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Abstract

The use of wireless communication has extended from traditional voice calling and short

message service to high-speed internet, machine-to-machine communication, and real-

time applications like online gaming, video conferencing, e-commerce transactions, voice

over internet protocol, chatting, and instant messaging. As a result, the number of dis-

tinct users who communicate through wireless media has increased substantially over

the last few years. These recent innovations in mobile systems have pushed the current

fourth-generation communication systems to achieve even higher throughput. Maintain-

ing the required quality of service for reliable and secure communication is the major

challenge among the research fraternity.

In order to fulfill these needs of wireless communication, many current and future stan-

dards have adopted multicarrier techniques like orthogonal frequency-division multiplex-

ing (OFDM) along with multiple-input-multiple-output (MIMO) system. This combina-

tion is known as MIMO-OFDM system, which has advantages of both MIMO and OFDM.

MIMO can be implemented effectively with the help of different coding techniques in time

and/or frequency domain.

In this dissertation, an analytical framework for MIMO-OFDM systems is presented. It

includes the study of different types of MIMO-OFDM systems and the various sub-blocks

that are used to implement these systems. With the aid of the analytical framework de-

vised in this work, the performance of MIMO-OFDM systems is calculated. The second

contribution of this thesis is the introduction of a unified approach for obtaining the

performance analysis of MIMO-OFDM system. This approach was introduced for both

space frequency block coded and space time block coded OFDM systems. The perfor-

mance of MIMO-OFDM systems can be calculated for any given fading scenario using the

proposed approach due to the usage of generalized channels. The third contribution of

this thesis is the study of MIMO-OFDM systems under the effect of channel impairments

like carrier frequency offset and unavailability of perfect channel state information. The

analytical results obtained from the derived expressions are verified using Monte Carlo

simulations. The results obtained by the proposed unified approach are obtained mostly

in closed-form expressions. In some cases, numerical integration is required to be calcu-

lated over finite limits. This is very easily implemented with ignorable error using tools

like MATLAB and Mathematica.
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Chapter 1

Introduction

Over the last two decades, an upsurge in the use of wireless communication technology

as the prime mode of communication has been observed. The major goals of the present

and upcoming communication systems are to achieve a better quality of service (QOS)

along with high data-rates. In order to achieve these goals, it is quintessential for the

system to be efficient as well as flexible while working within the limited available radio

frequency (RF) spectrum. This efficiency is increased by utilizing multiple antennas

at the transmitter and the receiver. Such systems are termed as multiple input multiple

output (MIMO) systems. MIMO system when used along with the well-known orthogonal

frequency division multiplexing (OFDM) is identified as a favorable technique in order

to implement wireless communication [1].

This chapter gives the introduction about the evolution of wireless communication system

and its recent scenarios in Section 1.1 and 1.2. In Section 1.3, the need of MIMO-

OFDM systems is discussed. Thereafter, in Section 1.4, the classification of MIMO-

OFDM system is given. Section 1.5 explains the MIMO-OFDM system model. The

historical developments in MIMO-OFDM system are presented in Section 1.6. Section

1.7 gives the advantages and major problems associated with MIMO-OFDM systems.

Section 1.8 presents the applications of MIMO-OFDM system. The organization of the

thesis is presented in Section 1.9.

1.1 Evolution of Wireless Communication System

The term wireless communication refers to the transmission of data from one place to

other through air without using wires. The ability to communicate with people on the

move has evolved remarkably from the time when Guglielmo Marconi first established

the continuous contact with ships sailing the English channel using radio in 1897 [2].

From then on, the wireless communication industry has developed significantly with the

advancements in miniaturization technologies, improvements in digital and RF circuit

fabrication and very large scale circuit integration [3]. In 1946, the first mobile tele-

phone system for commercial use was set up in St. Louis by Bell telephone laboratories.
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Thereafter, the cellular concept for commercial use was introduced by the works of Bell

Laboratories in the 1960s and 1970s [2]. Some of the popular initial systems before 1970

named mobile radio telephone were push to talk, mobile telephone system, improved

mobile telephone service and advanced mobile telephone system [4–6].

The promise of mobility, accessibility, and portability are the key driving forces behind

wireless communication. Wired communication indubitably offers higher reliability, bet-

ter performance, and more stability, yet there is always a restriction of the bounded

environment to a certain location. Various radio communication standards have been

developed in order to implement wireless communication. These standards are classified

on the basis of generation wise development. The initial developments in wireless cellular

communications were in the form of analog 1G systems deployed in the early 1980s. These

systems provided only voice calling using frequency division multiplexing access (FDMA)

[7]. Later on, in the early 1990s, time division multiplexing access (TDMA) based 2G

systems were deployed by replacing the 1G systems. Circuit-switched data modems were

used in 2G providing the maximum data-rate of about 230 Kb/s [6].

In 1995, international telecommunication union (ITU) initiated the program named in-

ternational mobile telecommunications (IMT-2000) which resulted in the development of

3G mobile standard based on wideband code division multiplexing access (WCDMA).

The WCDMA system was mainly developed to provide increased data-rates (up to 2

Mb/s) and to improve the system capacity [8].

1.2 Recent Scenarios in Wireless Communication

In order to fulfill the increasing demands of high data-rate applications, 4G standard

was introduced by the ITU in 2008 under the international mobile telecommunications

advanced (IMT-A) specifications. Consequently, several different diversity techniques

like multicarrier (OFDM) and multi antenna (MIMO) techniques have become popular

for 4G systems [9]. The future technologies for wireless communication come under 5G

and are expected to be available by 2020. LTE-Advanced Pro (LTE-A pro) is the new

marker approved by the 3GPP in October 2015 for 5G [9]. An impressive data-rate of

10 Gb/s and 100% coverage throughout the globe is to be provided in 5G technology

using Millimeter wave wireless communications and massive MIMO systems [10]. The

summary of all these mobile standards from 1G to 5G is given in Table 1.1.

The billions of connected internet of things (IoT) devices, vehicular communication for

intelligent traffic systems (ITS) and public safety/critical communications impose the

essential requirement to outperform the current wireless communication systems based on
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Table 1.1: Comparison between different generations of cellular systems [3, 9, 11]

Type
Year of

introduction
Standards

Max data

rate

Access

technology

Channel

bandwidth
Switching

1G 1980’s

AMPS

TACS

NMT-450

NMT-900

C-NETZ

RTMS

NTT

N.A. FDMA 30 KHz Circuit

2G 1990’s

GSM

CDMAONE

GPRS

EDGE

CDMA2000

14.4 Kbps

14.4 Kbps

115 Kbps

135 Kbps

153.6 Kbps

TDMA,CDMA 200 KHz Circuit

3G 1995

UMTS

HSPVA

EV-DO

384 Kbps

14.4 Mbps

2.4 Mbps

WCDMA

GPRS

EDGE

HSDPA

E-UTRA

1.25 MHz-5 MHz Circuit/Packet

4G 2008

LTE

LTE Advanced

WiMAX

300 Mbps

3000 Mbps

25 Mbps

OFDM

OFDMA

SC-FDMA

MIMO

1.4 MHz-20 MHz Packet

5G 2020 (tentative)
LTE-A Pro

Gigabit LTE

3-10 Gbps

1 Gbps

Massive MIMO

MIMO-OFDM
60 GHz Packet
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LTE and LTE-Advanced (LTE-A) [12]. LTE and LTE-A provide high spectral efficiency

even in hostile environments using techniques like MIMO-OFDM and multicarrier code

division multiple access (MC-CDMA). As suggested in [9], the future wireless systems will

work on the 3GPP Releases 13/14 [13] collectively known as LTE-A Pro. In release 10 of

LTE in 2015, 2×2 and 8×8 MIMO systems employing carrier aggregation were proposed

and it was discussed that the data-rate could further be increased using more spectrum

and antennas. Multi-Gb/s data-rates are supposed to be achieved using the unlicensed 5

GHz band, full dimensional MIMO (FD-MIMO) and carrier aggregation [13].

Applications like high definition multimedia streaming, online gaming, wireless gigabit

ethernet, machine to machine communication, online banking and real-time status moni-

toring through sensor networks etc. require high data-rate communication. The target of

current and next-generation communication systems is to make these services accessible

to the maximum number of users while keeping a keen eye on factors like coverage area,

low latency and high spectral efficiency [14, 15].

On the other hand, communication systems are limited by mutipath propagation and

shadowing. The multipath propagation causes fading of received signal and degrades the

performance of system in terms of increased bit error rate (BER) or reduced capacity.

Apart from this, due to the increase in number of users, the problems of interference from

other users, intercarrier and symbol interferences also play a major role in degrading the

QOS of the system. Therefore, achieving high data-rate transmission with consistent

reliability over multipath fading channel is a major challenge for the current and next

generation communication systems [13, 16].

To meet the challenges as discussed above, some conventional straight-forward techniques

like increasing the transmit/receive power or bandwidth, and/or applying advanced er-

ror control coding (ECC) have been used in the past [17]. However, bandwidth and

power prove to be very expensive and limited radio resources. On the other hand, ECC

has a limit to which it can confront fading. This necessitates the adoption of other

methods for performance enhancement in order to meet the future demands of wireless

communication systems. For this purpose, different modulation and coding techniques

like equalization, spread spectrum, MIMO, and multicarrier modulation systems have

been proposed [1].

1.3 Need of MIMO-OFDM System

The need for MIMO-OFDM has emerged to resolve the problem of frequency selective

multipath fading encountered by direct sequence CDMA (DS-CDMA) used in 2G systems
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and WCDMA used in 3G systems. Due to this multipath fading, the performance of these

systems degrades severely. It has been studied that the solution to this problem is to

use narrowband signals which develops the concept of multi-carriers transmission using

OFDM [8].

OFDM uses different carrier frequencies which are orthogonal to each other to carry in-

formation from the transmitter to receiver. Various Problems of OFDM systems like

inter-carrier interference (ICI), inter-symbol interference (ISI) and high peak to average

power ratio (PAPR) are studied by various researchers [18–21]. In order to further im-

prove the performance, antenna diversity is used with OFDM systems to provide the

diversity gain. The combination of MIMO and OFDM is known as MIMO-OFDM sys-

tem and it provides the advantages of both multicarrier as well as antenna diversity in

a single system. Therefore, OFDM and MIMO systems are two of the most enabling

technologies for the present and future generation wireless systems [22].

1.4 Classification of MIMO-OFDM Systems

The choice of a particular coding technique for a communication system depends upon

various parameters such as computational complexity, desirable performance, sensitivity

of system to interferences and fading of channel. The complexity of system depends a lot

on the design of transmitted signal. The process of designing these transmitted signal is

explained in system model of upcoming chapters. A lot of research has been done on the

design of suitable MIMO coding techniques. The classification of MIMO-OFDM systems

is shown in Fig. 1.1 [23].

The distributed MIMO-OFDM systems take the aid of relay nodes which are scattered

in the wireless network in order to maximize the total network channel capacity. Various

relaying strategies such as decode & forward, amplify & forward, compress & forward etc.

are employed in order to relay the information from the transmitter node to the receiver

node [24].

Co-located MIMO-OFDM systems have multiples antennas located at both the transmit-

ter as well as at the receiver side. The coding schemes for such MIMO-OFDM system

can further be divided into two broad categories: spatial multiplexing (SM) and transmit

diversity [23]. In SM, multiple unique data bits are sent from multiple antennas simul-

taneously. This provides gain in data-rate of the order of number of transmit antennas.

But no diversity gain is achieved in this manner [25].

The other type of coding scheme is transmit diversity. It is used to improve the perfor-
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Figure 1.1: Classification of MIMO-OFDM system [23].

mance of system in hostile environments with the maximum possible coding gain, highest

possible throughput and with the least decoding complexity [26]. This is done by exploit-

ing the diversity in space, time and frequency domains illustrated in Fig. 1.2. The data is

transmitted over space using multiple time slots in space time diversity whereas in space

frequency diversity, multiple frequency slots are used along with space. It can be visual-

ized from Fig. 1.2 that no additional resource is required in case of space time or space

frequency diversities as compared to time diversity or frequency diversity [27].

Space time diversity is synthesized with space time coding (STC). In STC, the coded

data is transmitted using multiple antennas over different subcarriers. STC adds another

dimension of space into the MIMO-OFDM system. The principle behind STC is to gen-

erate redundancy by coding across the dimensions of both space and time simultaneously.

The main motive of STC is to keep the data-rate of MIMO-OFDM system equivalent to

the single input single output (SISO) system. It increases the robustness of the system

by providing diversity gain. Whereas, SM is utilized for increasing the maximum data-

rate of the system. Both of these techniques have different structures of transmitter and

receivers and have different applications based on their advantages [23].

Space frequency diversity is implemented using space frequency coding (SFC). In SFC,

data is sent through different antennas and OFDM sub-channels. Such coding has better

performance than STC in fast fading environments. However, its performance degrades

drastically in highly frequency selective channel conditions. To overcome the problems

of both the STC and SFC, space-time-frequency coding is utilized which has advantages

of both STC and SFC. In hostile environments affected by severe multipath fading, such
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(c) Frequency Diversity 

(d) Space Frequency Diversity 

Figure 1.2: Time, frequency and space diversity techniques [27].

kind of coding techniques provide robustness to the communication system and helps to

improve the ABER performance [28].

1.5 MIMO-OFDM System Model

The system model of MIMO-OFDM consists of three major blocks i.e. transmitter, chan-

nel and receiver. The block diagram of a MIMO-OFDM transmitter with Tx transmit

antennas is given in Fig. 1.3. The analog message signal to be transmitted is first con-

verted to digital bit stream using analog to digital (A/D) convertor. This is done to

maintain the compatibility between the analog message and signal processing compo-

nents of MIMO-OFDM system which operate on digital data. After that, this digital bit

stream is modulated using symbol mapping. The Symbol mapping is applied by taking

into consideration the detection scheme utilized in the system i.e. coherent, partially

coherent and non-coherent detection. The symbol mapping block generates the symbol

vector

x = {x[1], x[2], · · · x[NT − 1]}.

This symbol vector is fed to MIMO encoder after applying serial to parallel conversion.

The length of this vector (NT ) depends on the number of subcarriers in an OFDM symbol

and code rate of MIMO encoder. If N is the number of subcarriers in an OFDM symbol

and Rc is the code rate of MIMO encoder then NT = NRc. In this work, the matrices

are represented by uppercase boldface letters, and lowercase boldface is used for vectors,

whereas scalars are shown with un-boldface letters.
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Figure 1.3: MIMO-OFDM transmitter.
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Figure 1.4: OFDM modulator and demodulator block diagram.
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MIMO encoder generates Tx blocks each of length N for utilizing the diversity of OFDM

in frequency domain. Thereafter, these blocks are fed to individual OFDM modulators.

The block diagram of an OFDM modulator is given in Fig. 1.4 (a). In the first step,

pilot carriers are inserted in MIMO encoded data symbols. These pilot carriers are used

for the purpose of channel estimation at the receiver end. Next, inverse discrete Fourier

transform (IDFT) is applied on the data using IFFT (inverse fast Fourier transform).

After IFFT, cyclic prefix is added to the serial data symbols to avoid the problems of ICI

and ISI. The outputs of these Tx OFDM modulators (s1, s2, · · · si · · · sTx) are transmitted

from different transmit antennas simultaneously after digital to analog conversion.

The working of MIMO encoder is based on a coding matrix G. The elements in matrix

G are the complex conjugate combinations of the modulated symbols in x. Each block

of N symbols from x is encoded using a coding matrix of size N × Tx based on G
[29]. The simplest of these encoders is based on Alamouti code defined for two transmit

antennas.

Consider an example of two transmit (Tx = 2) and one receive antenna (Rx = 1) with

code rate of one (Rc = 1). Let x contains two symbols x[1] and x[2]. The coding matrix

G in this case is defined as [30]

G =

[
x[1] x[2]

−x[2]∗ x[1]∗

]

Now, at the first time slot, the symbols x[1] and x[2] are transmitted from antenna one

and two respectively. Then, the symbols −x[2]∗ and x[1]∗ are transmitted in the second

time slot from antenna one and two.

Now, let us take another example when x contains four symbols {x[1], x[2], x[3] and

x[4]}. In this case, the signal transmitted from antenna one in four consecutive time slots

is

x1 = {x[1],−x∗[2], x[3],−x∗[4]}.

Further, the signal transmitted from antenna two in four consecutive time slots is

x2 = {x[2], x∗[1], x[4], x∗[3]}.

