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ABSTRACT

The approach here is to analyze the performance of SFBC-OFDM system in order to utilize
the diversities in frequency and space with MPSK and MQAM modulation scheme over
Rician and Nakagami-m fading environment. The analysis is done after deriving the closed-
form expressions for MIMO-SFBC-OFDM systems over frequency-selective fading
channels for different channel parameters, code rate and antenna configurations. These
derived expressions are used also to analyse the difference in performance between coded
and uncoded system and to find out the optimum number of antenna for a desired
improvement using numerical analysis. And the final approach is to verify the analysis with
the existing published literature. It can be seen that that the improvement in SNR(dB) in
Nakagami-m fading is better than that of a Rician fading. The proposed expressions can be

used to quantify the amount of degradation and improvement in the BER at the receiver.
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CHAPTER 1
INTRODUCTION

This chapter provides a brief introduction of the thesis. This includes introduction to
wireless communication, Multi-Carrier Modulation (MCM) and Multiple Access
Technique in wireless communication, diversity in wireless communication, review of the
research work in MIMO wireless communication system, objective of the thesis and outline
of the thesis.

1.1 Introduction to Wireless Communication

The birth of wireless communications dates from the late 1800s, when M.G. Marconi did
the pioneer work establishing the first successful radio link between a land-based station
and a tugboat. Since then, wireless communication systems have been developing and
evolving with a furious pace. Today, facilitated by RF circuit fabrication and digital
switching techniques, affordable high speed telecommunication has been largely deployed
across the world. The number of mobile subscribers has been growing tremendously in the
past decades.

The early wireless systems consisted of a base station with a high-power transmitter and
served a large geographic area. Each base station could serve only a small number of users
and was costly as well. The systems were isolated from each other and only a few of them
communicated with the public switched telephone networks. Today, the cellular systems
consist of a cluster of base stations with low-power radio transmitters. Each base station
serves a small cell within a large geographic area. The total number of users served is
increased because of channel reuse and also larger frequency bandwidth. The cellular
systems connect with each other via mobile switching and directly access the public
switched telephone networks.

The most advertised advantage of wireless communication systems is that a mobile user
can make a phone call anywhere and anytime. We know, communication means transfer of
information from source to recipient. In traditional telephony, when source and recipient
were located in long distance, this transfer used to happen by connecting source and
recipient physically through conducting wires, which would carry information in the form
of electrical signals. Any transfer of information between points that do not have a physical
connection, like wire or cable connection, would be wireless communication. There are two
types of wireless communication system- 1. Short Distance - TV controlled by remote 2.
Long Distance - Space Radio Communication. The Components of a wireless
communication system are: the source, input transducer, transmitter, channel, output
transducer, receiver.



In a cellular network, an entire geographic area is divided into cells, with each cell being
served by a base station. Because of the low transmission power at the base station, the
same channels can be reused again in another cell without causing too much interference.
The configuration and planning of the cell is chosen to minimize the interference from
another cell and thus maximum capacity can be achieved. The cell is usually depicted as a
hexagon, but in reality the actual shape varies according to the geographic environment and
radio propagation.

Channel allocation is chosen based on the density of the users. If a cell has many users to
serve, usually more channels are allocated. The channels are then reused in adjacent cells or
cluster of cells. The spatial separation of the cells with the same radio channels, in
conjunction with the low transmission power and antenna orientation, keeps the co-channel
interference at an acceptable level. Mobility is one of the key features in wireless
communication systems. There is a need to track the users moving into different cells and
changing radio channels. A mobile switched to another channel in a different cell is called
handoff. A signaling and call processing procedure is needed to support user mobility and
handoff such that a mobile phone can be completed successfully. Paging is another key
feature in cellular systems. It uses a common shared channel to locate the users within the
service area and to broadcast some signaling messages.

