayleigh fading channel.

Table 5.6 BER performance comparison for EG, MRC and SC schemes

Antenna selection schemes BER value at SNR=12 dB
Equal gain combining 9.0 x 107
Maximal ratio combining 4.0x 107*
Selection combining 5.0x 107*

Table 5.7 Comparative error performance of different scheme with antenna selection

Scheme Tx Rx BER at BER at BER at
SNR=10 dB SNR=12 dB SNR=15 dB
MRC 1 2 1.7 x 1073 6.5 x 1074 1.9 x 107*
MRC 1 4 7.5 x 1076 1.0 x 107° - =
AI-STBC 2 1 5.6 x 1073 2.5 x1073 6.5 X 107*
Al-STBC 2 2 1.3 x107* 3.2 x107° 4.0 x107°
SISO 1 1 2.3 x1072 1.3 x 1072 7.5 x 1073

Table 5.8 Comparative error performance of MRC, AI-STBC and STTC scheme

Scheme Tx Rx | BER at SNR=10 BER at BER at
dB SNR=12 dB SNR=14 dB
MRC 1 4 7.5 x 107¢ 1.0 x 107
AI-STBC 2 2 1.3 x107* 3.2 x 1073
STTC 2 2 1.23 x 1072 45 x 1073 2.0 x1073

Table 5.9 Error performance for STTC (2 x 2) antenna system

Scheme Error BER at BER at BER at
rates SNR=10 dB SNR=12 dB SNR=14 dB
MIMO-OFDM BER 1.6 x 1072 7.0 x 1073 2.65 x 1073
with STTC coding SER 1.9 x 1072 8.5 x 1073 3.8 x1073
2X72 FER 1.9 x 1071 8.9 x 1072 3.9 x 1072
PEP 3.5 x 1072 1.7 x 1072 6.3 x 1073
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5.2 COMPARATIVE PERFORMANCE ANALYSIS OF THE SYSTEM
This section deals with the comparative analysis of the proposed system

performance with the best performance results from the other schemes used in recent

years.

5.2.1 Comparative analysis of MIMO channel capacity

From table 5.10, it is observed that the best performance of capacity in the range of
6.0 to 9.9 bits/s/Hz for IEEE802.11, 3 Gpp, and I-METRA channels is offered by the
scheme proposed by Madhusmita Sahoo and Harish Kumar Sahoo (2019). But, this
performance is achieved at the cost of a complex DLMS algorithm and STBC
diversity code over the AWGN channel. Whereas the proposed MIMO-OFDM
scheme for (2x2) antenna configuration without any antenna selection or perfect CSI
over AWGN channel offers a significant capacity of 6.2 bits/s/Hz.
Table 5.10 comparative capacity analysis of proposed MIMO-OFDM system

Antenna Capacity
Name of Authors | Year Scheme detail Confiquration bits/s/Hz at
g 10 dB SNR
QO-STBC-MIMO;  Standard
STBC; standard SVD bases 2x1 6.2
Kelvin Anoh et al. 2019 | detection ; beamforming using
16-QAM constellation; 2 x 1;
4x1 antenna system 4x1 6.8
. MIMO  channel, DLMS
Madhusmita algorithm; 2 x 2 configuration;
ialljhn(:gragghlggnsh 2019 16 QAM, AWGN channel. 2%2 6.0t09.9
STBC code diversity
MRC scheme over imperfect
Donghun Lee 2018 | channel estimation; 2 x 1 2x1 3.7t04.25
MIMO system
Lopamudra Broadband MlMp-OFPM 2%2 45105.0
. systems; antenna configurations
Kundu and Brian 2017 2 %2 and i f
L. Hughes X2 an 4 x4; No. 0 4x4 7108
' subcarriers= 64
MIMO ergodic channel 2%2 6.2
S capacity,  without  antenna
Capacity bits/s/Hz of selection, imperfect CSI, water- 3x3 82
proposed MIMO-OFDM - .
svstem filling algorithm, SNR range of 2%x4 8.2
Y -10 dB to 30 dB; over AWGN
channel. 4%5 13
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With (3x3) or (2x4) the proposed system offers the capacity of 8.2 bits/s/Hz which

is very good and satisfactory since the system is less complex and doesn’t need any

complex optimization algorithm. Similarly, with the antenna configuration (4x5) the

proposed system gives the capacity of 13 bits/s/Hz which is the highest in the table.