The Alamouti code scheme is extended for more than two antennas using generalized

real and complex orthogonal designs explained in [29]. Pseudo orthogonal block codes

and quasi-orthogonal space time block codes (QOSTBC) can also be applied in MIMO

encoder. Apart from time, these codes can also be applied in frequency domain re-
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Figure 1.5: MIMO-OFDM receiver.

sulting in space frequency block codes (SFBC) and space time frequency block codes

(STFBC).

At the receiver side, the sampled received signal after cyclic prefix removal can be written

as

yn[k] =
Tx∑
m=1

Hm,n[k]xm[k] + wn[k]; k = 0, 1, · · · , (N − 1); 1 ≤ n ≤ Rx, (1.1)

where yn[k] is the received signal vector at the nth receive antenna on kth subcarrier, xm[k]

is the transmitted symbol from mth antenna over kth subcarrier, Hm,n[k] is the channel

frequency response between mth transmit and nth receive antenna at the kth subcarrier

and wn[k] is the complex additive white Gaussian noise (AWGN) vector.

The basic block diagram of a MIMO-OFDM receiver is given in Fig. 1.5. After passing

through the MIMO channels, the received signals ŝ1, ŝ2, · · · , ŝj, · · · , ŝRx are first fed to

the analog to digital conversion and then demodulated using Rx individual OFDM de-

modulators. The block diagram of an OFDM demodulator is shown in Fig. 1.4 (b). It

consists of removal of cyclic prefix and fast Fourier transform (FFT) blocks. Channel

estimation is done with the help of the pilot symbols inserted at the transmitter. After

OFDM demodulation, these symbols are fed to MIMO decoder where linear combining

is applied. The orthogonal property of block codes reduces the complexity of MIMO

decoder. This is because only linear combining of the received signals is required for the

perfect decoding into transmitted modulated symbols. Finally, the information bits are
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extracted back from the modulated symbols using symbol demapper.

The MIMO encoder is classified into three types space time block codes (STBCs), SFBCs

and STFBCs. This classification is based on the domain the data bits are encoded in

space. The system model of these block codes is explained in the next chapters.

1.6 Historical Developments in MIMO-OFDM

The idea of orthogonal multiplexing to transmit the data bits simultaneously through a

wireless transmission medium without inter-channel and inter-symbol interferences was

coined by Chang [31] in 1966. Before this, the use of orthogonal time signals (sine

and cosine functions) to transmit data was proposed by Harmuth in 1960 [32]. The

US patent for OFDM was filed by Chang [33] in 1970. The use of OFDM in the field

of communication was revolutionized by the application of Discrete Fourier transform

(DFT) proposed by Weinstein et al. in 1971 [34]. Later on in 1985, Cimini [35] gave the

idea of OFDM for mobile communications. In 1987, Alard et al. [36] paved the way for

the application of OFDM for digital broadcasting. Further, the concept of multicarrier

modulation was explained in the work of Bingham [37]. The performance of OFDM

system has been analyzed under various effects like ICI, ISI, channel estimation errors

and fading in the literature [19–21, 38–43].

The concept of transmit diversity in form of delay diversity scheme was given indepen-

dently at the same time by Wittneben [44] and Seshadri [45] respectively in 1993. An-

other important work in this field was by DaSilva and Sousa [46] in which they proposed

a fading resistant and bandwidth efficient method using L antennas at the base station.

However, the research in this field grew enormously with the work of Alamouti [30]. A

diversity technique for two transmit antennas was proposed in [30]. The diversity order

of this technique was equal to MRC system employing two receive antenna.

In 1998, Tarokh et al. proposed space time trellis codes (STTCs) for achieving both

diversity gain and coding gain [47]. These STTCs were introduced as an application of

trellis coded modulation in transmit diversity. The concept of STTCs was further studied

in the works of [48–52]. Thereafter, the idea of constructing orthogonal codes in shape

of blocks called as space time block codes (STBCs) was proposed in 1999 [29]. STBCs

were designed in order to attain maximum diversity order for a system. In STBC, linear

maximum-likelihood (ML) decoding was used at the receiver [29].

The capacity analysis for STBC was given by Sandhu and Paulraj [53] in 2000 in which

they argued about the lower capacity limits of STBCs. It was shown that the capacity of
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STBC depends on the number of receive antennas, rank of channel and code rate. Further,

in 2001, Ionescu et al. [54] proposed a novel STC for two transmit antennas achieving a

data-rate of 2 b/s/Hz for 4-PSK modulation. In 2002, Blum in his work [55] provided the

design process to optimize coding and diversity gain of space time convolutional codes

(STCC). Orthogonal codes with square and rectangular matrix containing both real and

imaginary values were analyzed in the work of Liang [48]. These codes were designed

with the aim to achieve maximum rates. Later in 2004, Su et al. [56] proposed a design

method for generating high rate STBC for any number of transmit antenna from complex

orthogonal designs.

In order to improve the signal to noise ratio (SNR) or other performance criterions, di-

versity can also be applied at the receiver by using multiple antennas. Several combining

techniques like maximum ratio combining (MRC), equal gain combining (EGC) and se-

lection combining (SC) are proposed in literature for achieving receiver diversity. The

analysis of these techniques was provided by Brennan [57] in 1959 in his landmark work.

Later on in 1984, optimum signal combining for space diversity reception was studied by

Winters [58] for cellular mobile radio systems which was further discussed for diversity

antennas at the vehicular mobile by Voughan [59] in 1988.

1.7 Advantages and Major Problems of MIMO-OFDM

System

As the MIMO-OFDM system is a combination of MIMO and OFDM systems, it provides

the advantageous features of both of them. The major advantages of MIMO-OFDM

system are as follows [35]:

� Robustness against frequency selective fading

� Spectral efficient due to the freedom of using overlapped subcarriers

� Provides both diversity as well as coding gain

� Highly effective against ISI due to the use of cyclic prefix

� Immune to narrowband interference

� Simple and efficient modulation/demodulation process

Apart from these advantages, the MIMO-OFDM system has problems of both MIMO

and OFDM systems too. Some of the major problems of MIMO-OFDM system are as

follows:
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� Highly sensitive to orthogonality

� Inter carrier interference (ICI)

� High PAPR

� Sensitive towards channel state information and channel estimation errors

� Sub-channel correlation between transmit-receive antenna pairs

� Higher complexity of transmitter and receiver as compared with SISO systems.

� Sensitive to and synchronization errors (symbol timing offset (STO) and carrier

frequency offset (CFO))

� Reduction in the spectral efficiency due to insertion of guard band.

1.8 Applications of MIMO-OFDM System

As explained in the previous sections that MIMO-OFDM system offers a lot of advan-

tageous features when compared with its contemporary technical rivals. Due to this,

MIMO-OFDM has emerged as a strong candidate to fulfill the needs of current and

future communication systems and has been adopted by a lot of wireless communica-

tion standards like IEEE 802.11n, IEEE 802.16e, 3GPP long term evolution (LTE) and

LTE-Advanced (LTE-A) [13].

1.9 Thesis Organization

The contents of this thesis are structured as follows.

The first chapter is devoted to introduce the reader with the wireless communication sys-

tem and current advancements in the field. A complete introduction is given on MIMO-

OFDM systems. The classification of MIMO-OFDM system is also provided along with

its advantages and drawbacks.

Chapter 2 presents the comprehensive literature review of MIMO-OFDM system. The

motivation for writing this thesis is also given in Chapter 2. The state of art work

done by various researchers is acknowledged and presented in chronological order for

MIMO-OFDM systems. The multipath channel models used in the study are explained.

Thereafter, the gaps in presented study are pointed out and objectives achieved in this

work are elaborated.

Chapter 3 gives the performance analysis of SFBC-OFDM system. The system model

of SFBC-OFDM system is explained in detail. An MGF based generalized approach is
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devised to calculate the ABER expressions for SFBC-OFDM system with AWGN case

and under various fading scenarios. As an additional endeavor, very simple closed form

approximate expressions for ABER based on a tight bounds are also derived for SFBC-

OFDM system.

Chapter 4 presents the performance analysis of STBC-OFDM system under different

fading scenarios. The system model of STBC-OFDM system is presented and explained.

Exact expressions of ABER for MQAM modulated STBC-OFDM system are derived for

the STBC-OFDM system under various fading scenarios.

The effect of impairments on the performance of MIMO-OFDM Systems is studied in

Chapter 5. The effect of both carrier frequency offset and imperfect channel state infor-

mation is taken into consideration while deriving the ABER expressions.

Finally, the main conclusions and the future work are outlined in Chapter 6.
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Chapter 2

Literature Review

Literature survey of any research field or subject is required before contributing to the

research of that field. The literature review gives a detailed study of published work in

that research area. This chapter provides a comparative literature survey on MIMO-

OFDM systems based on its developments over time and its performance analysis.

The motivation of thesis is presented in Section 2.1. In Section 2.2, a comprehensive

review for performance analysis of MIMO-OFDM is presented. Subsequently, Section 2.3

presents a review of multipath channel models. In Section 2.4, the research gaps observed

from the literature survey are given. The thesis objectives are summarized in Section 2.5

along with the scope of these objectives.

2.1 Motivation

According to Professor Elinor Ostrom, a Nobel Prize winner, the creation and usage of

a general framework could help to identify the elements to be considered in a study or

experiment. It also helps to understand the relationship of these elements to one another

[60].

In the vast field of wireless communications, an analytical framework provides a plat-

form for analysis and development of the system. This allows the researchers to work

on a specific portion or part of the model while keeping the coherence intact. It also

permits the hustle-free performance analysis of communication system which has been

considered an important aspect among research fraternity. The rapid advancements in

signal processing and VLSI technologies in the past few decades have prompted the com-

munications systems to evolve quickly. These systems employ different modulation and

coding schemes and their behavior/performance in fading environments is also unique.

Therefore, in order to compare these systems, their performance needs to be evaluated

[61].

Three different methods are proposed in the literature for performance evaluation of the

communication systems: simulation, hardware prototyping and analytical methods. In

the simulation method, the system is realized using software tools. As the number of
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users communicating through wireless media are increasing day by day, the accurate

modeling of wireless fading channels has become a necessary task. Channel impairments

like attenuation, distortion, interference, fading, noise, and crosstalk etc. makes this

task very difficult. The simulation of a communication system under fading and channel

impairments becomes a cumbersome task for such complex systems.

On the other hand, in the hardware prototyping measurements are made using test

benches of the system. This method is very accurate but comparatively time-consuming

and less flexible in nature [62]. In analytical methods, formula based calculations are used

for performance analysis. These methods are based on models and they provide an in-

sight into the relationship between the system performance and design parameters. These

methods are very useful and popular among research fraternity due to their simplicity

and usefulness. Therefore, an analytical approach can be used in complex cases to derive

closed-form accurate expressions for performance analysis. These approaches include cal-

culation of the probability density function (PDF), or in some complicated cases, deriving

the cumulative distribution function (CDF), the moment generating function (MGF) or

the characteristic function (CF) of the same. The major advantage of these analytical

approaches is their versatility, accuracy, ease to implementation, lower cost compared to

simulation (software required) and prototyping (hardware required) [63].

2.2 Review of Performance Analysis

As discussed in Chapter 1, different methods have been utilized in calculating the per-

formance of a wireless communication system. In this dissertation, we have focused our

attention on the analytical methods for performance analysis. Various parameters have

been proposed to measure the performance of practical communication systems, some of

which are- average SNR, outage probability, ABER, amount of fading, average outage

duration and capacity of the system [64].

This subsection provides the survey of some published works on the performance analysis

of MIMO-OFDM system. To structure the survey in a more efficient manner, the survey

has been classified into two classes. This classification is based on where the space

diversity is being applied to i.e. either at the transmitter or at the receiver.

The performance of the concatenated STBC with outer codes has been studied in [65].

Both convolutional code (CC) and trellis-coded modulation (TCM) codes have been used

in [65]. Novel full diversity STBC codes based on Hamiltonian constellations to achieve

high diversity product were proposed by Niyomsataya et al. in 2006 [66]. In [67], a

joint iterative detection has been introduced for orthogonal frequency and code division

16



multiplexing systems in which a closed-form expression for the optimal power allocation

is derived. In the year 2010, Ropokis et al. [68] provided a unified framework in order

to evaluate the ergodic capacity and SEP of OSTBC over generalized fading channels.

Thereafter, in 2013, Jacobs and Moeneclaey [69] derived a closed-form approximation for

the BER of QAM based STBC over correlated Rayleigh fading channels.

Subsequently, in 2015, a classification algorithm was developed by Marey and Dobre [70]

for blind identification of the modulation format of the received signal. No subsequent

information about block timing synchronization or channel coefficients was required in

the algorithm of [70]. The performance analysis of 3GPP LTE SFBC system has been

provided in [71] using both theoretical and simulation analyses. In this work by Heng and

Jalloul [71], expressions to calculate the correlation between the channels and average

SINR have also been derived. The performance of transmit antenna selection based

STBC-MIMO system has been analyzed in the work of Guowei et al. [72] in which the

PDF of channel gain coefficients is derived. The pairwise error probability (PEP) of

Alamouti based STBC system with residual phase estimation error over Nakagami-m

fading channel has been studied in [73]. The performance analysis of STBC combined

with spatial modulation under imperfect CSI has been done in the work of Acar et al.

[74]. An experimental MIMO-STBC scheme operating at 2.4-GHz frequency underground

mine environment has been proposed by Boualleg et al. in [75]. Further, Hoojin Lee [76]

has derived both the exact as well as asymptotic expression of ABER for binary phase

shift keying (BPSK) modulated 2×2 full-rate linear-receiver STBCs over Rayleigh fading

channel. The expressions for PEP of SM and space shift keying technique for MIMO

wireless communication systems has been derived in the work of Badarneh et al. in

[77].

An improved space time coding for MIMO-OFDM systems was presented by Blum et

al. in 2001 [78]. In the same year, the performance of V-BLAST OFDM system was

analyzed by Piechocki et al. [79]. Li [80] has worked on improving the performance of

MIMO-OFDM by reducing the complexity of channel parameter estimation. Bolcskei et

al. [81] have provided both the ergodic and outage capacities for MIMO-OFDM system in

broadband fading. The capacity of dual-antenna-array systems was explored by Chuah et

al. [82] in 2002 using both theoretical analysis and ray tracing simulations for correlated

fading channels. In the same year, the effect of ICI in MIMO-OFDM was studied by

Stamoulis et al. [83]. A novel channel estimation scheme for rapidly varying channels

was proposed in [83].

A low density parity check code based ST-OFDM system for correlated fading channels

was given by Lu et al. in 2002 [84]. Correlated fading channels were assumed in the anal-
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ysis; outage probability and word error rate (WER) were calculated as the performance

measure. In 2003, Gamal et al. presented the outage probability and frame error rate

(FER) of BPSK and quadrature phase shift keying (QPSK) modulated STBC and SFBC-

OFDM systems [85]. The performance of SF coded MIMO-OFDM system was studied by

Bolcskei et al. in 2003 [86] using antenna spacing, Ricean K-factor and transmit-receive

angle spread as parameters.

The PAPR of an STBC-OFDM system has been calculated by Lee et al. [87] using

selective mapping approach. The research challenges in MIMO-OFDM system related

to synchronization and channel estimation have been discussed in an excellent paper by

Stuber et al. [88]. In another important paper, Paulraj et al. [89] have given the overview

of MIMO-OFDM systems in terms of performance analysis, coding and channel models.

Later on, in 2005, Su et al. [90] proposed a full-rate and full-diversity MIMO-OFDM

system based on the general SF block code structure.

In 2005, the performance of ST coding with imperfect channel estimation was analyzed

by Garg et al. [91]. In the same year, the issues of performance analysis and code

design for MIMO-OFDM system were addressed by Su et al. [92]. The cases of spatial,

temporal and frequency domain coding were taken in the study [92]. Tarighat and Sayed

in [93] addressed the issue of IQ imbalances in MIMO-OFDM systems. A framework for

combating IQ imbalances using digital signal processing was also provided in [93].

Various ST codes for OFDM systems were investigated by Liew and Hanzo in 2006 [94]. In

a landmark paper by Jiang and Hanzo [95], the use of genetic algorithms (GAs) has been

examined for MIMO-OFDM systems. The paper also provides a comprehensive study of

existing MIMO-OFDM systems along with their limitations. Thereafter, the closed-form

expressions of ABER were derived for an SFBC-OFDM system under Rayleigh fading

by Torabi et al. in 2007 [96]. The analysis has been done for both MPSK and MQAM

modulations and the effect of perfect and imperfect CSI has also been studied.