1.2 Multi-Carrier Modulation (MCM) and Multiple Access Technique in Wireless
Communication

1.2.1 Multi-Carrier Modulation (MCM)

Multicarrier modulation, MCM is a technique for transmitting data by sending the data over
multiple carriers. Multicarrier modulation techniques are particularly beneficial because
when the data rates increase, so wider bandwidths are needed. When this happens, different
frequencies within the bandwidth are subject to different path lengths and different fading
conditions. This can distort the transmission making it difficult to copy. MCM provides a
way of increasing the bandwidth whilst still being able to tolerate the varying fading
conditions present. A further advantage of multicarrier systems is that they are less
susceptible to interference than single carrier system as interference may only affect a small
number of the carriers.

Multi-carrier modulation (MCM) is a method of transmitting data by splitting it into several
components, and sending each of these components over separate carrier signals. The

individual carriers have narrow bandwidth , but the composite signal can have broad
bandwidth.

The advantages of MCM include relative immunity to fading caused by transmission over
more than one path at a time (multipath fading), less susceptibility than single-carrier
systems to interference caused by impulse noise, and enhanced immunity to inter-symbol
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interference. Limitations include difficulty in synchronizing the carriers under marginal
conditions, and a relatively strict requirement that amplification be linear. There are many
forms of multicarrier modulation techniques that are in use of being investigated for future
use.

Frequency-Division Multiplexing (FDM)

In frequency division multiplexing, the available bandwidth of a single physical medium is
subdivided into several independent frequency channels. Independent message signals are
translated into different frequency bands using modulation techniques, which are combined
by a linear summing circuit in the multiplexer, to a composite signal. The resulting signal is
then transmitted along the single channel by electromagnetic means. Basic approach is to
divide the available bandwidth of a single physical medium into a number of smaller,
independent frequency channels. Using modulation, independent message signals are
translated into different frequency bands. All the modulated signals are combined in a
linear summing circuit to form a composite signal for transmission. The carriers used to
modulate the individual message signals are called sub-carriers. At the receiving end the
signal is applied to a bank of band-pass filters, which separates individual frequency
channels. The band pass filter outputs are then demodulated and distributed to different
output channels. If the channels are very close to one other, it leads to inter-channel cross
talk. Channels must be separated by strips of unused bandwidth to prevent inter-channel
cross talk. These unused channels between each successive channel are known as guard
bands. FDM are commonly used in radio broadcasts and TV networks.

Orthogonal Frequency Division Multiplexing

Frequency Division Multiplexing (FDM) is a technology that transmits multiple signals
simultaneously over a single transmission path, such as a cable or wireless system. Each
signal travels signal travels within its own unique frequency range (carrier), which is
modulated by the data (text, voice, video, etc.).

Orthogonal FDM's (OFDM) spread spectrum technique distributes the data over a large
number of carriers that are spaced apart at precise frequencies. This spacing provides the
“orthogonality” in this technique, which prevents the demodulators from seeing frequencies
other than their own.

The benefits of OFDM are high spectral efficiency, resiliency to RF interference, and lower
multi-path distortion. This is useful because in a typical terrestrial broadcasting scenario
there are multipath-channels (i.e. the transmitted signal arrives at the receiver using various
paths of different length). Since multiple versions of the signal interfere with each other
(inter symbol interference (ISI)), it becomes very hard to extract original information.



OFDM is a transmission technique that has been around for years, but only recently became
popular due to the development of digital signal processors (DSPs) that can handle its
heavy digital processing requirements. OFDM is being implemented in broadband wireless
access systems as a way to overcome wireless transmission problems and to improve
bandwidth. OFDM is sometimes called multi-carrier or discrete multi-tone modulation.

OFDM is similar to FDM but much more spectrally efficient by spacing the sub-channels
much closer together (until they are actually overlapping). This is done by finding
frequencies that are orthogonal, which means that they are perpendicular in a mathematical
sense, allowing the spectrum of each sub-channel to overlap another without interfering.

1.2.2 Multiple Access Techniques

Multiple access is a technique to allow users to share a communication medium so that the
overall capacity can be increased. There are three commonly used multiple access schemes:
Frequency Division Multiple Access (FDMA), Time Division Multiple Access (TDMA)
and Code Division Multiple Access (CDMA). In FDMA, each call is assigned its own band
of frequency for the duration of the call. The entire frequency band is divided into many
small individual channels for users to access. In TDMA, users share the same band of
frequencies. Each call is assigned a different time slot for its transmission. In CDMA, users
share the same band of frequencies and time slots. Each call is assigned a unique code,
which can spread the spectrum to the entire frequency band. The spectrum spread calls are
sent on top of each other simultaneously, and are separated at the receiver by an inverse
operation of the unique codes. A combination of the three multiple access schemes can also
be applied.