5.2.2 Comparative PAPR performance analysis of OFDM system

Table 5.11 comparative PAPR performance analysis of proposed OFDM system

At 10 dB SNR
Name of Year Scheme detail
Authors PAPR BER
Zhitong . . _
. A low complexity companding schemes; 1x10™* and
X'r;?' et | 2020 AWGN channel; QPSK modulation 34105.1dB 4x107*
ICF method with ENC scheme, 256
Bo Tang subcarriers , 16 QAM modulation; 7x107% and
etal. 2020 oversampling factor =4; clipping ratio 1.5 4.25105.4dB 4x1073
to 1.8; clipping level 3;
,\’:‘hg;‘gb SLM, PTS and ICF for PAPR reduction SLM =938
.and 2019 | &€ analyzed over AWGN channel, 16- dB,PTS = NA
QAM and 64-QAM modulations , and 8.3dB, ICF =
Mohamed .
1024 subcarriers 7.2dB
Labana
Kee- OFDM-IM scheme; ICF; Modulation 16-
QAM,; clipping ratio 5; iteration=2; 2
T(??nn 2019 subcarrier N=128; length of sub-block = 6.7.dB 7x10
4; Number of active subcarriers k= 2
Clipping-noise compression technique
with p-law algorithm; Number of
subcarriers 256; modulation = 16 QAM,; 3.8x 1072 and
BoTang | 2019 over sampling factor =4; Number of 48&7.1dB 2.8x1073
iteration =3 ; clipping ratio = 3 & 6, ICF
Method
Clipping and filtering (ICF) method,;
2017- | AWGN channel, QPSK modulation, 128 _
. 1 samples, 512 subcarriers, No CP, without 4.5dB 9x10
;ﬁ;‘é'gt optimization, 3 clip
al Root-based p -law companding (RMC)
' 2017- | method; Number of subcarriers 512; 2
2 symbols =128, QPSK modulation, 3.2dB 1.2x10
oversampling factor=4; p=30;
Proposed ICF scheme , QPSK modulation , size of
= i -3
method of PAPR QFDM sy_mbol K=128, FET size 256_, ICE =5 dB 2.6 x 10 _4to
reduction interpolation factor 2, active subcarriers 55x%x 10
N=4, CR=3 or 4 and Clipping level 6
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From the above table, 5.11 it is seen that the proposed system reduces the PAPR up
to 5 dB and it is 1.8 dB greater than the PAPR performance offered by the Root-
based p -law companding (RMC) scheme suggested by Kelvin Anoh et al. (2017).
But the proposed system maintains the BER performance at a satisfactory level of
5.5 x 10~* compared to the scheme suggested by Kelvin Anoh where BER is 1.2 X
1072, So the proposed system performs better than all the schemes listed in table
5.11.

5.2.3 Comparative error rate performance analysis of MIMO-OFDM system

a) BER performance for various modulation techniques and various selection
combining schemes as depicted in table 5.12 (a).
b) BER performance for STBC coded schemes (Alamouti-STBC), MRC scheme,

and Receiver diversity scheme as depicted in table 5.12 (b).

From table 5.12 (a) and (b), it is observed that many schemes suggested by different
authors have achieved BER level from 10™* to 107¢. The proposed schemes such
as the MRC scheme with (1x4), Alamouti STBC with (2x2), and Receiver diversity
with Rx = 2,3,4 antennas provide better error rate performance compared to other
schemes introduced in table 5.12 (a) and (b). The MRC scheme with (1x4) achieves
BER value of 7.5 x 107%, AL-STBC (2x2) provide BER value of 1.3 x 10~*and
the receiver diversity scheme achieves the BER value between 10~%and 10~7. This
means the proposed scheme provides the error rate performance compatible or even
better than different schemes suggested earlier. It is also observed that when the
Alamouti STBC scheme with (2x2) over Rayleigh fading channel using with hard
decision coding and equalization at receiver is simulated, the error rate result found
similar as in case of AWGN channel that is 1.22 x 10~* at 10 dB SNR.
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Table 5.12 (a) comparative error rate performance analysis of proposed system

Name of Authors Year

Scheme detail

Error Rates

At SNR=10 dB

Gopika Jayan and

Aswathy K. Nair 2018

F-OFDM; BPSK
modulation; 50 resource
blocks.