Subsequently, the SFBC-OFDM system under doubly selective fading channels has been

analyzed in [97]. In 2010, the problem of estimating the nonlinear distortions in SFBC-

OFDM system was solved by using a non-linear receiver [98]. Further, Kim et al. [99]

have addressed the problem of ICI generated in SFBC-OFDM system and have proposed

the use of a polynomial cancellation code. Correlative coding was used to suppress the

effect of phase noise and ICI in SFBC-OFDM system by Kim et al. in 2011 [99].

Further, Jacobs et al. [100] gave the BER analysis of OSTBC for mismatched ML receiver

in 2010. A widespread survey on the performance of successive interference cancellation

(SIC) for MIMO-OFDM systems has been provided by Miridakis and Vergados in [101].
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The ABER analysis for MIMO systems under spatially correlated Rayleigh fading chan-

nels has been presented in [69]. Thereafter, the use of ML decoding in SFBC-OFDM

systems for the purpose of channel estimation was studied by Delestre et al. in 2014

[102]. In 2015, Al-Dweik et al. [22] proposed a technique to improve the robustness of

SFBC-OFDM system in terms of BER by shaping the channel matrix.

The performance of SFBC-OFDM system in underwater acoustic channel was studied by

Zorita et al. in 2015 [103]. Real data was collected in this study for the shallow water

channel. In the same year, Heng et al. derived the closed-form expression of the SNR for

an SFBC-OFDM system under frequency-selective fading [71]. The effect of imperfect

channel estimation on SNR has also been studied in [71].

A novel pilot based channel estimator for MIMO systems and IQI coefficients has been

analyzed in [104]. In [105], the impact of IQ imbalance on the performance of differential

STBC-OFDM systems has been studied. A compensation algorithm has been introduced

in [106] to mitigate the effect of IQ imbalance. A linear compensation algorithm to

diminish the effect of IQI at the transmitter and receiver of STBC-OFDM systems has

been proposed in [106]. The design of precoders for single-user MIMO channels for finite-

alphabet signals has been discussed in [107]. A exhaustive literature survey of transmit

diversity based MIMO-OFDM is given in Table 2.1 and Table 2.2. The parameters which

are not defined in these works are denoted by N.D. in Table 2.1 and Table 2.2.

Another category of MIMO-OFDM systems is one in which the diversity is applied at

the receiver in the form of different combining techniques. In 1984, optimum signal

combining for space diversity reception was studied by Winters [58] for cellular mobile

radio systems which were further discussed for diversity antennas at the vehicular mobile

by Voughan [59] in 1988. The analytical expressions for outage probability of different

combining techniques under generalized Nakagami fading have been derived in 1992 in

the work of Abu-Dayya and Beaulieu [112]. Thereafter, the BER performance of MRC

receiver under correlated Nakagami fading channel was analyzed by Aalo in 1995 [113]

for frequency shift keying (FSK) and PSK modulations.

In a landmark study by Simon and Alouini in 1998, the performance of different combining

techniques was analyzed with the aid of a unified approach [114]. The generalized fading

channels were assumed in this study. An analysis on Shannon capacity of diversity

combining techniques has been provided by Alouini and Goldsmith [115] over Rayleigh

fading channel. The performance analysis of the generalized selection combining (GSC)

over Rayleigh fading channels based on MGF approach has been given in [116]. Transmit

antenna selection (TAS) and MRC systems were analyzed in the work of Chen et al.

[117].
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Table 2.1: Survey of transmit diversity based MIMO-OFDM systems

Year
MIMO-OFDM

Technique

Baseband

Modulation
Fading Channel

Performance

Parameter

2000 [53] STBC N.D. Rayleigh channel capacity

2001 [54] STTC 4-PSK quasi-static Rayleigh FEP

2001 [78] STC QPSK quasi-static Jakes WER

2001 [79] VBLAST OFDM QPSK
simulated/ measured

channel data
ABER

2002 [55] STCC N.D. quasi static slow Rayleigh FEP

2002 [81] OFDM based SM N.D. Rayleigh ergodic/ outage capacity

2002 [82] multiple element array N.D. Correlated Rayleigh capacity

2002 [83] STBC N.D. Rayleigh SINR gain

2002 [84] LDPC STC OFDM N.D. correlated selective Rayleigh outage capacity

2003 [85] STBC and SFBC BPSK, QPSK frequency selective Rayleigh FER, outage probability

2003 [86] SFBC QPSK, MQAM Ricean block error rate, SER

2003 [87] STBC QPSK Rayleigh PAPR, ABER

2004 [88] STBC MQAM AWGN MSE, ABER, capacity

2004 [89] STBC 4-QAM Rayleigh
SER, outage &

Ergodic capacity

2005 [90] SFC BPSK, QPSK frequency selective Rayleigh ABER

2005 [91] STBC BPSK flat Rayleigh PEP

2005 [92] ST and SF coding QPSK flat Rayleigh ABER

2005 [93] STBC 64-QAM AWGN ABER

2006 [65] CC and TCM BPSK Nakagami-m ABER

2006 [94] STT and STBC MPSK, MQAM Rayleigh FER, BER, coding gain

2007 [95] GA based MIMO-OFDM MQAM, MPSK Rayleigh ABER

2007 [96] SFBC MPSK, MQAM Rayleigh ABER

2008 [67] MIMO-OFCDM QPSK Parallel slow Rayleigh Optimal power allocation

2009 [97] SFBC N.D. doubly selective ABER
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Table 2.2: Survey of transmit diversity based MIMO-OFDM systems (contd.)

Year
MIMO-OFDM

Technique

Baseband

Modulation
Fading Channel

Performance

Parameter

2010 [98] SFBC 16 QAM, 64 QAM Rayleigh ABER

2010 [100] Square OSTBC MPAM, MQAM Correlated Rayleigh ABER

2010 [68] MRC /OSTBC MPSK, MPAM, MQAM generalized fading channel Ergodic capacity, ABER

2011 [108] SFBC QPSK, 16QAM Time varying Rayleigh Channel capacity, ABER

2011 [99] SFBC 64 QAM Rayleigh CIR, ABER

2013 [101] SIC based MIMO-OFDM QPSK Rayleigh ABER

2013 [69] OSTBC MQAM patially correlated Rayleigh ABER

2014 [102] SFBC QPSK, 16QAM frequency selective Rayleigh ABER, MSE

2015 [70] STBC MPSK,MQAM Frequency flat Rayleigh probability of false alarm

2015 [71] SFBC MPSK,MQAM Rayleigh average SINR, ABER

2015 [22] SFBC MPSK, MQAM Frequency selective Rayleigh ABER

2015 [103] SFBC QPSK shallow-water channel ABER, MSE

2016 [109] SFBC MQAM, MPSK TWDP ABER

2016 [104] MU-SIMO N.D. Rayleigh MSE, spectral efficiency

2016 [105] Differential STBC QPSK, 8PSK slow Rayleigh ABER

2016 [72] STBC MPSK, MQAM Rayleigh flat ABER

2016 [73] STBC QPSK Nakagami-m ABER

2016 [74] STBC and SM MPSK, MQAM time-varying Rayleigh ABER

2016 [75] STBC MPSK Underground MIMO Channels ABER

2017 [76] FRLR-STBC BPSK Rayleigh ABER

2017 [77] SM and SSK 4-QAM α-µ and κ-µ PEP

2018 [110] SFBC-OFDM MQAM and MPSK Generalized fading ABER

2018 [111] SFBC-OFDM MQAM and MPSK Beaulieu-Xie fading ABER
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Subsequently, in 2009, the exact expression for average symbol error probability (ASEP)

under η-µ channels was derived by Peppas et al. [118]. Different modulation techniques

were considered in the analysis along with MRC. The ABER performance of MRC receiver

over eta-mu and kappa-mu fading channels has been discussed by Dixit and Sahu in

[119]. The analysis of M-PSK modulated MRC receiver in κ-µ fading environment has

been presented in [120] for outdated CSI. The exact closed-form expression of ABER for

SC based receiver employing rectangular QAM has been derived by CDF approach in

[121].

Afterwards, the analysis of outage probability for MIMO-MRC system under Rician fad-

ing was given in the work of Wu et al. [122] in 2016. The SER expression for spatial

modulation based MRC system was derived by Maleki et al. [123] in which the problem

of constellation breakdown was explored for SM based MRC systems. The performance

of a multi-antenna spectrum sensing system employing MRC and EGC diversity tech-

niques has been analyzed in [124]. A closed-form expression of spectral efficiency (SE) for

MRC based massive MIMO systems have been derived in [125]. A MIMO non-orthogonal

multiple access based system has been analyzed in [126]. The ABER performance of free

space optical (FSO) communication system with BPSK subcarrier intensity modulation

employing MRC over Gamma-Gamma fading has been analyzed in the work of Liu et

al. [127]. In [128], the tight expressions of index error probability (IEP) and BER have

been derived for OFDM system based on MRC receiver. The effect of CSI uncertainty

has been considered in this analysis. A complete literature survey of receiver diversity

based MIMO-OFDM is given in Table 2.3.

2.3 Review of Multipath Channel Model

Accurate modeling of a wireless fading channel in a communication system plays a vital

role in the performance evaluation of that system. The channel model used for this task

must have flexible parameters in order to represent both specular and diffused scatter

components. The specular components are the line of sight (LOS) components whose

amplitude is assumed to be constant with a random phase. Whereas, the diffuse scatter

components are the non-LOS (NLOS) components.

Most commonly used models to characterize fading channels are Rayleigh, Rician and

Nakagami. The fading scenarios having only NLOS paths can be characterized by us-

ing Rayleigh fading. The Rician distribution has the ability to depict both LOS and

NLOS components but it lacks flexibility in terms of characterizing practical LOS fad-

ing channels. The Nakagami-m model has more flexible parameters to characterize the

22



Table 2.3: Survey of receiver diversity based MIMO-OFDM systems

Year
MIMO-OFDM

Technique

Baseband

Modulation
Fading Channel

Performance

Parameter

1992 [112] MRC, EGC, SC N.D. generalized Nakagami outage probability

1995 [113] MRC FSK, PSK correlated Nakagami ABER

1998 [114] MRC and EGC generalized modulation generalized fading ABER

1999 [115] MRC, SC N.D. Rayleigh Shannon capacity

2000 [116] GSC MPSK, MQAM Rayleigh
average SNR,

outage probability, ABER

2005 [117] TAS and MRC BPSK flat Rayleigh outage probability, ABER

2009 [118] MRC MPSK, MDPSK, MQAM η- µ ASEP

2012 [119] MRC MQAM η- µ and κ-µ ABER

2014 [120] MRC MPSK κ-µ ASER, diversity gain

2014 [121] SC MQAM Nakagami-m ASER

2016 [122] MIMO-MRC N.D. double-correlated Rician outage probability

2016 [123] MRC PSK Rayleigh ASER

2017 [124] MRC and EGC N.D. Correlated Nakagami-m detection probability

2017 [125] MRC-MIMO N.D. Rayleigh fading spectral efficiency (SE)

2018 [126] MRC QPSK Rayleigh fading ASINR

2018 [127] MRC BPSK gamma-gamma fading ABER

2018 [128] MRC MPSK Rayleigh fading IEP, ABER
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fading severity of the signal. However, it has been proved in recent studies that the

scenario containing both line of sight and non-line of sight paths cannot be effectively

characterized by using the Nakagami-m model. This fact has also been proved by the

field measurements for wireless sensor channels [129] and by curve-fitting performance

comparison [130], [131].

Therefore, a lot of other more advanced and complex fading channels are introduced

in the literature to model different fading scenarios. These fading channels are usually

characterized by their PDFs of fading amplitude and instantaneous SNR. Now we present

the PDF of instantaneous SNR and MGF expressions for some popular and useful fading

channels.

2.3.1 Rayleigh Fading

Rayleigh is the most common distribution in the literature which is utilized to model the

scenarios having only NLOS scattered paths. The instantaneous SNR γ of this fading

has the PDF [4]

pγ(γ) =
1

γ̄
exp

(
−γ
γ̄

)
, (2.1)

where γ = α2ES
N0

with α as the instantaneous power of received signal; γ̄ = ᾱES/N0 and

ᾱ is mean square value of α.

The MGF for a given PDF can be calculated as

Mγ(s) =

∫ ∞
0

pγ(γ) exp(sγ)dγ. (2.2)

Now, using (2.1) in (2.2), the MGF for Rayleigh fading can be calculated as [64]

Mγ(s) = (1− sγ̄)−1. (2.3)

2.3.2 Nakagami-q Fading

Nakagami-q fading is generated by using Gaussian distributed in-phase and quadrature

signal components having 0 mean and arbitrary variance. The one-sided Gaussian and

Rayleigh fading can be realized from Nakagami-q (Hyot) fading by substituting q = 0 and

q = 1 respectively. This model was initially used to characterize the satellite links facing

ionospheric scintillations but later on found its applications to model wireless communi-
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cation channels. The PDF of Nakagami-q fading can be represented as [132]

pγ(γ) =
(1 + q2)

2qγ̄
exp

(
−(1 + q2)2γ

4q2γ̄

)
I0

(
(1− q4)γ

4q2γ̄

)
, (2.4)

where I0 represents modified Bessel function of first kind with order 0 [133].

For Nakagami-q fading, the MGF can be represented as [64]

Mγ(s) =

(
1− 2sγ̄ +

(2sγ̄)2q2

(1 + q2)2

)−1/2

. (2.5)

2.3.3 Nakagami-n Fading

The fading process consisting of single LOS and multiple NLOS components can be

modelled by using Nakagami-n distribution with n as the fading parameter. The PDF of

SNR for this fading can be represented as [64]

pγ(γ) =
(1 + n2) exp−n2

γ̄
exp

(
−(1 + n2)γ

γ̄

)
I0

(
2n

(1 + n2)γ

γ̄

)
. (2.6)

Keeping n = 0, Rayleigh fading can be realized from Rice fading and it converges to the

case of no fading for n = ∞. The MGF associated with Nakagami-n fading is given as

[64]

Mγ(s) =
(1 + n2)

(1 + n2)− sγ
exp

(
n2sγ

(1 + n2)− sγ

)
. (2.7)

Rice fading is another name for Nakagami-n fading.

2.3.4 Nakagami-m Fading

Nakagami-m is a generalized distribution including fading parameter m = 1 for Rayleigh,

m < 1 for Hoyt, and m > 1 for Rician as its special cases. The PDF of Nakagami-m

fading is [134]

pγ(γ) =
mmγm−1

γ̄mΓ(m)
exp

(
−mγ
γ̄

)
, (2.8)

The MGF of Nakagami-m fading is given as [64]

Mγ(s) =

(
1− sγ

m

)−m
. (2.9)
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2.3.5 Beckmann Fading

Beckmann fading is described by complex Gaussian process. It is often called as the

generalized Rice or generalized Gaussian model. The exact expression for the PDF of

SNR for Beckmann fading is not available. But the closed form expression of MGF for

this fading is given as [64]

Mγ(s) =
(1 + q2)√

((1 + q2)(1 +K)− 2q2γs)
× (1 +K)√

((1 + q2)(1 +K)− 2γs)
×

exp

(
K( r2

1+r2
)(1 + q2)γs

(1 + q2)(1 +K)− 2q2γs
+

K( 1
1+r2

)(1 + q2)γs

(1 + q2)(1 +K)− 2γs

)
, (2.10)

where K, q and r are channel parameters. The Beckmann model includes many fading

channels as its special cases like one-sided Gaussian (r2 = 1, q2 = 0, K = 0), Rayleigh

(r2 = 1, q2 = 1, K = 0), Rician (r2 = 1, q2 = 1, K 6= 0 ) and Nakagami-q (r2 = 1, q2 6=
1, K = 0 ).

2.3.6 Generalized-K (KG) Fading

The Generalized-K or KG is a relatively new fading model. The K fading, Nakagami-m

and Rayleigh-Lognormal (R-L) fading can be derived from Generalized-K model. The

multipath fading plus shadowing scenario can be modelled using generalized-K (KG)

fading. Such scenario can otherwise be modeled using much complex lognormal based

fading models. The PDF of instantaneous SNR for this channel is given as [135]

pγ(γ) =
2Ξ

β̂+1
2 γ

β̂−1
2

Γ(m)Γ(k)
Kα̂(2(Ξγ)1/2), (2.11)

where α̂ = K − m, K and m are channel parameters; Ξ = Km
γ

, Kx(·) is the modified

Bessel function of order x, β̂ = K + m − 1. For KG fading, the expression of MGF is

[135]

Mγ(s) =

(
Ξ

s

) β̂
2

exp

(
Ξ

2s

)
W
− β̂

2
,− α̂

2

(
Ξ

s

)
, (2.12)

where Wa,b(·) is the Whittaker function [133].