FDMA (Frequency Division Multiple Access) each user is allocated a unique frequency
band or channel, no other user can share the same frequency band.

TDMA (Time Division Multiple Access) divides the radio spectrum into time slots, and in
each slot, only one user is allowed to either transmit or receive.

CDMA (Code Division Multiple Access) each user is assigned a special code sequence
(signature) to modulate its message signal, all users are allowed to transmit over the same
channel simultaneously and asynchronously.

SDMA (Space Division Multiple Access) controls the radiated energy for each user in
space. SDMA serves different users by using spot beam antennas.

1.2.3 Coding Technique in MC-CDMA

The MC-CDMA scheme is a promising technology for future wireless communication
systems. Future wireless communication requires a system supporting a large number of
users, which can simultaneously provide high data rate. The MC-CDMA is a type of
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multiple access that utilize the benefits of both CDMA and OFDM schemes. The multi
carrier part reduces the multipath fading and ISI, whereas the spread spectrum technology
utilizes the limited spectrum in an efficient way. The high data rate transmission will make
a resistive channel. The multi carrier part will overcome this problem by transmitting high
data rate data into low rate parallel subcarriers. The overlapping of carriers provides high
spectral efficiency. Compared to the other multicarrier technique, in a MC-CDMA scheme
the original data symbols are first spread with a pseudorandom sequence, followed by the
modulation on different carriers. That is, in a MC-CDMA system the chips of same symbol
are modulated on different carriers. Hence the spreading is said to be done in frequency
domain. Compared to DS-CDMA, in MC-CDMA the codes that is used to distinguish each
user are modulated in frequency domain, hence the need of complex rake receiver is
avoided.

1.3 Fading

The time variation of received signal power due to changes in transmission medium or
paths is known as fading. Fading depends on various factors. In fixed scenario, fading
depends on atmospheric conditions such as rainfall, lightening etc. In mobile scenario,
fading depends on obstacles over the path which are varying with respect to time. These
obstacles create complex transmission effects to the transmitted signal.

1.3.1 Types of Fading

Considering various channel related impairments and position of transmitter/receiver
following are the types of fading in wireless communication system. As we know, fading
signals occur due to reflections from ground and surrounding buildings as well as scattered
signals from trees, people and towers present in the large area. There are two types of
fading:

Large Scale Fading: Large scale fading occurs when an obstacle comes in between
transmitter and receiver. It includes path loss and shadowing effects. This interference type
causes significant amount of signal strength reduction. This is because EM wave is
shadowed or blocked by the obstacle. It is related to large fluctuations of the signal over
distance.

Small Scale Fading: Small scale fading is concerned with rapid fluctuations of received
signal strength over very short distance and short time period. It is divided into two main
categories i.e. multipath delay spread and doppler spread. The multipath delay spread is
further divided into flat fading and frequency selective fading. Doppler spread is divided
into fast fading and slow fading. Based on multipath delay spread there are two types of
small scale fading e.g. flat fading and frequency selective fading. These multipath fading
types depend on propagation environment.



Flat fading: The wireless channel is said to be flat fading if it has constant gain and linear
phase response over a bandwidth which is greater than the bandwidth of the transmitted
signal. In this type of fading all the frequency components of the received signal fluctuate
in same proportions simultaneously. It is also known as non-selective fading.

Signal BW<<Channel BW
Symbol period>> Delay Spread

The effect of flat fading is seen as decrease in SNR. These flat fading channels are known
as amplitude varying channels or narrowband channels.

Frequency Selective fading: It affects different spectral components of a radio signal with
different amplitude. Hence the name selective fading.