BPSK

40x10°°

Shendi Wang etal. | 2017

PCC -OFDM and UFMC
techniques; Rayleigh
fading channel; BPSK,
QPSK modulation,
AWGN channel

BPSK

5.0x 107°

QPSK

40x 1075

Mohammed EI-

Abasi et al. 2015

MIMO-OFDM-IA  with
antenna  selection; CP
length 16; the number of
subcarriers 64; users 03
and 3x2 antenna system;
Per-subcarrier antenna
selection scheme at max-
sum-rate and max-SNR.

Max Sum-
rate

1.5x107*

Max SNR

75x%x 1075

Shital N. Raut,

Rajesh M. Jalnekar 2019

Hybrid optimization
technique, the Dolphin-
Rider-Optimization
(DRO),  STBC-MIMO-
OFDM scheme; over the
Rayleigh channel; using
BPSK, QPSK, and QAM
modulation.

BER

25x%x107°

SER

6.0 x 107

Sudhir Kumar
Mishra and Kishor
Damodar Kulat

2018

reduced feedback rate
scheme  for  transmit
antenna selection (TAS)
scheme; BPSK
modulation scheme; BER
is analyzed for a different
set of transmit antennas
Nt=3,6

BPSK

1.25x 1073 to
50x 1075

N. C. Beaulieu and

Yixing Zhang 2017

Different combining
schemes (SC, EGC,
MRC) with  unequal
power dual branch, over
Nakagami-m where
m=0.5, BPSK modulation

SC

5.5 x 1072

EGC

5.5 x 1072

MRC

45 %1072

Proposed methods of BER
reduction

MIMO OFDM system,
over AWGN channel,
BPSK modulation, 1 x2
antenna system for MRC,
EG and SC with unequal
power dual branch.

SC

1.7 x 1073

EGC

1.7 x 1073

MRC

1.7 x 1073
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Table 5.12 (b) comparative error rate performance analysis of proposed system

Name of Error Rates
Year Scheme detail
Authors At SNR=10 dB
The STBC MIMO DSM _3
Lixia Xiao 2017 (dLﬁerentiaI sBpgtéeltl moduggiglz) BPSK 7.8x10
eta scheme; , , _
modulation and with 4 x 2 QPSK 8.0x 107
Alamouti (2x1) 1.0x107°
Alamouti scheme with 2 x1 and -
Siavash M. 1998 | 2 X 2 antenna configuration; | Alamouti (2x2) 1.3x107*
Alamouti BPSK modulation over Rayleigh | pRRC (1x2) 1.9 x 10-3
fading channel.
MRRC (1x4) 6.0x 1073
BPSK 5.0x 1075
Alamouti STBC coded MIMO- QPSK 20x%x 1074
S Nandi and 2017 OFDM system. BPSK, QPSK -
A Nandi modulation, MRC and Alamouti MRC (1x2) 55x10
scheme presented Alamouti (2x1) | 1.75x 10~3 and
and (2x2) 1.0 x 1074
The OFDM-IM with MRC and 6.0 x 10-3 and
greedy detector BPSK and BPSK 6.0 x 10-5
Thien Van QPSK modulation; 1x2, 1x4;
Luong and 2018 BPSK modulation, 2 Subcarriers QPSK 1.8x 1072 and
Youngwook and 1 active subcarrier, and 6.0 x 107*
Ko QPSK modulation, 4
Subcarriers, and 2 active | IEP for QPSK 25x107% and
subcarriers, Imperfect CSl. with perfect CSI 25x107*
EGC and MRC (1X4) over MRC (AWGN) 1.6 x 1073
AWGN and (1 x 3) over
Ms Rayleigh channel schemes for | MRC (Rayleigh) 1.4 x 10~4
Manisha 2017 the improvement in BER in
Misra et al MIMO-OFDM §ystem, for EGC (AWGN) 1.2x 1073
N=10000 subcarriers, channel
taps L = 4, number of transmit | ggc (Rayleigh) 20 %104
antennas = 8
-3
STBC coded MIMO OFDM | MRC(1x2) 28x10
system, AWGN channel, BPSK MRC (1 x 4) 7.5 x 107°
modulation , frame length 100, _ -
MRC scheme with (1 x 2) and Rx=23and4 About 10
(1x4), Alamouti STBC with | AL-STBC(2 x 1) 5.6 x 1073
(2x1) and (2 x 2), Receiver _
Proposed methods | diversity with Rx = 234 AL-STBC(2 x 2) 13x107
of BER reduction antennas. AL-STBC (2 x2) | AL-STBC(2 x 2) 122 % 10~
over Rayleigh fading channel | Rayleigh fading '
with hard decision coding and BER 1.6 x 1072
equalization at receiver. STTC | STTC SER 1.9 x 10-2
coded MIMO system with (2% 2)
(2 x 2), QPSK modulation over FER 1.9 x107*
AWGN channel. PEP 35 x 10-2
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Chapter 6