2.3.7 Generalized Two-Ray (GTR) Fading

The problem of Two Wave With Diffuse Power (TWDP) fading channel [136] was over-

come by GTR fading model. Unlike TWDP, the MGF of GTR fading can be expressed
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in closed form. This fading model is used to characterize the scenario with two LOS

multipath waves and several NLOS diffused power waves. Several channels like TWDP,

Rayleigh, Rician and two ray fading are the special cases of GTR fading. For GTR fading,

the SNR PDF is defined as [137]

pγ(γ) =
1 +K

γ
exp

(
−γ(1 +K)

γ

)
1

2π

∫ 2π

0

exp
(
−K(α)

)
I0

2

√
K(α)(K + 1)

γ

 dα,

(2.13)

where K = K(1+∆cos(α)), α represents the difference in phase of two LOS components;

K, ∆ are fading parameters. The exact MGF of TWDP fading is given in [137] as

Mγ(s) =
1 +K

1 +K − sγ
exp

(
Ksγ

1 +K − sγ

)
I0

(
Ksγ∆

1 +K − sγ

)
. (2.14)

2.3.8 η − λ− µ Fading

The η-µ and λ-µ distributions are combined in a single expression which results in η-λ-µ

distribution [138]. The η − λ − µ fading includes a lot of other fading channels as its

special cases. The MGF for η-λ-µ fading is given as [68]

M(s) =

(
4η(1− λ)2b̃2

(c̃+ sγt)
2 − d̃2

)
, (2.15)

where η, λ, and µ are channel parameters with b̃, c̃, d̃ are the internal parameters defined

as b̃ = µ(1+η)
2η(1−λ2)

; c̃ = µ(1+η)2

2η(1−λ2)
and d̃ = b̃

√
(η − 1)2 + 4ηλ2. Fading channels like Rayleigh,

η-µ fading, λ-µ fading, Nakagami-q, one-sided Gaussian and Rician can be derived from

η − λ− µ fading by using different values of fading parameters.

2.3.9 Beaulieu-Xie Fading

Beaulieu-Xie fading model was introduced by Beaulieu and Xie in 2015 [131] to better

represent both the LOS and NLOS components using a single distribution. This flexible

fading model is derived from Rician distribution and is related to Nakagami-m distri-

bution. In Beaulieu-Xie model, the fading amplitude consists of multiple specular and

diffuse scatter components. This model has applications in modeling the fading channels

of high speed vehicular applications and femtocells [139, 140].

In [131], Beaulieu and Xie derived the closed-form expression of PDF of the fading ampli-
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tude, cumulative distribution function (CDF), moments, K-factor and symbol error rate

of a 16-QAM system. Subsequently, Olutayo et al. have worked on this fading model in

2017 [141]. However, the expressions for the PDF of instantaneous SNR and MGF along

with other key statistical parameters were not available in literature and were deduced

by Singh and Joshi in [111].

The PDF of γ for Beaulieu-Xie fading is given in [111] as

pγ(γ) =

(√
2γ

λ

)m−1(√
m

γ̄

)m+1

exp

(
−
(
λ2

2
+
mγ

γ̄

))
Im−1

(√
2mγ

γ̄
λ

)
. (2.16)

Fig. 2.1 demonstrates the effect of fading parameters on the shape of PDF. It can be

visualized form Fig. 2.1 that if the fading parameter m is kept constant, the PDF height

increases with increase in λ. On the other hand, changing m affects the spread of PDF

when λ is kept constant.
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Figure 2.1: Beaulieu-Xie distribution with different values of the channel parameters.

For Beaulieu-Xie fading, the generalized MGF is calculated as [111]

M(n)
γ (s) =

(
m

γ̄

)m
exp

(
−λ

2

2

)(
m

γ̄
− s
)−m+n

Γ[m+ n]1F1R

[
m+ n,m,

mλ2

2(m− sγ̄)

]
,

(2.17)
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where Γ[·] and 1F1R[·, ·, ·] represents the Euler gamma function and the regularized con-

fluent hypergeometric function respectively [133, p. 650].

2.4 Research Gaps

The following gaps are observed from the literature study:

It has been identified through a comprehensive literature survey that significant research

has been carried out on the performance analysis of MIMO-OFDM systems consider-

ing the conventional fading channels like Rayleigh, Rician and Nakagami [53–55, 67–

72, 74, 76]. However, the performance of these systems is yet to be studied for some

complex fading environments like TWDP fading [136, 142], α-µ [143], κ-µ [144]and η-µ

[145] fading, Beaulieu-Xie fading model [131] etc. The real world fading scenarios com-

prising complex hostile environments can be better represented by these fading models.

Therefore, an analytical framework is the need of the hour for MIMO-OFDM systems

which can accommodate the large variety of fading scenarios.

It is also observed that most of the researches in the area of MIMO-OFDM focus on per-

formance analysis of MIMO-OFDM system under idealistic conditions. These conditions

are not met in many cases which lead to the need of a unified framework for performance

analysis of MIMO-OFDM system while taking into account channel impairments.

2.5 Thesis Objectives and Scope

This dissertation aims to present an analytical framework for MIMO-OFDM systems, the

principle purpose of which is to calculate the performance of MIMO-OFDM systems.

The main objectives of the research doctoral dissertation are:

� To propose an analytical framework for MIMO-OFDM system in multipath fading

channel.

� To study the proposed system under the effect of channel impairments.

� To compare the analytical and simulated results for the proposed framework.

In this dissertation, we propose an analytical framework for MIMO-OFDM systems in

fading environment. This framework includes the system model and the study of various

sub-blocks of MIMO-OFDM communication system like transmitter, channel and receiver

for different possible forms of MIMO-OFDM system.

The second objective is to study the proposed system under the effect of channel im-
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pairments. Therefore, a unified approach is formulated for obtaining the BER of MIMO-

OFDM system. Using the proposed unified approach, the ABER of MIMO-OFDM system

can be calculated for any given fading conditions. The performance of MIMO-OFDM

systems is also calculated to include the effect of channel impairments like carrier fre-

quency offset and imperfect CSI on the ABER. Both SFBC-OFDM and STBC-OFDM

systems are considered in this analysis.

The third objective is to compare the analytical and simulated results for the proposed

framework. Extensive simulation results are provided to verify the results calculated from

the derived analytical expressions. This proves the validity by providing a cross-check over

the proposed framework of MIMO-OFDM. The results obtained by this unified approach

are mostly in closed form and are very accurate. In some cases, numerical integration is

required over finite limits which is very well implemented hustle-free with ignorable error

using efficient tools like MATLAB and Mathematica.
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Chapter 3

Bit Error Rate Analysis of SFBC-OFDM Sys-

tems

The performance of SFBC-OFDM system in terms of bit error rate is calculated using

both exact and closed form analysis in this chapter. Generalized Fading scenario is

assumed while deriving the exact error rate expressions which allow the calculation of

ABER of SFBC-OFDM system for any family of fading PDF. A simple closed form bound

of error rate is also provided along with the exact expressions. This analysis is done for

both MPSK and MQAM modulation techniques.

Numerical simulation of derived expressions has been used for performance evaluation of

different configurations of SFBC-OFDM system. Simulation results are provided along

with numerical results which are found to be very close to numerical results. Alternatively,

the results obtained using bounds provide good approximations in some cases with lesser

complexity. The derived expressions of ABER can serve as a basis to calculate the error

rate of SFBC-OFDM system with impairments as discussed in later chapters.

The system model of SFBC-OFDM is presented in Section 3.1. Thereafter, the error rate

analysis over fading channel is given in Section 3.2. In Section 3.3, the illustrations of

the derived ABER for different fading channels are given. The results obtained from nu-

merical analysis and simulations are given in Section 3.4. Section 3.5 holds the summary

of chapter.

3.1 SFBC-OFDM System Model

Consider a SFBC-OFDM system with Tx transmit and Rx receiving antenna. The block

diagram of such a system is given in Fig. 3.1. A comparison can be made between the

MIMO-OFDM system given in Fig. 1.3 and Fig. 3.1. A distinctive difference between

the two is the generalized MIMO encoder is replaced here with the SFBC encoder. The

orthogonal symbols generated by using the coding matrix G are complex conjugate com-

binations of the modulated symbols in vector x. Subsequent subcarriers of the same

OFDM symbol is utilized to transmit the symbols generated by using the coding matrix
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Figure 3.1: SFBC-OFDM system model [96].

G. This kind of coding is very useful to ambush the conditions with fast channel varia-

tions. Also, it reduces the transmission delay as all the symbols required to decode the

first two modulated symbols are available in first time instant only. On the other hand,

the channel over N neighboring subcarriers should be constant for the error free working

of SFBC-OFDM system. If the assumption of a constant channel over N subcarriers

does not hold true, the performance of SFBC-OFDM degrades. This occurs in highly

frequency selective fading. [146].

To illustrate the process of encoding used in SFBC-OFDM, let us take the simple case of

two transmit antennas and an OFDM system with four subcarriers as given in Fig. 3.2.

In this work, the matrices are represented by uppercase boldface letters, and lowercase

boldface is used for vectors, whereas scalars are shown with un-boldface letters. Let the

vector containing input symbols for SFBC encoder is

x = {x0, x1, x2, x3}. (3.1)

Now, according to Alamouti’s scheme, the orthogonal symbols generated for transmit

antenna one are [30]

x1 = {x0,−x∗1, x2,−x∗3}, (3.2)
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Figure 3.2: SFBC encoder for Tx = 2, N = 2.

and for transmit antenna two are

x2 = {x1, x
∗
0, x3, x

∗
2}. (3.3)

These data streams are fed to two individual OFDM modulators after applying serial to

parallel conversion. It can be clearly visualized that the first set of symbols at the input

to OFDM modulators contain orthogonal design for x0 and x1 and are sufficient for their

decoding [30].

Now, as all the subcarriers of one transmitting antenna are assumed to be affected by

the same channel. Therefore, let us assume two independent and identically distributed

(IID) l tap fading channels h1 and h2 for transmitting antenna one and two respectively.

For single receiving antenna case, the signal received in the first time instant is given by

[96] [
y11

y12

]
= h1

[
x0

−x∗1

]
+ h2

[
x1

x∗0

]
. (3.4)

Further, taking the conjugate of second row in (3.4) results in[
y11

y∗12

]
=

[
h1 h2

h∗2 −h∗1

][
x0

x1

]
. (3.5)

33



Similarly, the signal received at the second time instant is given as[
y21

y22

]
= h1

[
x2

−x∗3

]
+ h2

[
x3

x∗2

]
. (3.6)

Again taking the conjugate of second row, the received signal at second time instant

becomes [
y21

y∗22

]
=

[
h1 h2

h∗2 −h∗1

][
x2

x3

]
. (3.7)

Finally, the decoded signals can be calculated by multiplying (3.6) and (3.7) with the

hermitian of channel matrix. This hermitian is defined as

H =

[
h1 h2

h∗2 −h∗1

]
. (3.8)

3.2 Error Rate Analysis of SFBC-OFDM Systems

over Fading Channel

There are three major factors which affect the error rate performance of SFBC-OFDM

system. These factors are modulation technique, fading channel and system impairments.

The effect of modulation is visible on the conditional BER of the system. Generally, the

average error rate for any communication system is calculated from the conditional BER

by solving an integral from 0 to ∞ with the fading channel PDF. This conditional error

rate is equivalent to the performance over AWGN channel which means that there is no

fading available and the transmitted signal gets affected only by channel noise [6].

Here in this analysis, the conditional error rate (p(e/γ)) of the SISO-OFDM system is

defined. Then, this conditional error rate is used to define the expression of conditional

error rate (p(e/γt)) in AWGN channel for SFBC-OFDM system. A simple exponential

bound for conditional error rate is also provided. Finally, the closed form expressions

are derived for the ABER of SFBC-OFDM system over fading channel by using these

conditional error rates.

Let us take the case of a SISO-OFDM system for which the conditional bit error rate is
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given as [96]

p(e/γ) =
1

N

N−1∑
k=0

p[k](e/γ), (3.9)

where N is the number of subcarriers and p[k](e/γ) represents the conditional probability

of error on kth sub-channel in OFDM block conditioned on the SNR (γ). There are

two factors which affect p[k](e/γ). These factors are the modulation scheme used and

SNR of system. Therefore, first we have to derive the relation between the SNR of

individual transmit-receive antenna pair and the overall SNR of SFBC-OFDM system.

An assumption is made here that the error provided by all the N subchannels is equal.

So the statistical averaging operation can be removed in (3.9).

Consider a SFBC-OFDM system employing Tx transmit and Rx receive antennas. At

the receiver side, after removing the cyclic prefix and FFT, the resultant received signal

vector at jth receive antenna is represented as

yj =
Tx∑
i=1

Hj,ixi + wj; 1 ≤ j ≤ Rx, (3.10)

where Hj,i is defined as Hj,i = diag{Hj,i[k]}N−1
k=0 . The elements of channel matrix Hj,i

composed of DFT of independent fading channel from ith transmit and jth receive an-

tenna and wj is AWGN vector [96]. Both Hj,i and wj are assumed to be ergodic and

stationary.

It is assumed that the average energy of transmitted signal is Es
Tx

. Now, the received

signal average power can be calculated for a single receive antenna as Es
Tx

∑Tx
i=1 E

[
|Hj,i|2

]
.

Also, the SNR per receive antenna is given by Es
N0

.

From the column orthogonal property of the SFBC coded matrix, the total average energy

of a block (Etot) can be written as [147]

Etot = TxNE0, (3.11)

where E0 represents average energy in a constellation which is given as

E0 =
Es
TxRC

, (3.12)

where RC is the SFBC code rate. For the case when the channel is perfectly estimated
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at the receiver, the condition of choosing x̂n for xn is

x̂n = argmin

∣∣∣∣ (||H||2Fxn + wn

)
−
(
||H||2Fxn

) ∣∣∣∣2, (3.13)

where (||H||2Fxn + wn) and wn is the output of combiner and AWGN respectively. The

squared Frobenius norm ||H||2F can be represented as [133]

||H||2F = tr(HHT ) =

MT∑
i=1

MR∑
j=1

|H|2. (3.14)

The signal power (Px) and the noise power (Pw) can be calculated using (3.12) and (3.13)

as

Px = E
[
||H||2Fx

]2
= ||H||4F

Es
TxRC

,

Pw = ||H||2FN0. (3.15)

Now, using the definition of the Frobenius norm from (3.14) and using (3.15), the nor-

malized instantaneous SNR for SFBC-OFDM system is given by the relation [110]

γt =
1

RCTx

Tx∑
i=1

Rx∑
j=1

γi,j, (3.16)

where γi,j represents the instantaneous SNR in-between ith transmit and jth receive an-

tenna pair. The conditional BER for SFBC-OFDM system can be expressed by sub-

stituting the SFBC-OFDM SNR (γt) defined in (3.16) in place of SISO-OFDM SNR

(γ).

In this analysis, two different modulation schemes are considered i.e. PSK and QAM.

The modulated signal for M-PSK is given as [4]

am(t) = <
[
a(t) exp

(
j

2π(m− 1)

M

)
exp (j2πfct)

]
, (3.17)

where <[·] represents the real part, a(t) is the amplitude of modulating signal. The mod-

ulated signal has M different phase values of the carrier. Fig. 3.3 shows the constellation

diagrams of different M-PSK configurations. For M-PSK the SEP over the AWGN chan-

nel is given by several authors in different forms [148, 149]. A very simplified expression

for conditional BER is given by Proakis [4] which is used further in this dissertation
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Figure 3.3: Constellation diagrams of MPSK for different modulation orders.

is

p(e/γ) =
2

log2M
Q

(√
2sin2

( π
M

)
γt

)
. (3.18)

QAM is another modulation technique which is bandwidth efficient and is acquired by

using two separate quadrature carriers cos 2πfct and sin 2πfct for two k-bit symbols. The

signal waveform for M-QAM can be expressed as [4]

am(t) = <
[(

ami + jamq
)
g(t) exp (j2πfct)

]
, (3.19)

where ami and amq are the amplitudes of the inphase and quadrature phase carrier signals,

g(t) represents the modulating signal which independently range over the equiprobable

values ami = (2x − 1 −
√
M) with x = 1, 2, · · ·

√
M and amq = (2y − 1 −

√
M) with

y = 1, 2, · · ·
√
M . The constellation diagrams of M-QAM for M = 4, 16 and 32 are shown

in Fig. 3.4. The expression for BER of M-QAM under AWGN channel is presented as

[4]

p(e/γ) =
4

log2M

(
1− 1√

M

)
Q

( √
3γt

M − 1

)
. (3.20)

Multipath and shadowing effects degrade the performance of a communication system.