Signal BW>Channel BW
Symbol period< Delay Spread

Based on Doppler Spread there are two types of fading e.g. fast fading and slow fading.
These Doppler spread fading types depend on mobile speed i.e. speed of receiver with
respect to transmitter.

Fast Fading: The phenomenon of fast fading is represented by rapid fluctuation of signal
over small areas (i.e. bandwidth). When the signals arrive from all the directions in the
plane, fast fading will be observed for all directions of motion.

Fast fading occurs when channel impulse response changes very rapidly within the symbol
duration.

o High Doppler spread
e Symbol period >Coherence time
o Signal variation < Channel variation

This parameters result into frequency dispersion or time selective fading due to doppler
spreading. Fast fading is result of reflections of local objects and motion of objects relative
to those objects.

In fast fading, receive signal is sum of numerous signals which are reflected from various
surfaces. This signal is sum or difference of multiple signals which can be constructive or
destructive based on relative phase shift between them. Phase relationships depend on
speed of motion, frequency of transmission and relative path lengths.

Fast fading distorts the shape of the baseband pulse. This distortion is linear and creates ISI
(Inter Symbol Interference). Adaptive equalization reduces ISI by removing linear
distortion induced by channel.


http://www.rfwireless-world.com/Terminology/ISI-vs-ICI.html

Slow fading: Slow fading is result of shadowing by buildings, hills, mountains and other
objects over the path.

e Low Doppler Spread
e Symbol period <<Coherence Time
o Signal Variation >> Channel Variation

Slow fading results in a loss of SNR. Error correction coding and receiver diversity
techniques are used to overcome effects of slow fading.

1.3.2 Fading Models or Fading Distributions

Fading types are implemented in various models or distributions which include Rayleigh,
Rician, Nakagami-m etc.

Implementations of fading models or fading distributions include Rayleigh fading, Rician
fading, Nakagami-m fading. These channel distributions or models are designed to
incorporate fading in the baseband data signal as per fading profile requirements.

Rayleigh fading

In Rayleigh model, only Non Line of Sight (NLOS) components are simulated between
transmitter and receiver. It is assumed that there is no LOS path exists between transmitter
and receiver. The power is exponentially distributed.The phase is uniformly distributed and
independent from the amplitude. It is the most used types of Fading in wireless
communication.

Rician fading

In rician model, both Line of Sight (LOS) and non Line of Sight (NLOS) components are
simulated between transmitter and receiver.

Nakagami-m Fading

Nakagami-m channels are used when the received signal has contributions from both
diffuse and specular scattering, i.e. the electric field is the sum of a strong component
(which is not necessarily line of sight) and several contributions with less amplitude.
Nakagami-m fading channels are generally used to model multiple paths fading.

The Nakagami distribution or the Nakagami-m distribution is a probability distribution
related to the gamma distribution. It has two parameters: a shape parameter m > 1/ 2 and a
second parameter controlling spread Q > 0.


https://en.wikipedia.org/wiki/Probability_distribution
https://en.wikipedia.org/wiki/Gamma_distribution
https://en.wikipedia.org/wiki/Shape_parameter

1.4 Diversity in Wireless Communication

Diversity is a technique which is used to diminish the channel fading & is often
implemented by using two or more receiving antennas. In 3G transmit diversity is used
where base stations may transmit replicas of the signal on spatially alienated antennas or
frequencies. With an equalizer, diversity improves the quality of a wireless communication
link without alerting the common air interface & devoid of increasing the transmitted
power or bandwidth. The difference in equalization & diversity is that equalizer technique
is used to reduce ISI, whereas diversity technique is used to diminish the effect of fading on
wireless communication. Diversity exploits the random nature of radio propagation by
finding independent signal paths for communication. Diversity technique is mainly applied
on the receiver, & unknown to the transmitter. By this technique the strongest or the best
signal is received at the receiver. The following methods are used to obtain uncorrelated
signals for combining:

Space diversity: Two antennas separated physically by a short distance can provide two
signals with low correlation between their fades. The separation in general varies with
antenna height and with frequency. The higher the frequency, the closer the two antennas
can be to each other. Typically, a separation of a few wavelengths is enough to obtain
uncorrelated signals. Taking into account the shadowing effect, usually a separation of at
least 10 carrier wavelengths is required between two adjacent antennas. This diversity does
not require extra system capacity; however, the cost is the extra antennas needed.