Conclusion and future scope

6.1 CONCLUSION

The combination of MIMO with OFDM schemes found the best suitable solution for
the current as well as a future communication system. This merger has proven
powerful against frequency selective fading effects and is capable of the most
reliable wireless communication. It is observed from the simulation results that a
significant increase in capacity can be achieved by increasing the number of
antennas in the MIMO system. An increase in the number of antennas at both ends
results in a remarkable increment in outage capacity at any SNR value. However, an
increasing number of antennas is not an acceptable solution always, since the overall
cost of the system increases due to the requirement of separate RF chains for each
antenna. But this issue can be eliminated by using higher carrier frequencies. In this
research work, without any antenna selection and channel state information over the
AWGN channel, the ergodic capacity has been analyzed and results have been
compared with the capacity results from other schemes. It is found that the proposed
system with 3x3 gives better results of channel capacity. This scheme doesn't require
channel state information and complex algorithms hence reduces the computational
complexity and the system cost. A capacity gain of 2 bits/s/Hz has been achieved
using the system with a 3 x 3 antenna configuration compared to the system with a
2x 2 antenna configuration. Adding one more antenna at both terminals for
achieving the capacity gain of 2 bits/s/Hz is not a big issue. Hence it is better to
employ a MIMO system with a 3x 3 antenna configuration is desirable.

It is seen that over an AWGN channel the error rate rapidly decreases upon
increasing the SNR. However, an increase in SNR needs to increase in signal power
of the signal to be transmitted and due to power constraints in battery-operated
devices, it is unenviable. Thus it is desirable to employ different schemes and
technologies for the improvement in error rates. Using space-time codes like STBC,
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STTC, and Alamouti STBC better error rate performance can be achieved. In the
proposed MIMO-OFDM system the Alamouti-STBC scheme with (2x1) and (2x2)
antenna system was used and analyzed and it is found that this scheme working
satisfactorily. It is found that BER is improved in the range of 1073 to 10~* at the
SNR of 10 dB. From the simulation result of the Alamouti STBC scheme, it is clear
that if the BER is tested over a greater value of SNR up to 20 dB then the BER will
be definitely improved up to 107> to 10~°. The antenna selection and combining
schemes like EGC, MRC, SC are also available for improving error rates. Among
these schemes, the MRC schemes and receive diversity schemes are doing better and
it is also proven from the simulation results. From the simulation results, it has been
confirmed that at 10 dB SNR itself the error rates reduce between 1076 to 1077,
Hence it can be concluded that the MRC scheme can be employed to achieve better
SNR gain compared to other schemes but at the cost of an increase in receive
antennas. Since the MRC scheme with (1x2) performs similar to the Alamouti
scheme with (2x1) antenna system. It is observed that the MRC scheme offers the
best error rate performance when the number of receiving antennas is more than 3. In
this situation, however, there is no issue with the unlinking but in the case of
downlink, because of the size and power constraint in handheld devices like cellular
phones may face problems. In this situation the Alamouti STBC scheme with (2x2)
antenna system will be the best suitable scheme for the improvement of error rates in
MIMO-OFDM system. The presence of high PAPR in an OFDM system is a serious
issue since it leads to failure of orthogonality and it results in inter-carrier
interference (ICI) that affects the quality of services of the communication system.
Maintaining orthogonality in OFDM is also important to avoid inter-symbol
interference (ISI), however, ISI can be avoided by inserting a cyclic prefix in the
OFDM symbol. But the presence of cyclic prefixes may affect the data rates. So it is
enviable to reduce the PAPR in the OFDM system. Many schemes and algorithms
have been used for this purpose. In this book, ICF and SLM schemes have been
tested / analyzed and the results have been compared with the results from other
available techniques. From the comparative results, it has been observed that the
proposed ICF scheme not only significantly reduces the PAPR but also keeps the
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error rates BER at the desired level which is highly recommended for secured
wireless communication and to maintain the quality of signal transmission.