This results in fading of the transmitted signal. Fading can be characterized by using

different statistical models. In this study the performance analysis of SFBC-OFDM

system is performed under several different fading channels using MGF approach.
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Figure 3.4: Constellation diagrams of MQAM for different modulation orders.

After careful observation of (3.18) and (3.20) and to support the unified approach, both

(3.18) and (3.20) are combined into a generalized expression of conditional BER of SFBC-

OFDM system valid for both MQAM and MPSK as

P (e/γt) = α Q
(√

β γt

)
, (3.21)

where

α =


2

log2M
for MPSK

4
(

1− 1√
M

)
1

log2M
for MQAM

,

and

β =

2 sin2
(
π
M

)
for MPSK

3
(M−1)2

for MQAM
.

Now, the ABER for SFBC-OFDM system over fading channel is calculated as [110]

ABER =

∫ ∞
0

∫ ∞
0

· · ·
∫ ∞

0

P (e/γt)pγ(γ1,1)pγ(γ1,2) · · · pγ(γTx,Rx)dγ1,1dγ1,2 · · · dγTx,Rx ,

(3.22)

where P (e/γt) represents the conditional probability of error and pγ(γi,j) represents the

PDF of fading channel between ith transmit and jth receive antenna. Unlike most of
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the traditional studies, this analysis is not restricted to only one class of fading PDF.

Generalized fading scenario is assumed in this study.

Two different approaches can be used to solve the integral in (3.22). The alternate

definition for Q function is used in the first approach for deriving exact expression of

ABER. Whereas, in the second approach, an exponential bound on the conditional BER

is utilized. Both these approaches are given in subsections below.

3.2.1 Using Exact Analysis

In order to find the exact expression of ABER for a SFBC-OFDM system over generalized

fading channel, the alternate definition ofQ function is used [64]. After substituting (3.21)

in (3.22), the exact ABER can be written as

ABERexact =

∫ ∞
0

∫ ∞
0

· · ·
∫ ∞

0

α Q
(√

βγt

)
pγ(γ1,1)pγ(γ1,2) · · · ×

pγ(γTx,Rx)dγ1,1dγ1,2 · · · dγTx,Rx . (3.23)

The integral in (3.23) can be solved by using the alternate definition for Q function given

in [64, Eqn. 4.2] as

Q(z) =
1

π

∫ π
2

0

exp

(
− z2

2 sin2 φ

)
dφ. (3.24)

Now, using (3.16) and (3.24) in (3.23) and interchanging the order of integrals, (3.23) can

be written as

ABERexact =
α

π

∫ π
2

0

[ ∫ ∞
0

∫ ∞
0

· · ·
∫ ∞

0

exp

(
−
β
∑Tx

i=1

∑Rx
j=1 γi,j

2CRTx sin2 φ

)
×

pγ(γ1,1)pγ(γ1,2) · · · pγ(γTx,Rx)×

dγ1,1dγ1,2 · · · dγTx,Rx
]
dφ. (3.25)

For an arbitrary number of Tx and Rx and with different fading distributions, the solution

of double integral in (3.25) is very difficult to find. This difficulty increases further if the

PDF of channel involves infinite series. Therefore, in order to solve the integral in (3.25),

MGF based approach is utilized. This approach eliminates the need of calculating double

integral by expressing (3.25) in terms of MGF of channel.

39



In order to apply MGF approach, the integral in (3.25) can be represented as

ABERexact =
α

π

∫ π
2

0

(I1,1I1,2 · · · ITx,Rx) dφ, (3.26)

where Ix,y is calculated as

Ix,y =

∫ ∞
0

exp

(
− β γx,y

2CRTx sin2 φ

)
pγ(γx,y)dγx,y. (3.27)

By using the definition of MGF as Mx(A) =
∫∞

0
exp (A.x) px(x)dx, (3.27) can be written

as

Ix,y = Mγx,y

(
− β

2CRTx sin2 φ

)
. (3.28)

Now, (3.26) can be further simplified by using (3.28) as

ABERexact =
α

π

∫ π
2

0

[
Mγ1,1

(
− β

2CRTx sin2 φ

)
Mγ1,2

(
− β

2CRTx sin2 φ

)
· · · ×

MγTX,RX

(
− β

2CRTx sin2 φ

)]
dφ. (3.29)

For independent and non-identical fading paths, (3.29) can be written as

ABERexact =
α

π

∫ π
2

0

[ Tx∏
i=1

Rx∏
j=1

Mγi,j

(
− β

2CRTx sin2 φ

)]
dφ. (3.30)

For the case of independent and identically distributed fading paths, (3.30) can be further

simplified to form the exact expression of ABER for SFBC-OFDM system as

ABERexact =
α

π

∫ π
2

0

[
Mγt

(
− β

2CRTx sin2 φ

)]TxRx
dφ. (3.31)

Using the MGF of a given fading channel in (3.31), the ABER under generalized fading

can be calculated. Numerical methods are used to finally solve this expression for the

exact ABER of SFBC-OFDM system in any given fading environment.

3.2.2 Using Exponential Bound

A simple approximate solution for the ABER of SFBC-OFDM under generalized fading

channels can be calculated by utilizing a well-known exponential bound on the conditional

BER [150]. This approximation simplifies the process of calculating ABER and results
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in a simple yet effective expression of ABER. Utilizing the tight bound given in [150], the

conditional BER of SFBC-OFDM system given in (3.21) can now be defined as

P (e/γt) ≈ 0.2 exp (ζγt) , (3.32)

where ζ depends on modulation technique and for MQAM, ζ = −1.6
M−1

and for MPSK, ζ

= −7

(2(1.9 log2M)+1)
. Now, the ABER of SFBC-OFDM can be derived by substituting (3.32)

in (3.22) as

ABER ≈
∫ ∞

0

∫ ∞
0

· · ·
∫ ∞

0

0.2 exp (ζγt) pγ(γ1,1)pγ(γ1,2) · · · ×

pγ(γTx,Rx)dγ1,1dγ1,2 · · · dγTx,Rx . (3.33)

After substituting the value of γt from (3.16) in (3.33), the ABER can be expressed

as

ABER ≈ 0.2

∫ ∞
0

∫ ∞
0

· · ·
∫ ∞

0

exp

(
ζ

CRTx

Tx∑
i=1

Rx∑
j=1

γi,j

)
pγ(γ1,1)pγ(γ1,2) · · · ×

pγ(γTx,Rx)dγ1,1dγ1,2 · · · dγTx,Rx . (3.34)

After some algebraic manipulations, (3.34) can be further simplified into

ABER ≈ 0.2

∫ ∞
0

exp

(
ζ

CRTx
γ1,1

)
pγ(γ1,1)dγ1,1×∫ ∞

0

exp

(
ζ

CRTx
γ1,2

)
pγ(γ1,2)dγ1,2 · · · ×∫ ∞

0

exp

(
ζ

CRTx
γTx,Rx

)
pγ(γTx,Rx)dγTx,Rx . (3.35)

Now, a closed form expression of ABER using exponential bound is derived by using the

MGF approach as discussed in (3.28)-(3.31) and substituting ξ = ζ
CRTx

as

ABER ≈ 0.2 [Mγt (ξ)]TxRx . (3.36)

The MGF for most of the fading channels are well defined and discussed in literature.

Hence, by using (3.36), the ABER of a SFBC-OFDM system for any fading channel with

a valid MGF is calculated easily and effectively. The derived closed form expressions

(3.31) and (3.36) are very helpful in evaluating the ABER performance in real-time for

a SFBC-OFDM system employing adaptive modulation technique over different fading

channels.
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3.3 Illustration of Derived ABER for Different Fad-

ing Channels

In the following subsections, the expressions of ABER are derived for different fading

channels which are considered in this study. It is important to mention here that our

analysis is not limited to these fading channels only and can be readily applied to any

given case.

3.3.1 Rayleigh Fading

Using the MGF from (2.3) in (3.31), the exact ABER for SFBC-OFDM system in

Rayleigh fading channel can be derived as

ABERexact =
α

π

∫ π
2

0

[
1 +

βγt
2CRTx sin2 φ

]TxRx
dφ. (3.37)

Similarly, by using the MGF from (2.3) in (3.36), the ABER for SFBC-OFDM system in

Rayleigh fading channel using exponential bound can be derived as

ABER ≈ 0.2 (1− ξγt)
−TxRx . (3.38)

Upon substituting the value of α, β and ξ into (3.38), our result in (3.38) reduces to the

ABER expression given in [96].

3.3.2 Nakagami-q Fading

The ABER for SFBC-OFDM system using exponential bound under Nakagami-q fading

is derived using (2.3) in (3.36) as

ABER ≈ 0.2

(
1− 2ξγt +

(2ξγt)
2q2

(1 + q2)2

)−TxRx
2

. (3.39)

Equation (3.39) can easily be simplified to match the ABER results of [96] if we let q =

1.
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3.3.3 Nakagami-n (Rice) Fading

For the case of Nakagami-n fading, the ABER using exponential bound can be derived

by using (2.7) in (3.36) as

ABER ≈ 0.2

(
(1 + n2)

(1 + n2)− ξγt
exp

(
n2ξγt

(1 + n2)− ξγt

))TxRx
. (3.40)

Now, (3.40) reduces to (3.38) for n = 0 and results of Rayleigh fading can be verified.

3.3.4 Nakagami-m Fading

The ABER of a SFBC-OFDM system using exponential bound under Nakagami-m fading

is derived using (2.9) in (3.36) as

ABER ≈ 0.2

(
1− ξγt

m

)−mTxRx
. (3.41)

Nakagami-m distribution transforms into one sided Gaussian fading and nonfading AWGN

for the values of fading parameter m = 0.5 and ∞ respectively whereas, it reduces to

(3.38) for m = 1.

3.3.5 GTR Fading

The ABER for SFBC-OFDM system using exponential bound in GTR fading can be

derived using (2.14) in (3.36) as

ABER ≈ 0.2

(
1 +K

1 +K − ξγt
exp

(
Kξγt

1 +K − ξγt

)
I0

(
Kξγt∆

1 +K − ξγt

))TxRx
. (3.42)

The results of Rayleigh and Rician fading can be verified by using K = 0, ∆ = 0 and

K > 0, ∆ = 0 respectively.

3.3.6 Beckmann Fading

Using (2.10) in (3.36), the ABER for SFBC-OFDM system using exponential bound in

Beckmann fading can be derived as

ABER ≈ 0.2

[
(1 + q2)√

((1 + q2)(1 +K)− 2q2γtξ)
× (1 +K)√

((1 + q2)(1 +K)− 2γtξ)
×

exp

(
K( r2

1+r2
)(1 + q2)γtξ

(1 + q2)(1 +K)− 2q2γtξ
+

K( 1
1+r2

)(1 + q2)γtξ

(1 + q2)(1 +K)− 2γtξ

)]TxRx
. (3.43)
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Results of (3.38) and (3.39) can be verified from (3.43) using appropriate values of K,

q and r. The Beckmann model includes many fading channels as its special cases like

Rayleigh (r2 = 1, q2 = 1, K = 0), Rician (r2 = 1, q2 = 1, K 6= 0 ) and Hoyt (r2 = 1,

q2 6= 1, K = 0 ).
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Figure 3.5: ABER results using exact and exponential bound (approximate) for
SFBC-OFDM with Tx = 2, Rx = 1, and CR = 1 under Rayleigh fading.

3.3.7 Generalized-K (KG) Fading

Using the MGF of Generalized-K (KG) fading from (2.12) in (3.36), the ABER for SFBC-

OFDM system using exponential bound can be derived as

ABER ≈ 0.2

(Ξ

ξ

) β̂
2

exp

(
Ξ

2ξ

)
W
− β̂

2
,− α̂

2

(
Ξ

ξ

)TxRx . (3.44)

Nakagam-m and K-distribution can be generated as a special case of generalized-K fading

by using K →∞ and m = 1 respectively. On the other hand, for m→∞ and K →∞,

it approaches the AWGN channel.
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Figure 3.6: ABER results for 4-QAM and 64-QAM-SFBC-OFDM with Tx = 2, Rx = 1,
and CR = 1 under Beckmann fading. Rayleigh ( q = 1, K = 0, r = 1), Rician ( q = 1,
K = 10, r = 1), Nakagami- q ( q = 10, K = 0, r = 1), and single-sided Gaussian ( q =

0, K = 0, r = 1) are special cases of Beckmann fading.

3.3.8 η − λ− µ Fading

Using the MGF from (2.15) in (3.36), the ABER for SFBC-OFDM system in η-λ-µ fading

using exponential bound can be derived as

ABER ≈ 0.2

(
4η(1− λ)2b̃2

(c̃+ ξγt)
2 − d̃2

)TxRx

. (3.45)

The ABER for η-µ fading channel can be generated as a special case of (3.45) for λ→ 0

and µ = µ′. Also, the results of λ-µ and Hyot fading can be verified by setting η → 1,

µ = µ′ and λ→ 0, µ = 1/2 respectively.

3.3.9 Beaulieu-Xie Fading

The generalized MGF for Beaulieu-Xie fading was recently derived by Singh and Joshi in

[111]. The ABER of SFBC-OFDM system using exponential bound under Beaulieu-Xie
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fading can be derived using (2.17) with n=0 in (3.36) as

ABER ≈ 0.2

((
m

γt

)m
exp

(
−λ

2

2

)(
m

γt
− ξ
)−m

Γ[m+ n]1F1R

[
m,m,

mλ2

2(m− ξγt)

])TxRx

.

(3.46)

In the comparison of ABER of Beaulieu-Xie fading with Nakagami- m fading, it is ob-

served that for equivalent fading conditions, the performance of former is better. This is

because of the presence of LOS channel in Beaulieu-Xie fading which has better perfor-

mance than NLOS channel if the power at the receiver is kept constant [111]. By setting

m = 1, the results of Rician distribution can be verified from (3.46).
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Figure 3.7: ABER curves of MPSK-SFBC-OFDM with M = 2, Tx = 3, 4; Rx = 1, 2;
CR = 1/2, 3/4; m = 2 and λ = 1 under Beaulieu-Xie fading model.

3.4 Results and Discussion

The ABER expressions (3.31) and (3.36) derived in this chapter are numerically evaluated

to calculate the performance of SFBC-OFDM system. Along with this, Monte-Carlo

simulations are given for the verification purpose. It can be visualized from (3.31) and

(3.36) that the ABER of SFBC-OFDM system depends on SFBC parameters like Tx, Rx,

normalized instantaneous SNR of SFBC-OFDM system, code rate and fading channel
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Figure 3.8: ABER v/s SNR for 8-PSK-SFBC-OFDM system for K = 0, 10, ∆ = 0, Tx
= 2, 3, 4 and Rx = 1 under GTR fading.

parameters of a particular channel. Therefore, results are shown for different fading

channels, and system parameters.

For simulation of system, the value of N = 512 is taken along with the cyclic prefix of

N/4. A 4 tap fading channel is assumed in this analysis. The numerical results obtained

using exponential bound (3.36) are referred to as Approximate results and are shown

using dotted lines, whereas the exact results obtained from (3.31) are shown with solid

lines.

Figure 3.5 shows the results using exact analysis and exponential bound for a 2 transmitter

1 receiver SFBC-OFDM system with code rate unity (code G2). ABER curves are for

M=4, 16, 64 and the difference between the exact and approximate results are 0.0321,

0.0851, and 0.1091 respectively for a constant SNR = 5 dB. These values are calculated

by using the relation |ABERexact − ABER|. It can also be visualized from Figure 3.5

that this difference in ABER reduces to 1.0763 × 10−4, 0.0016, and 0.0115 at SNR = 20

dB. This difference in results is due to the exactness of our derived results as compared to

the similar approximate results for Rayleigh fading in the work of Torabi et al [96].

The ABER performance under Beckmann fading is observed in Figure 3.6 for 4-QAM and

64-QAM modulated SFBC-OFDM system with Tx = 2, Rx = 1, and CR = 1. Results are

plotted for Rayleigh ( q = 1, K = 0, r = 1), single-sided Gaussian ( q = 0, K = 0, r = 1),

Rician ( q = 1, K = 10, r = 1) and Nakagami- q ( q = 10, K = 0, r = 1) as special case.