Frequency diversity: Signals received on two frequencies, separated by coherence
bandwidth are uncorrelated. To use frequency diversity in an urban or suburban
environment for cellular and personal communications services (PCS) frequencies, the
frequency separation must be 300 kHz or more. This diversity improves link transmission
quality at the cost of extra frequency bandwidths.

Time diversity: If the identical signals are transmitted in different time slots, the received
signals will be uncorrelated, provided the time difference between time slots is more than
the channel coherence time. This system will work for an environment where the fading
occurs independent of the movement of the receiver. In a mobile radio environment, the
mobile unit may be at a standstill at any location that has a weak local mean or is caught in
a fade. Although fading still occurs even when the mobile is still, the time-delayed signals
are correlated and time diversity will not reduce the fades. In addition to extra system
capacity (in terms of transmission time) due to the redundant transmission, this diversity
introduces a significant signal processing delay, especially when the channel coherence
time is large. In practice, time diversity is more frequently used through bit interleaving,
forward-error-correction, and automatic retransmission request (ARQ).



Polarization diversity: The horizontal and vertical polarization components transmitted by
two polarized antennas at the base station and received by two polarized antennas at the
mobile station can provide two uncorrelated fading signals. Polarization diversity results in
3 dB power reduction at the transmitting site since the power must be split into two
different polarized antennas.

Angle diversity: When the operating frequency is 10 GHz, the scattering of signals from
transmitter to receiver generates received signals from different directions that are
uncorrelated with each other. Thus, two or more directional antennas can be pointed in
different directions at the receiving site and provide signals for a combiner. This scheme is
more effective at the mobile station than at the base station since the scattering is from local
buildings and vegetation and is more pronounced at street level than at the height of base
station antennas. Angle diversity can be viewed as a special case of space diversity since it
also requires multiple antennas.

Path diversity: In code division multiple access (CDMA) systems, the use of direct
sequence spread spectrum modulation allows the desired signal to be transmitted over a
frequency bandwidth much larger than the channel coherence bandwidth. The spread
spectrum signal can resolve in multipath signal components provided the path delays are
separated by at least one chip period. A Rake receiver can separate the received signal
components from different propagation paths by using code correlation and can then
combine them constructively. In CDMA, exploiting the path diversity reduces the
transmitted power needed and increases the system capacity by reducing interference

Types of Antennas

e SISO (Single Input Single Output)

e SIMO (Single Input Multiple Output)

e MISO (Multiple Input Single Output)

e  MIMO (Multiple Input Multiple Output)

1.4.1 SISO (Single Input Single Output)

In SISO type of antenna, there is only one transmitting at the transmitter end and one
receiving antenna at the receiver end. This makes SISO the simplest to implement and
easiest to design amongst all the four types of antennas available. Following is the block
diagram of SISO system.

1.4.2 SIMO (Single Input Multiple Output)

In SIMO technique, there is only one transmitting antenna and multiple receiving antennas
at receiving end; this helps to increase the receiving diversity at the receiving end as
compared with SISO. Following is the block diagram of SIMO system with one



transmitting antenna and two receiving antenna at the receiving end for analysis (in this
case only two, more than two also possible).

1.4.3 MISO (Multiple Input Single Output)

In MISO, there can be multiple transmitting antennas from which the signal can be sent, and
there I only one receiving antenna to receive the signals coming from multiple transmitting
antenna, which means there are different sources available but there is only one destination
available. Following is the block diagram of MISO system with two (in this case only two,
more than two also possible) transmitting antenna and one receiving antenna at the receiving
end for analysis.