From the above discussion, it has been concluded that to get worthy outcomes from
the wireless communication system, the Alamouti STBC coded MIMO system with
2x2 antenna configuration can be concatenated with the ICF algorithm incorporated
OFDM system. Here we get the satisfactory capacity of 6.2 bits/s/Hz, which will be
definitely increased with increasing the SNR (e.g. at 20 dB SNR capacity is recorded
around 12 bits/s/Hz, nearly double). Similarly, the error rates for this suggested
system is found to be 107> at 14 dB SNR, which may reduce further with an
increase in SNR (e.g. at 20 dB SNR it may reduce up to10~7 . The ICF algorithm for
reducing PAPR will work efficiently without significantly increasing the BER. With
4 clip and filter and clipping ratio of 4, the ICF method reduces PAPR to 5.5 dB at
the CCDF of 10~* and the BER value at 20 dB SNR has been recorded 10~* which
is satisfactory. Thus the MIMO-OFDM-based wireless communication system
incorporated with 2x2 antenna configuration, Alamouti STBC coding, and ICF
algorithm is the best suitable and trustworthy wireless technology to meet today's

requirement.
6.2 FUTURE SCOPE

Wireless communication technology has emerged as one of the finest technology for
the transmission of digital data or information wirelessly around the world. Today
wireless communication is not only the mean of communication between the peoples
but also between things, machines, organizations, and countries all over the world.
Now the data security and the speed of transmission are remarkable at the end of 4G
and the beginning of 5G. Before the advancement in wireless technology, the only
measure of any country whether it is an advanced country or backward was based on
their GDP, but nowadays it is measured on the speed of the internet and the amount
of spectrum the country has access to. Engineers are working on 5G technology for
the worldwide deployment of the 5G network. Very few countries have deployed 5G
and trying to achieve perfection. The infrastructure requirement for 5G deployments

is the main issue in front of developing nations. They are trying their best the deploy
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5G so that each and every device can be connected wirelessly through the 5G

network.

There is a huge demand for high-speed networks, trustworthy data transmission
because of tremendous growth in users and applications and incessant growth in data
traffic. There is a need for more research and development to fulfill the aspect of the
5G network. There is a strong need for internet speed over tens of gigabytes and the
response time in microseconds. Now the question arises, whether the 5G network
fulfills this requirement? If yes, then at which spectrum? Which standard do the
makers have to follow? Will the network fulfill the power constraint? and many

more. So, rigorous research is required in this direction.

Intelligent Antenna systems are the important and thrust area of research in wireless
technology. The smart antenna systems are not only responsible for secured
communication but also efficient for using the spectrum intelligently and to keep the

cost of utilization minimum. So, there is scope of more research in this area.

Multiuser (MU) MIMO-OFDM system is an important aspect of the 5G network.
The maximum utilization of the capacity of the network is possible using the MU
MIMO system by scheduling more users simultaneously through the same channel.
This becomes possible due to the spatial degree of freedom provided by the MIMO
system. To take the advantage of MU MIMO-OFDM system, there is a strong need
for additional compatible hardware including more smart antennas and supporting
elements. Also, there is a requirement for perfect channel state information for
optimum use of the available spectrum. So, this area also can be viewed as an
attractive area of research. The proposed research work can be extended in this

direction.
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