The effect of change in modulation order is also observed from Figure 3.6 as the ABER
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Figure 3.9: ABER vs SNR plot of MPSK-SFBC-OFDM with 2 transmitter and one
receiver antennas in Nakagami-q channel with different values of q.

performance of 4-QAM is better than 64-QAM under similar fading conditions.

Fig. 3.7 shows the ABER vs. SNR plots for MPSK-SFBC-OFDM system with M = 2,

Tx = 3, 4; Rx = 1, 2; CR = 1/2, 3/4; under Beaulieu-Xie fading model with parameters

m = 2 and λ = 1. Code rate CR = 1/2 is achieved by using G3 and G4 codes and CR =

3/4 is attained by H3 and H4 codes. These codes are explained in great detail in a book

by Hamid Jafarkhani [27]. It is evident from Fig. 3.7 that for a given transmit-receive

antenna pair, the ABER performance degrades with increase in CR as expected. For

example, at SNR = 10 dB, the ABER increases from 1.579 × 10−3 to 7.078× 10−3 for a

SFBC-OFDM system employing Tx = 4, Rx = 1 as CR changes from 1/2 to 3/4. Another

interesting observation is that with the increase in Tx, the ABER performance improves

due to the increase in diversity order of system. Similar trend can be visualized when Rx

is increased from 1 to 2.

The effect of increasing transmitting antennas is shown in Fig. 3.8 with the plot of ABER

v/s SNR for 8-PSK-SFBC-OFDM system for K = 0, 10, ∆ = 0, Tx = 2, 3, 4 and Rx

= 1 under GTR fading. It is evident that for constant Rx and channel parameters, the

ABER performance improves when Tx is increased. The reason behind this is that the

probability of all fading channels going to deep fade at the same time decreases with an

increase in Tx. Another interesting observation is that with the change in the value of
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K, the ABER performance improves in the same fashion for every set of transmit-receive

antenna pairs.

Fig. 3.9 shows the ABER results for MPSK-SFBC-OFDM system with Tx = 2, Rx =

1 (code G2 [27]) for various values of Nakagami parameter q. With q = 1, the results

for Rayleigh fading can be verified from Nakagami-q fading as reported in [96, 110]. The

ABER performance degrades as q decreases to 0 which corresponds to one sided Gaussian

case. The effect of varying modulation order (M = 4, 16, 64) is also observed from Fig.

3.9. As expected, the ABER performance degrades as M increases.

The ABER vs SNR results for different fading channel are shown in Figures 3.5 to 3.9.

Apart from the effect of channel parameters, the effect of varying transmitting antennas,

modulation technique (MPSK and MQAM), modulation order and code rate is also shown

in the results. As the number of transmitting antenna increase, there is a significant

improvement in the performance os system which is due to the increase in diversity

order. With higher values of Tx, the probability that the system goes into deep fading is

also reduced. With the change in modulation order, the ABER of SFBC-OFDM system

changes as expected. It is also observed that as M increases, the ABER performance

degrades.

3.5 Summary

The performance of SFBC-OFDM system under generalized fading scenario has been

explored in this chapter for MPSK and MQAM modulations. Both exact as well as

approximate ABER expressions are derived. The derived analytical expressions have

been numerically evaluated and crosschecked with Monte-Carlo simulations.
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Chapter 4

Bit Error Rate Analysis of STBC-OFDM Sys-

tems

In recent years, the STBC based OFDM systems have received considerable attention

both in academics and research due to its several advantageous features. Several STBC

techniques have been reported in the literature to implement the MIMO-OFDM system

for exploiting both the spatial and temporal diversities. It is evident from the litera-

ture review that the STBC-OFDM system is more suited for highly frequency selective

scenario, however, its performance degrades in high mobility conditions [85].

The exact expressions of error rate for STBC-OFDM system are derived in this chapter.

The generalized fading channels are assumed in this analysis for supporting the proposed

framework of MIMO-OFDM system. Illustrations of the derived expression for some

popular fading channels are given. The remainder of this chapter is organized as: Section

4.1 presents the system model of STBC-OFDM system. The exact expressions of ABER

performance for STBC-OFDM system are derived in Section 4.2. Section 4.3 illustrates

the ABER expressions for different fading channels. In Section 4.4, the numerical results

of the derived expressions along with the Monte-Carlo simulations are given. Section 4.5

gives the chapter summary.

4.1 STBC-OFDM System Model

Consider an STBC-OFDM system as shown in Fig. 4.1. The STBC encoder generates

orthogonal symbols using the coding matrix G similar to SFBC encoder discussed in Sec-

tion 3.1. These symbols are complex conjugate combinations of the modulated symbols.

Same subcarriers are used to transmit the symbols of orthogonal design on subsequent

OFDM symbols. Due to this reason, STBC is a more suitable candidate in order to

survive the frequency selective fading scenario when it is compared with SFBC systems.

But its performance degrades if there are fast channel variations in time. It is because

STBC assumes that the channel does not change during one STBC matrix [72].

Like SFBC-OFDM, let us take the simple case of two transmit antennas and an OFDM
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Figure 4.1: STBC-OFDM system model [106].

system with four subcarriers. The symbols {x0, x1, x2, x3} are taken as input to STBC

encoder. Again, Alamouti’s scheme is applied to generate orthogonal symbols for first

and second transmit antennas as [27]

x1 = {x0,−x∗1, x2,−x∗3}, (4.1)

and

x2 = {x1, x
∗
0, x3, x

∗
2}. (4.2)

respectively. These two data streams are fed to two individual OFDM modulators after

applying serial to parallel conversion as shown in Fig. 4.2. The signals from first and

second antennas are transmitted through two IID l tap fading channels h1 and h2, respec-

tively. Here, the matrices are represented by uppercase boldface letters, and lowercase

boldface is used for vectors, whereas scalars are shown with un-boldface letters. For single

receiving antenna case, the received signal for the first time instant is given as [27][
y11

y12

]
= h1

[
x0

x2

]
+ h2

[
x1

x3

]
. (4.3)

An interesting observation here is that unlike SFBC-OFDM, it is not possible to decode

the first two symbols x0 and x1 using only the data from first time instant. It is because

the received data contains all the four data symbols x0, x1, x2 and x3. In order to decode
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Figure 4.2: STBC encoder for Tx = 2, N = 2.

all the four data symbols simultaneously, it is required to get the data from the second

time instant. This means that there is a fundamental time delay of Tx instants in case of

STBC-OFDM which was absent in the case of SFBC-OFDM.

At the second time instant, the received signal can be represented as[
y21

y22

]
= h1

[
−x∗1
−x∗3

]
+ h2

[
x∗0

x∗2

]
. (4.4)

To decode the signals transmitted from the two antennas, the matrices obtained in

(4.3) and (4.4) are multiplied with hermitian of channel matrix (H) which is defined

as [27]

H =

[
h1 h∗2

h2 −h∗1

]
. (4.5)

4.2 Error Rate Analysis of STBC-OFDM Systems

over Fading Channel

A STBC-OFDM system with Tx transmitting and a single receiving antenna is assumed

in this analysis. At the receiver, the resultant received signal vector after cyclic prefix
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removal and FFT can be represented as [106]

y =
Tx∑
i=1

hi,1xi + z, (4.6)

where hi,1 is a vector composed of DFT of independent fading channel response from

the ith transmit antenna and z is AWGN. In order to calculate the average error rate for

any communication system, the conditional error rate is to be averaged across the fading

channel PDF. This conditional error rate is equivalent to the performance over AWGN

channel where the transmitted signal is only affected by AWGN and does not undergo

fading [6].

Let us consider a M-QAM modulated STBC-OFDM system. The conditional bit error

rate of this MQAM-STBC-OFDM system is given by [151]

pe|α = 2AIQ


√√√√(∑Tx

i=1 α
2
i

)
d2
I

σ2
z

+ 2AQQ


√√√√(∑Tx

i=1 α
2
i

)
d2
Q

σ2
z



− 4AIAQQ


√√√√(∑Tx

i=1 α
2
i

)
d2
I

σ2
z

Q


√√√√(∑Tx

i=1 α
2
i

)
d2
Q

σ2
z

 , (4.7)

where AI =
(

1− 1
MI

)
, AQ =

(
1− 1

MQ

)
; dQ and dI are the quadrature-phase and in-phase

decision distances, αi is the magnitude of the channel Hi,1, M = MI×MQ. Subsequently,

the unconditional probability of error which is the ABER is derived as [109]

ABER =

∫ ∞
0

∫ ∞
0

· · ·
∫ ∞

0

Pe|α p(α1)p(α2) · · · p(αTx)d(α1)d(α2) · · · d(αTx), (4.8)

where p(αi) is the PDF of αi.

Now, substituting (4.7) in (4.8) the ABER can be further simplified and expressed as a

sum of three terms F1, F2 and F3. Now, F1 is defined as

F1 =

∫ ∞
0

∫ ∞
0

· · ·
∫ ∞

0

2AIQ


√√√√(∑Tx

i=1 α
2
i

)
d2
I

σ2
z

×
p(α1)p(α2) · · · p(αTx)d(α1)d(α2) · · · d(αTx), (4.9)
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Further, (4.9) can be simplified using the identity [64, (4.2)] as

F1 =

∫ ∞
0

∫ ∞
0

· · ·
∫ ∞

0

∫ π
2

0

2

π
AI exp

−
(∑Tx

i=1 α
2
i

)
d2
I

2σ2
z sin2 θ

 dθ×

p(α1)p(α2) · · · p(αTx)d(α1)d(α2) · · · d(αTx). (4.10)

As α1, α2 · · ·αTx are assumed to be IID, (4.10) can further be simplified into

F1 =

∫ π
2

0

2

π
AI

∫ ∞
0

exp

(
− (α2

1) d2
I

2σ2
z sin2 θ

)
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2) d2
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0

exp
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α2
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2σ2
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)
p(αTx)d(αTx)dθ. (4.11)

By using the definition of MGF, (4.11) becomes

F1 =

∫ π
2

0

2

π
AIM
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−d2

I

2σ2
z sin2 θ

)
M
(
−d2

I
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)
. (4.12)

After some algebraic manipulations, (4.12) becomes

F1 =

∫ π
2

0

2

π
AI

[
M
(
−d2

I

2σ2
z sin2 θ

)]Tx
dθ. (4.13)

Similarly, the expression for F2 can be calculated as

F2 =

∫ π
2

0

2

π
AQ

[
M
( −d2

Q

2σ2
z sin2 θ

)]Tx
dθ. (4.14)

Now, F3 can be represented as

F3 =

∫ ∞
0

∫ ∞
0

· · ·
∫ ∞

0

4AIAQQ
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Using [64, (4.8)], (4.15) can be simplified as

F3 =4AIAQ

∫ π
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Equation (4.16) can be further simplified using the definition of MGF as
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The final expression of ABER can be written by using (4.13), (4.14) and (4.17) as

ABERexact =
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Now, we can generate several special cases from the derived expression. The BER of

rectangular QAM valid for equal in-phase and quadrature phase decision distances can

be calculated with the substitution dQ = dI = d and using the relation between distance

and energy for MQAM as d2

σ2
z

= 6
MIMQ−1

, as

ABERexact =
2

π
[AI + AQ]

∫ π
2

0

[
M
(

−3

(MIMQ − 1) sin2 θ

)]Tx
dθ

− 2

π
[AIAQ]

∫ π
4

0

[
M
(

−3

(MIMQ − 1) sin2 θ

)]Tx
dθ. (4.19)
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For M-ary square QAM (SQAM), the ABER is calculated from (4.19) by substituting

MI = MQ =
√
M and dQ = dI = d.

ABERexact =
4

π

(
1− 1√

M

)∫ π
2

0

[
M
(

−3

(M2 − 1) sin2 θ

)]Tx
dθ
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π
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M

)2 ∫ π
4

0

[
M
(

−3

(M2 − 1) sin2 θ

)]Tx
dθ. (4.20)

4.3 Illustration of Derived ABER for Different Fad-

ing Channels

In the following subsections, the ABER expressions of STBC-OFDM system are derived

for different fading channels. It is important to mention here that our analysis is not

limited to these fading channels only and can be readily applied to any given case.

4.3.1 Rayleigh Fading

The ABER of RQAM-STBC-OFDM under Rayleigh fading can be calculated by using

the MGF from (2.3) in (4.19) as

ABERexact = αstbc1

∫ π
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−Tx dθ − αstbc2

∫ π
4

0
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(4.21)

where αstbc1 = 2
π

[AI + AQ], αstbc2 = 2
π

[AIAQ] and βstbc1(θ) =

(
−3

(MIMQ−1) sin2 θ

)
. Simi-

larly, for SQAM, the ABER under Rayleigh fading can be calculated by using (2.3) in

(4.20) as

ABERexact =
4

π
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The ABER expression in (4.22) can written as a difference of two integrals as

ABERexact = I1 − I2, (4.23)
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where

I1 =
4
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and
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After some algebraic manipulations, (4.24) can be rewritten as

I1 =
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The closed form expression for I1 is calculated by making its equivalence with another

definite integral given in literature.

Using [152, App. (A8)], the closed form expression of (4.26) can be calculated as

I1 = 2
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where µ(A) =
√

A
1+A

with A = 3γ̄T
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.

The integral in (4.25) can be solved by using [153, (18)] as
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where
(·
·

)
represents the binomial expansion and Ti,k =

(2k
k )

(2(k−i)
k−i )4i(2(k−i)+1)

.

Finally, substituting (4.27) and (4.28) into (4.23) gives the exact closed form expression
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of ABER for STBC-OFDM system under Rayleigh fading channel as

ABERexact =2

(
1− 1√

M

)[
1− µ(A)

Tx−1∑
k=0

(
2k

k

)(
1− µ2(A)

4

)k]

− 1

2

(
1− 1√

M

)2

+
2

π

(
1− 1√

M

)2
√

A

1 + A

[(
π

2
− tan−1

√
A

1 + A

)
×

Tx−1∑
k=0

(
2k

k

)
1

(4(1 + A))k
− sin

(
tan−1

√
A

1 + A

)
×

Tx−1∑
k=1

k∑
i=1

Tik
(1 + A)k

(
cos

(
tan−1

√
A

1 + A

))2(k−i)+1 ]
. (4.29)

The results presented in [154] can be obtained as a special case of (4.29) by substituting

Tx =2.

4.3.2 Nakagami-q Fading

The ABER for RQAM-STBC-OFDM system under Nakagami-q fading is derived using

(2.5) in (4.19) as

ABERexact =αstbc1

∫ π
2

0

((
1− 2βstbc1γ̄ +

(2βstbc1γ̄)2q2

(1 + q2)2

))−Tx/2
dθ

−αstbc2
∫ π

4

0

((
1− 2βstbc1γ̄ +

(2βstbc1γ̄)2q2

(1 + q2)2

))−Tx/2
dθ, (4.30)

The ABER for SQAM-STBC-OFDM under Nakagami-q fading can be calculated by using

(2.5) in (4.20) as

ABERexact =
4

π
αstbc3

∫ π
2

0

((
1− 2βstbc1γ̄ +

(2βstbc2γ̄)2q2

(1 + q2)2

))−Tx/2
dθ

− 2

π
(αstbc3)2

∫ π
4

0

((
1− 2βstbc1γ̄ +

(2βstbc2γ̄)2q2

(1 + q2)2

))−Tx/2
dθ. (4.31)

The ABER results of Rayleigh fading can be verified from (4.30) and (4.31) if we let q =

1. Further, the results of one-sided Gaussian fading can be verified for (4.30) and (4.31)

by substituting q = 0.
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4.3.3 Nakagami-n (Rice) Fading

The ABER for RQAM-STBC-OFDM in Nakagami-n fading can be derived by using (2.7)

in (4.19) as

ABERexact =αstbc1

∫ π
2

0

(
(1 + n2)

(1 + n2)− βstbc1γt
exp

(
n2βstbc1γt

(1 + n2)− βstbc1γt

))Tx
dθ

−αstbc2
∫ π

4

0

(
(1 + n2)

(1 + n2)− βstbc1γt
exp

(
n2βstbc1γt

(1 + n2)− βstbc1γt

))Tx
dθ. (4.32)

Now, for SQAM-STBC-OFDM case, the ABER can be calculated by using (2.7) in (4.20)

as

ABERexact =
4

π
αstbc3

∫ π
2

0

(
(1 + n2)

(1 + n2)− βstbc2γt
exp

(
n2βstbc2γt

(1 + n2)− βstbc2γt

))Tx
dθ

− 2

π
(αstbc3)2

∫ π
4

0

(
(1 + n2)

(1 + n2)− βstbc2γt
exp

(
n2βstbc2γt

(1 + n2)− βstbc2γt

))Tx
dθ.