1.4.4 MIMO (Multiple Input Multiple Output)

In MIMO, there can be multiple transmitting antennas from which the signal can be sent, and
also there are multiple receiving antennas through which the signal can be received. In MIMO,
since there can be multiple transmitting antennas the signal can be transmitted by any antenna
and therefore the signal can follow any path to reach to receiving end and this path followed by
the signal depends on the position of the antenna i.e. if we move the antenna by small position
the path will get change. The fading introduced in the signal from multiple paths can be termed
as multipath fading. Following is the block diagram of MIMO system with N (in this case only
two considered for practical analysis, more than two also possible) transmitting antenna and M
(in this case only two considered for practical analysis, more than two also possible) receiving
antenna at the receiving end for analysis.

1.4.5 Importance of STBC and SFBC

In the past years, Multiple-Input Multiple-Output (MIMO) wireless communications has
received much interest. Multiple antennas are employed at both the receiver and the
transmitter in a MIMO communication system to enhance channel capacity. Shannon
Capacity Limit is difficult to be reached for Single Input Single Output (SISO) systems. It
has been demonstrated in that further increases in channel capacity can be gained by the use
of MIMO systems. Under ideal propagation conditions, the capacity limit grows linearly
with the number of antennas. Space-time block coding (STBC) and Space Frequency block
Code (SFBC) has emerged as major techniques to exploit the MIMO benefit. Both spatial
and temporal diversity are achieved in STBC and SFBC. STBC and SFBC also offer simple
decoding with the use of maximum likelihood detection algorithm at the receiver .

Other types of codes based on STBC and SFBC have then emerged and are of most interest
as both full rate and full diversity can be achieved contrary to the STBC where full rate
cannot be achieved for more than two transmit antennas. Therefore research is focusing on
improving the complexity of the algorithm in order for the STBC and SFBC to be easier to
implement.
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These two codes are of much interest but require that channel parameters are known at the
receiver to recover the transmitted data signal. Therefore, to counteract the need for channel
estimation, codes based on differential modulation where the next transmitted symbol is
phase shifted compared to the previously transmitted symbol. Detection and demodulation
is based on the same principle. Complexity is of some concern to researchers. STBC and
SFBC offer lower complexity at the transmitter and receiver for full diversity codes.

1.5 Review of Research Work in MIMO Wireless Communication System

Orthogonal Frequency Division Multiplexing (OFDM) is considered to be the most
promising transmission technique to support future wireless multimedia communications
because of its excellent performance in combating multipath fading as well as inter symbol
interference (ISI). Multiple Input Multiple Output (MIMO)-OFDM system is an efficient
approach to combat the adverse effects multipath spread in fading environment and to
improve the bit error rate (BER) [1]-[3]. In diversity mechanisms, there are various ways of
obtaining independently faded signals such as frequency, time, space, angle and path
diversity [4].The diversity mechanism along with OFDM combined with channel coding
such as Space Time Block Coding or Space Frequency Block Coding can be adopted to
abate the fading effect [5]-[6].

Space Time Block Coding (STBC) has been developed to produce codes with different
multiplexing and diversity gains for the MIMO antenna system [7]-[9]. Space Frequency
Block Coding (SFBC) is also used to reduce the effect of destructive fading by passing the
information symbols through multiple independently faded paths which benefits from the
maximum coding advantage [10]-[15].

The conventional approach is to apply STBC in wireless communication system to reduce
the fading effect and some researches has already been carried out on STBC-OFDM system
[7]-[9]. SFBC-OFDM and also Space-Time-Frequency Block coding (STFBC) systems are
efficient in handling frequency selective fading in wireless communication system. Some
existing researches have already carried out considering only Rayleigh fading environment
[10]-[15]. No analytical results are reported on SFBC-OFDM considering Rician and
Nakagami-m fading environments.

In this work, analysis will be carried out for a wireless communication system with SFBC-
OFDM for MPSK and MQAM over Rician and Nakagami-m fading channels. Based on
Alamouti’s encoding system we will consider Space Frequency Block Coded MIMO-
OFDM system. SFBC-OFDM system model will be developed based on different antenna
configurations. The BER performance with closed form expressions of MIMO-SFBC-
OFDM system with MPSK and MQAM modulation schemes considering Rician and
Nakagami-m fading channels will be evaluated conditioned on different channel
parameters. The conditional BER will be derived and the overall BER expression will be

11



analytically found by averaging the conditional BER over probability distribution function
of the fading parameters. Analysis will be done based on different code rates as well as
different antenna systems. Finally the results will be evaluated using numerical analysis.
System performance results will be compared with different configurations for SFBC coded
MIMO-OFDM system through numerical analysis. BER performance between uncoded and
SFBC coded MIMO-OFDM system will be compared. System model with different
antenna configurations will be analysed and the optimum number of antenna for desired
improvement will be found out. Finally, to validate the analytical model, the analytical
results will be compared to the simulation results published in the referred journals
considering same system parameters.