(4.33)

It can be observed that (4.32) and (4.33) reduces to (4.21) and (4.22) respectively for n

= 0 and results of Rayleigh fading can be verified.

4.3.4 Nakagami-m Fading

The ABER of a RQAM-STBC-OFDM system under Nakagami-m fading is derived using

(2.9) in (4.19) as

ABERexact =αstbc1

∫ π
2

0

(
1− βstbc1γt

m

)−mTx
dθ

−αstbc2
∫ π

4

0

(
1− βstbc1γt

m

)−mTx
dθ. (4.34)

Now, for SQAM-STBC-OFDM case, the ABER can be calculated by using (2.9) in (4.20)

as

ABERexact =
4

π

(
1− 1√

M

)∫ π
2

0

(
1 +

3γ̄T
m (M2 − 1) sin2 θ

)−mTx
dθ

− 2

π

(
1− 1√

M

)2 ∫ π
4

0

(
1 +

3γ̄T
m (M2 − 1) sin2 θ

)−mTx
dθ. (4.35)

The one sided Gaussian fading is realized from (4.35) by substituting m = 0.5. On the

other hand, the results of nonfading AWGN are obtained by using m = ∞ whereas, it
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reduces to (4.22) for m = 1.

Now, a closed form expression for Nakagami-m fading can be derived for STBC-OFDM

system using the similar approach as used in the case of Rayleigh fading (4.29). The

integral I1 in this case can be derived using (4.35) as

I1 =
4

π

(
1− 1√

M

)∫ π
2

0

[(
sin2 θ

3γ̄T
m(M2−1)

+ sin2 θ

)]mTx
dθ. (4.36)

Due to the presence of fading channel parameter m, the term mTx in this case can take

both integer as well as non-integer values. Now, (4.36) can be further simplified by using

[152, App. (A8)] as

I1 =
4

π

(
1− 1√

M

) √
A/π

2(1 + A)mTx+0.5

Γ(mTx + 0.5)

Γ(mTx + 1)
2F1

(
1,mTx + 0.5;mTx + 1;

1

1 + A

)
,

(4.37)

where Γ(·) is the Gamma function, A = 3γ̄T
m(M2−1)

, 2F1 (·, ·; ·; ·) represents the Gaussian

hypergeometric function. Further, in (4.28), the integral given for I2, is valid for both the

integer as well as non-integer values of mTx. Therefore, for Nakagami-m fading channel,

the exact closed form expression of ABER for MQAM-STBC-OFDM can be calculated

by using (4.28) and (4.37) into (4.35) as

ABERexact =
4

π

(
1− 1√

M

) √
A/π

2(1 + A)mTx+0.5

Γ(mTx + 0.5)

Γ(mTx + 1)
×

2F1

(
1,mTx + 0.5;mTx + 1;

1

1 + A

)
− 1

2

(
1− 1√

M

)2

+
2

π

(
1− 1√

M

)2

×√
A

1 + A

[(
π

2
− tan−1

√
A

1 + A

)
Tx−1∑
k=0

(
2k

k

)
1

(4(1 + A))k

− sin

(
tan−1

√
A

1 + A

)
Tx−1∑
k=1

k∑
i=1

Tik
(1 + A)k

(
cos(tan−1

√
A

1 + A
)

)2(k−i)+1 ]
.

(4.38)

The ABER expression (4.38) for Nakagami-m fading is exact and in closed form. This

means that no finite integral is required to be solved in this case.

The results obtained by Rayleigh fading in (4.29) can be obtained from (4.38) if we let

m = 1. Further, the results of Hoyt and Rician fading can be derived from Nakagami-m

for the cases of m < 1 for m > 1.
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4.3.5 GTR Fading

For the GTR fading, the ABER expression of RQAM-STBC-OFDM system can be de-

rived using (2.14) in (4.19) as

ABERexact =αstbc1

∫ π
2

0

(
1 +K

1 +K − βstbc1γt
exp

(
Kβstbc1γt

1 +K − βstbc1γt

)
×

I0

(
Kβstbc1γt∆

1 +K − βstbc1γt

))Tx
dθ − αstbc2

∫ π
4

0

(
1 +K

1 +K − βstbc1γt
×

exp

(
Kβstbc1γt

1 +K − βstbc1γt

)
I0

(
Kβstbc1γt∆

1 +K − βstbc1γt

))Tx
dθ. (4.39)

The ABER of SQAM-STBC-OFDM can be calculated by using (2.14) in (4.20) as

ABERexact =
4

π
αstbc3

∫ π
2

0

(
1 +K

1 +K − βstbc2γt
exp

(
Kβstbc1γt

1 +K − βstbc2γt

)
×

I0

(
Kβstbc2γt∆

1 +K − βstbc2γt

))Tx
dθ − 2

π
(αstbc3)2

∫ π
4

0

(
1 +K

1 +K − βstbc2γt
×

exp

(
Kβstbc1γt

1 +K − βstbc2γt

)
I0

(
Kβstbc2γt∆

1 +K − βstbc2γt

))Tx
dθ. (4.40)

GTR fading reduces to Rayleigh fading for K = 0 and ∆ = 0. Whereas, the ABER

results of Rician fading can be verified by substituting K > 0 and ∆ = 0.

4.3.6 Beckmann Fading

Using (2.10) in (4.19), the ABER of RQAM-STBC-OFDM system in Beckmann fading

can be derived as

ABERexact =αstbc1

∫ π
2

0

[
(1 + q2)√

((1 + q2)(1 +K)− 2q2γtβstbc1)
×

(1 +K)√
((1 + q2)(1 +K)− 2γtβstbc1)

exp

(
K( r2

1+r2
)(1 + q2)γtβstbc1

(1 + q2)(1 +K)− 2q2γtβstbc1

+
K( 1

1+r2
)(1 + q2)γtβstbc1

(1 + q2)(1 +K)− 2γtβstbc1

)]Tx
dθ

− αstbc2
∫ π

4

0

[
(1 + q2)√

((1 + q2)(1 +K)− 2q2γtβstbc1)
× (1 +K)√

((1 + q2)(1 +K)− 2γtβstbc1)
×

exp

(
K( r2

1+r2
)(1 + q2)γtβstbc1

(1 + q2)(1 +K)− 2q2γtβstbc1
+

K( 1
1+r2

)(1 + q2)γtβstbc1

(1 + q2)(1 +K)− 2γtβstbc1

)]Tx
dθ.

(4.41)
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Now, the ABER of SQAM-STBC-OFDM can be calculated by using (2.10) in (4.20)

as

ABERexact =
4

π
αstbc3

∫ π
2

0

[
(1 + q2)√

((1 + q2)(1 +K)− 2q2γtβstbc2)
×

(1 +K)√
((1 + q2)(1 +K)− 2γtβstbc2)

×

exp

(
K( r2

1+r2
)(1 + q2)γtβstbc2

(1 + q2)(1 +K)− 2q2γtβstbc2
+

K( 1
1+r2

)(1 + q2)γtβstbc2

(1 + q2)(1 +K)− 2γtβstbc2

)]Tx
dθ

− 2

π
(αstbc3)2

∫ π
4

0

[
(1 + q2)√

((1 + q2)(1 +K)− 2q2γtβstbc2)
×

(1 +K)√
((1 + q2)(1 +K)− 2γtβstbc2)

×

exp

(
K( r2

1+r2
)(1 + q2)γtβstbc2

(1 + q2)(1 +K)− 2q2γtβstbc2
+

K( 1
1+r2

)(1 + q2)γtβstbc2

(1 + q2)(1 +K)− 2γtβstbc2

)]Tx
dθ.

(4.42)

Results of (4.21), (4.22), (4.30) and (4.31) can be verified from (4.41) and (4.42) by using

appropriate values of K, q and r. The results of Rayleigh fading can be verified using (r2

= 1, q2 = 1, K = 0), for Rician (r2 = 1, q2 = 1, K 6= 0 ), for Hoyt (r2 = 1, q2 6= 1, K

= 0 ), and finally, one-sided Gaussian fading can be verified using (r2 = 1, q2 = 0, K =

0).

4.3.7 Generalized-K (KG) Fading

For RQAM-STBC-OFDM system under generalized-K (KG) fading channel, the ABER

expression can be derived using (2.12) in (4.19) as

ABERexact =αstbc1

∫ π
2

0

( Ξ

βstbc1

) β̂
2

exp

(
Ξ

2βstbc1

)
W
− β̂

2
,− α̂

2

(
Ξ

βstbc1

)Tx dθ
−αstbc2

∫ π
4

0

( Ξ

βstbc1

) β̂
2

exp

(
Ξ

2βstbc1

)
W
− β̂

2
,− α̂

2

(
Ξ

βstbc1

)Tx dθ, (4.43)

where α̂ = K −m, Kα(·) is the modified Bessel function with order α [133], Ξ = Km
γ

and

β̂ = K +m− 1.

The results of K-distribution can be calculated by substituting m = 1 whereas, for

Nakagami-m fading channel the substitution K → ∞ is required in (4.43) and (4.44).
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For the case of m → ∞ and K → ∞, the AWGN channel can be realized from (4.43)

and (4.44).

Now, the ABER of SQAM-STBC-OFDM can be calculated by using (2.10) in (4.20)

as

ABERexact =
4

π
αstbc3

∫ π
2

0

( Ξ

βstbc2

) β̂
2

exp

(
Ξ

2βstbc2

)
W
− β̂

2
,− α̂

2

(
Ξ

βstbc2

)Tx dθ
− 2

π
(αstbc3)2

∫ π
4

0

( Ξ

βstbc2

) β̂
2

exp

(
Ξ

2βstbc2

)
W
− β̂

2
,− α̂

2

(
Ξ

βstbc2

)Tx dθ. (4.44)

4.3.8 η − λ− µ Fading

In the case of η−λ−µ fading, the ABER of RQAM-STBC-OFDM system can be derived

by substituting (2.15) in (4.19) as

ABERexact =αstbc1

∫ π
2

0

(
4η(1− λ)2b̃2

(c̃+ βstbc1γt)
2 − d̃2

)Tx

dθ

−αstbc2
∫ π

4

0

(
4η(1− λ)2b̃2

(c̃+ βstbc1γt)
2 − d̃2

)Tx

dθ. (4.45)

Now, the ABER of SQAM-STBC-OFDM can be calculated by using (2.15) in (4.20)

as

ABERexact =
4

π
αstbc3

∫ π
2

0

(
4η(1− λ)2b̃2

(c̃+ βstbc2γt)
2 − d̃2

)Tx

dθ

− 2

π
(αstbc3)2

∫ π
4

0

(
4η(1− λ)2b̃2

(c̃+ βstbc2γt)
2 − d̃2

)Tx

dθ. (4.46)

The ABER for η-µ fading channel can be generated as a special case of (4.45) and (4.46)

for λ → 0 and µ = µ′. Similarly, the results of λ-µ and Hyot fading can be verified by

setting η → 1, µ = µ′ and λ→ 0, µ = 1/2 respectively.
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4.3.9 Beaulieu-Xie Fading

The ABER of RQAM-STBC-OFDM system under Beaulieu-Xie fading can be derived

using (2.17) in (4.19) as

ABERexact =αstbc1

∫ π
2

0

((
m

γt

)m
exp

(
−λ

2

2

)(
m

γt
− βstbc1

)−m
Γ[m+ n]×

1F1R

[
m,m,

mλ2

2(m− βstbc1γt)

])Tx
dθ

−αstbc2
∫ π

4

0

((
m

γt

)m
exp

(
−λ

2

2

)(
m

γt
− βstbc1

)−m
Γ[m+ n]×

1F1R

[
m,m,

mλ2

2(m− βstbc1γt)

])Tx
dθ. (4.47)

The ABER of SQAM-STBC-OFDM can be calculated by using (2.17) in (4.20) as

ABERexact =
4

π
αstbc3

∫ π
2

0

((
m

γt

)m
exp

(
−λ

2

2

)(
m

γt
− βstbc2

)−m
Γ[m+ n]×

1F1R

[
m,m,

mλ2

2(m− βstbc2γt)

])Tx
dθ

− 2

π
(αstbc3)2

∫ π
4

0

((
m

γt

)m
exp

(
−λ

2

2

)(
m

γt
− βstbc2

)−m
Γ[m+ n]×

1F1R

[
m,m,

mλ2

2(m− βstbc2γt)

])Tx
dθ. (4.48)

The results of Rician distribution for RQAM and SQAM can be verified from (4.47) and

(4.48) respectively by setting m = 1.

4.4 Results and Discussion

The ABER expressions derived in this chapter are numerically evaluated to calculate the

performance of MQAM-STBC-OFDM system. Different antenna configurations are used

in the analysis over generalized fading channels. Without the loss of generality, all the

fading channels are assumed to have unity mean and zero variance.

Fig. 4.3 shows the plot of ABER v/s SNR for Tx = 2, 4, Rx = 1 for 16-SQAM-STBC-

OFDM system. The effect of varying K on the ABER performance can be visualized from

Fig. 4.3. Benchmark results of Rayleigh and Rician fading channels for STBC-OFDM

can be verified form Fig. 4.3.

The results of 4×2-RQAM-STBC-OFDM system for Tx = 2,4; Rx = 1, K = 5,10 and ∆
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Figure 4.3: ABER v/s SNR for 16-SQAM-STBC-OFDM system with Tx = 2,4, Rx = 1,
K= 0, 5, 10 and ∆ = 0 in Rayleigh and GTR channel.
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Figure 4.4: ABER plot of 4×2-RQAM-STBC-OFDM system under GTR fading channel
for K = 5,10 and ∆ = 0.5, 1.
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Figure 4.5: ABER of 4-SQAM-STBC-OFDM system for Tx = 2; Rx = 1 under
Beaulieu-Xie fading channel for λ = 1 and different values of m.

= 0.5,1 are shown in Fig. 4.4. It can be visualized from Fig. 4.4 that as ∆ increases, the

performance of system degrades. Hence more severe fading than conventional Rayleigh

can be modeled by using ∆ > 0.

Fig. 4.5 shows the ABER vs. SNR plots for 4 QAM-STBC-OFDM system for Tx = 2;

Rx = 1 under Beaulieu-Xie fading channel for λ = 1 and m = 0.5, 1, 2, 3, 4 and 5. It can

be visualized from the results that the ABER performance improves with the increase

in fading parameter m from 0.5 to 5. For example, at SNR = 10 dB, the ABER takes

values 8.773 × 10−3, 1.245 × 10−3, 9.649 × 10−5, 1.733 × 10−5, 4.868 × 10−6, 1.809 ×
10−6 for m = 0.5, 1, 2, 3, 4, 5 respectively.

4.5 Summary

The exact expressions of ABER are derived in this chapter for STBC-OFDM systems.

SQAM-STBC-OFDM is found to be a special case of RQAM-STBC-OFDM (using MI

= MQ = M and dQ = dI = d). Numerical results have been verified using simulations.

The derived results are obtained under generalized fading scenario.
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Chapter 5

Effect of Impairments on Performance of

MIMO-OFDM Systems

Despite its several advantages, MIMO-OFDM poses a lot of technical challenges in its

implementation such as high sensitivity to frequency offsets, phase noise, requirement of

perfect channel state information over all transmit-receive antenna pairs and high PAPR

etc. The orthogonality between the subcarriers of OFDM is lost by frequency offset or

phase noise. This also affects the block coded MIMO symbols and therefore the overall

ABER of MIMO-OFDM system gets deteriorated by the ICI.

Apart from this, if the perfect CSI is not available at the receiver, the system performance

degrades significantly. For MIMO-OFDM system containing a lot of transmits and receive

antenna, the perfect estimation of CSI is not achievable all the time. Whereas, the CSI

is an essential factor while correctly decoding the symbols at the receiver. A substantial

amount of work has already been done to calculate the ABER of MIMO-OFDM system

with ICI and imperfect CSI independently over different fading channels. However, most

of these studies assume the fading process to be related with only a single family of PDF

like Rayleigh, Rician or Nakagami fading. Therefore, in this chapter, the expressions are

derived for the ABER of MIMO-OFDM system with both CFO and imperfect CSI under

generalized fading scenarios. The effect of CFO on ABER is calculated by ICI coefficients

and imperfect CSI is calculated by quality of channel estimation.

In Section 5.1, the relationship between the ICI coefficients and instantaneous SNR of

MIMO-OFDM system is presented. Thereafter, in Section 5.2, the relation between

quality of channel estimation and SNR is presented. Further, in Section 5.3 the closed

form results for ABER are derived for MIMO-OFDM with channel impairments. Section

5.4 gives the numerical and simulation results based on derived expressions in this chapter.

Section 5.5 holds the summary of chapter.
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5.1 Effect of Carrier Frequency Offset on Instanta-

neous SNR

An MIMO-OFDM system employing Tx transmit antennas and N subcarriers is assumed

in this analysis. For single receiving antenna case, the pth sample of received signal

including the effect of CFO (∆f) after removing the cyclic prefix and applying FFT can

be represented as

r(k) =
1√
Tx

Tx∑
i=1

[
s0Hi(p)ti(p) +

N−1∑
l=0,l 6=p

sl−pHi(l)ti(l)

]
+z(p); 0 ≤ p ≤ (N − 1), (5.1)

where Hi(p) represents the channel frequency response, ti(p) is the transmitted signal

from ith transmit antenna and z(p) is AWGN with variance σ2
z . The term sp represents

the ICI coefficients and is represented as

sp =
sin(π(p+ ε))

N sin( π
N

(p+ ε))
exp

(
jπ

(
1− 1

N
(p+ ε)

))
, (5.2)

where ε(= ∆fTu) is the normalized frequency offset and Tu represents the useful time

period of one OFDM symbol. In this analysis, it is assumed that the channel for a specific

subcarrier at time t is constant for at-least Tx consecutive symbols.

After equalization, the decision variable t̂(p) is represented as

t̂(p) =
1√
Tx

Tx∑
i=1

[
|s0|2|Hi(p)|2ti(p) + s∗0H

∗
i (p)

N−1∑
l=0,l 6=p

sl−pHi(l)ti(l)

]
+ s∗0H

∗
i (p)z(p). (5.3)

Now, the signal power Pt can be calculated as

Pt =
1

Tx
|s0|4

[
Tx∑
i=1

|Hi(p)|2
]2

σ2
t . (5.4)

Also, the interference power Pin due to ICI can be calculated as

Pin = |s0|2
[
Tx∑
i=1

|Hi(p)|2
] (

1− |s0|2
)
σ2
Hσ

2
t . (5.5)

In (5.5), the term σ2
H which represents the channel power is assumed to be unity. Now,
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the signal-to-interference ratio (SIR) is calculated by using (5.4) and ((5.5)) as

γI =
|s0|2

[∑Tx
i=1 |Hi(p)|2

]
Tx
(
1− |s0|2

) . (5.6)

The noise power Pz due to channel AWGN can be written as

Pz = |s0|2
[
Tx∑
i=1

|Hi(p)|2
]
σ2
z . (5.7)

Using (5.6) and ((5.7)), the signal to interference and noise ratio (SINR) is calculated

as

γIN =
|s0|2

[∑Tx
i=1 |Hi(p)|2

]
Tx
(
1− |s0|2 + γ̄−1

) , (5.8)

where γ̄ =
σ2
t

σ2
z

represents the average SNR.

5.2 Effect of Imperfect CSI on Instantaneous SNR

Perfect estimation of channel is required at the receiver for correctly decoding the trans-

mitted signal. This is possible only when perfect CSI is available. However, in most of

the cases, only partial information of channel is available at the receiver which is known

as imperfect CSI. Due to this imperfect CSI, an error is induced in channel estimation.

Let the error in estimating the channel at the receiver be δ. This error is represented

as

δ = H− Ĥ, (5.9)

where Ĥ and H are the estimated and actual channel response respectively. It is assumed

here that Ĥ and δ are uncorrelated and values in δ belong to zero-mean circularly sym-

metric complex Gaussian distribution. The variance of δ can be calculated by using the

minimum mean-squared error channel estimate on (5.9) as

σ2
δ = E[|H|2]− E[|Ĥ|2]. (5.10)

The variance of estimation error σ2
δ is assumed to be known at both transmitter and

receiver. The channel estimation quality is demonstrated by using σ2
δ .

Now, to study the effect of the quality of channel estimation on ABER, first, the relation

69



between the quality of channel estimation and instantaneous SNR is to be defined. Under

imperfect CSI, the instantaneous SNR between ith transmit and jth receive antenna pair

depends on the variance of estimation error and can be written as [155]

γi,j =
γIN

1 + σ2
δγIN

. (5.11)

The normalized instantaneous SNR for MIMO-OFDM system is given by the relation

[96]

γT =
Tx∑
i=1

Rx∑
j=1

γi,j. (5.12)

5.3 ABER of MIMO-OFDM with Impairments

Now once we have derived the relationship between the instantaneous SNR of MIMO-

OFDM system with ICI coefficients and quality of channel estimation, the procedure of

calculating ABER expressions is quite straight-forward. The expressions of ABER for

perfect conditions (no ICI and perfect CSI) were derived in Section 3.2 of Chapter 3 for

SFBC-OFDM and in Section 4.2 of Chapter 4 for STBC-OFDM. Now, the ABER of these

systems with channel impairments can be derived by substituting the perfect condition

SNR by γT derived in (5.12).

� SFBC-OFDM

Let us take the case of SFBC-OFDM, the ABER in this case by using exact analysis

with channel impairments of ICI and imperfect CSI can be derived by substituting

(5.12) in (3.31) as

ABERexact =
α

π

∫ π
2

0

[
MγT

(
− β

2CRTx sin2 φ

)]TxRx
dφ. (5.13)

Similarly, the closed form expression of ABER using exponential bound is derived

by using (5.12) in (3.36) as

ABER ≈ 0.2 [MγT (ξ)]TxRx . (5.14)

� STBC-OFDM

Further, the ABER for RQAM-STBC-OFDM with channel impairments of ICI and
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imperfect CSI can be derived by substituting (5.12) in (4.17) as

ABERexact =
2

π
[AI + AQ]

∫ π
2

0

[
MγT

(
−3

(MIMQ − 1) sin2 θ

)]Tx
dθ

− 2

π
[AIAQ]

∫ π
4

0

[
MγT

(
−3

(MIMQ − 1) sin2 θ

)]Tx
dθ. (5.15)

Now, for SQAM-STBC-OFDM, the ABER is calculated by substituting (5.12) in

(4.18) as

ABERexact =
4

π

(
1− 1√

M

)∫ π
2

0

[
MγT

(
−3

(M2 − 1) sin2 θ

)]Tx
dθ

− 2

π

(
1− 1√

M

)2 ∫ π
4

0

[
MγT

(
−3

(M2 − 1) sin2 θ

)]Tx
dθ. (5.16)

The closed form expressions of ABER for RQAM-STBC-OFDM and SQAM-STBC-

OFDM with channel impalements can be derived from (5.15) and (5.16) respectively

for Rayleigh and Nakagami-m fading channels using similar approach as given in Sec-

tion 4.3 of Chapter 4. However, for other fading channels, the closed form expression

of ABER is not possible. Therefore, numerical methods are used to calculate ABER for

these cases.

5.4 Results and Discussion

The ABER results of STBC-OFDM are presented with imperfect CSI and CFO over

generalized fading channels. The derived expressions are valid for any family of fading

PDF. For the purpose of validation of derived expressions through results, we have taken

the case of some fading channels.

The plot of ABER v/s average SNR for Tx = 2, Rx = 1 for square 16 QAM-STBC-OFDM

system over GTR fading channel is given in Fig. 5.1. The value of GTR fading parameters

used are ∆ = 0 and K = 0, 5, 10. Fig. 5.1 is used to study the effect of varying K and ε

on the ABER. Results are verified by changing GTR fading to Rayleigh (K = 0,∆ = 0)

and Rician (K 6= 0,∆ = 0) fading cases. Without the loss of generality, the mean and

variance of all the GTR fading channels are assumed to be 0 and 1 respectively. An

interesting observation from Fig. 5.1 is that the ABER degrades with the increase in ε

and improves when the value of fading parameter K is increased.

The ABER results of 4× 2 QAM-STBC-OFDM system for Tx = 1 and 2, Rx = 1 under

Beaulieu-Xie fading channel are shown in Fig. 5.2. The fading parameters m = 0.5, 1, 3
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Figure 5.1: ABER v/s SNR for Tx = 2, Rx = 1, 16-SQAM-STBC-OFDM system with
K = 0, 5, 10 (shown with +, 4, © markers) and ∆ = 0, ε = 0, 0.01, 0.1 (shown with

solid, dashed and dotted lines) in Rayleigh and GTR fading channel.

and λ = 1 are taken and the effect of imperfect CSI is observed in this figure. It can be

visualized from Fig. 5.2 that as m increases, the ABER performance of system improves.

On the other hand, the ABER performance degrades when the value of σ2
δ is increased.

The effect of diversity gain can also be visualized from Fig. 5.2 as Tx increases from 1 to

2.

The ABER results of 8PSK-SFBC-OFDM system with four transmit antenna and code

receive antenna, code rate = 3
4

(code H4 [27]) are given in Fig. 5.3 under Nakagami-n

fading with σ2
δ = 0, 0.02 and 0.05. The results obtained from exact expression are shown

with solid lines whereas, the approximate results obtained from tight bound on ABER

are shown with dotted lines in Fig. 5.3. The results of Rayleigh and Rician fading can

be verified from Nakagami-n fading by substituting n = 0 and n2 = K respectively as

shown in Fig. 5.3. The parameter K represents the Rician K factor. Fig. 5.4 shows

the ABER vs SNR results for Nakagami-n fading channel with channel parameter n =

5. The system parameters are kept the same as Fig. 5.3 for comparison between two

results. With the increase in channel estimation error in Fig. 5.4, the ABER performance

degrades. Another observation from Fig. 5.3 and Fig. 5.4 is the improvement in ABER

performance when the channel parameter n is increased from 0 to 5 for constant values

of system parameters Tx, Rx, CR and σ2
δ .

The ABER v/s SNR results for 16-QAM-SFBC-OFDM with Tx = 3, Rx = 1 (code G3
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Figure 5.2: ABER v/s σ2
δ for Tx = 1, 2, Rx = 1, 4×2-RQAM-STBC-OFDM system with

m = 0.5, 1, 3 and λ = 1 in Beaulieu-Xie fading channel.
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Figure 5.3: ABER v/s SNR plot for 8-PSK-SFBC-OFDM with Tx = 4, Rx = 2, CR =
3/4 under Nakagami-n fading with n = 0 and channel estimation error σ2

δ = 0, 0.02,
0.05, (Exact results - solid black lines, results exponential bound - dashed red lines).

[27]) are presented in Fig. 5.5. For this analysis, the Nakagami-q fading channel is

considered and results are provided for various values of σ2
δ . It can be visualized from the

plot that with the increase in channel estimation error parameter, the ABER performance

deteriorates. The channel parameter q also affects ABER performance. The results of
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Figure 5.4: ABER v/s SNR plot for 8-PSK-SFBC-OFDM with Tx = 4, Rx = 2, CR =
3/4 under Nakagami-n fading with n = 5 and channel estimation error σ2

δ = 0, 0.02,
0.05, (Exact results - solid black lines, results exponential bound - dashed red lines).
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Figure 5.5: ABER results for 16-QAM-SFBC-OFDM with Tx = 3, Rx = 1 and CR =
1/2 under Nakagami-q fading and channel estimation error σ2

δ = 0, 0.001, 0.002, 0.005.

Rayleigh fading presented in [96, 110] can be verified from Nakagami-q fading for q = 0

whereas, the Nakagami-q fading converges to one-sided Gaussian fading if q = 1. The one-

sided Gaussian fading channel gives better performance in terms of ABER as compared

to Rayleigh fading channel.
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Figure 5.6: ABER v/s SNR plot for 32-QAM-SFBC-OFDM using exponential bound
with Tx = 2, Rx = 2, CR = 1, σ2

δ = 0 and 0.01 under Generalized-K (KG) fading with
fading parameters m = 0.5, 1, 2, 5 and K = 1.
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Figure 5.7: ABER plot for 16-QAM-SFBC-OFDM system with three transmit and one
receive antenna using exponential bound under η-λ-µ fading (η = 1, λ = 0 and µ = 0.5,

1 and 2).

Fig. 5.6 presents the ABER results using exponential bound for 32 QAM modulated

SFBC-OFDM system having two transmit and two receive antennas. The code rate is
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taken to be unity. Generalized-K (KG) fading channel is taken in this results with σ2
δ = 0

and 0.01. The results are provided by taking channel parameters K = 1 while m is varied

from 0.5, 1, 2 and 5. The Generalized-K fading is considered as a very flexible model

for the accurate modeling of both short term and long term fading conditions. Rayleigh

fading channel can be obtained as a special case of Generalized-K (KG) fading channel

if K = 1 and m = 2 and the results can be verified from [96]. Another observation from

Fig. 5.6 is that with the increase in fading parameter m from 0.5 to 5, the ABER also

improves.

The ABER v/s SNR plot of 16 QAM modulated SFBC-OFDM system with Tx = 3,

Rx = 1, CR = 1/2 and σ2
δ = 0, 0.01 is shown in Fig. 5.7. These results are calculated

using the exponential bound under η-λ-µ fading. The results of different fading scenar-

ios like Nakagami-q, Rayleigh, λ-µ, Gamma, exponential, η-µ, One-Sided Gaussian and

Nakagami-m distribution can be obtained using different combinations of fading variables

η, λ and µ. For a constant value of η and λ, there is an improvement in ABER as µ is

increased from 0.5 to 2.

5.5 Summary

The effect of channel impairments has been studied on MIMO-OFDM systems. Expres-

sions have been derived to examine the effect of CFO and imperfect CSI on instantaneous

SNR and ABER of system. The results calculated by using the numerical evaluation of

derived expressions are verified using Monte-Carlo simulations.
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Chapter 6

Conclusions and Future Works

This chapter includes the conclusions drawn from the analytical and simulation studies

made in this dissertation. This research was focused on exploring the performance of

diversity based MIMO-OFDM systems under multipath fading as well as different channel

impairments. For this purpose, an analytical framework for MIMO-OFDM systems has

been developed and presented in this dissertation.

6.1 Conclusions

In Chapter 1, a brief introduction of the MIMO-OFDM system has been presented.

The chapter focuses upon the need, classification and system model of MIMO-OFDM.

The advantages, drawbacks and applications of MIMO-OFDM system have also been

discussed. In Chapter 2, a comprehensive survey containing the state of art work done

by various researchers in the field of MIMO-OFDM has been presented.

The performance of SFBC-OFDM system has been analyzed in Chapter 3 using BER

as the performance measure. An MGF based approach has been devised to generalize

the analysis for different sets of modulation schemes and fading channels. The ABER

expressions derived for SFBC-OFDM system have been calculated in generalized fading

scenarios. Simple closed-form approximate expressions for ABER based on a tight bound

have also been derived for SFBC-OFDM system.

In Chapter 4, the exact error rate analysis of STBC-OFDM systems has been presented.

Again an MGF based generalized approach has been utilized. The analysis has been done

for many fading scenarios having a valid expression of MGF. Thereafter, the performance

of MIMO-OFDM system under the influence of impairments has been studied in Chapter

5. For this analysis, two major impairments i.e. CFO and imperfect CSI have been taken

into account. It was observed that the results of conventional SISO-OFDM system can

be obtained as a special case of the derived expressions.

The main contributions of this dissertation are summarized as:

� Development of an analytical framework for MIMO-OFDM systems
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– STBC-OFDM system

– SFBC-OFDM system

� BER performance of SFBC-OFDM systems

� BER performance of STBC-OFDM systems

� Effect of impairments on performance of MIMO-OFDM systems

– Effect of CFO on instantaneous SNR and ABER

– Effect of imperfect CSI on instantaneous SNR and ABER

� Comparison of simulations and analytical results

6.2 Future Works

The work in this dissertation has focused on the development of an analytical framework

and performance analysis of MIMO-OFDM systems in fading environments and channel

impairments. The increasing demands in terms of data-rates and quality of service have

resulted in rapid advancements in current wireless communication technology. Despite

the comprehensive nature of the study undertaken in this dissertation, the scope for

further research on this topic is always present. So here are some issues that require

further study:

� Study of the effect of other channel impairments like symbol timing offset, co-

channel interference, multiuser interference.

� Effect of correlated and non-independent MIMO channels.

� The analysis can be further extended for generalized frequency division multiplexing

(GFDM).

� Effect of massive MIMO scenarios.
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