1.6 Objective of the Thesis
The main objectives of this thesis are-

1. To find out the closed form expressions of BER to analyze the performance
of the MIMO-OFDM wireless communication system with Space Frequency
Block Coding using MPSK and MQAM modulation scheme over frequency
selective Rician and Nakagami-m fading environment.

ii. To evaluate and compare analytically the BER performance results for
Rician and Nakagami-m fading both in uncoded and coded system for
different channel parameters, code rate, antenna configurations.

iii.  To compare the analytical results with the published simulations results for
same system parameters.

1.7 Outline of the thesis
The thesis is organised in the following way:

1. Chapter 2 reviews SFBC-OFDM system model with different number of
antennas and analyzes the bit-error rate (BER) performance or average BER
of SFBC-OFDM system with MPSK and MQAM modulation in Rician and
Nakagami-m fading environment.

ii.  Chapter 3 presents all the system performance results and also discusses and
compares the results with others.

iii.  Chapter 4 concludes the thesis and proposes the future work.

12



CHAPTER 2
ANALYSIS OF SFBC-MIMO-OFDM SYSTEM

2.1 SFBC-OFDM System Model

Figure 2.1 shows a block diagram of the SFBC-OFDM system with Mt transmit and Mg
receive antennas.

A stream of information is first converted from serial to parallel. Then, all subbands are
modulated using MQAM or MPSK and a signal vector S is provided as the input to the
SFBC encoder. SFBC provides Mt blocks.

N N
- [Add I_ Remove -
——FFT Iy CP
S, CP X, X1 Iy
2 ! » |
el B[4 g Remove] o 15 |
: < Sle IEET|-p X1 CP FFT 3 > S [p/S
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=

Fig. 2.1: SFBC-OFDM block diagram

Then, OFDM modulators generate blocks X;, X,...Xyr to be transmitted by the first,
second, ...,and Mr-th transmit antenna simultaneously. Then, after the cyclic prefix
removal and FFT at the receiver side, the demodulated signal is received at the j-th
receive antenna. Maximum Likelihood (ML) detection can be used for the SFBC
decoding of the received signal, which is a simple linear process to extract the
information.

Assuming OFDM with N subcarriers (or subchannels), let Ns be the number of
subbands chosen to be Ns = N/q, i.e. each subband includes q adjacent subchannels
where q is the symbol period of the SFBC system. All the subbands are modulated using
MQAM or MPSK where M is determined by the number of allocated bits. A signal
vector S ={s[0], s[1],....s[Nt — 1]}is provided as the input to the SFBC encoder, where
N; is equal to N multiplied by the SFBC code rate, R.. A space-frequency block code is

defined by a %XMT transmission matrix G given by:

/ 1[0] s2[0] sut[0] \

[1] s2[1] SMT [1]
=| ; | ... (2.1.1)
\Slﬁ _1] SMT__1/

q CI



N . . o
where each element SMT[; — 1] is a linear combination of a subset of elements of S and

their conjugates. The ;XMT transmission matrix G is based on a complex generalized

orthogonal design. In order to utilize the space frequency diversity, the input blocks for
OFDM at each transmit antenna should be of length N. SFBC provides Mt blocks, Sj,

S,,...Sur, each of length N and consisting of % sub-blocks, i.e., Si = (s;[0] s/ 1] ... si[%— ing

for i =1,2,..,Mt, where the superscript (.)7" denotes the transpose operator. Then, OFDM
modulators generate blocks X, Xy,...Xyr to be transmitted by the first, second, ...,and Mr-
th transmit antenna simultaneously. Given that the guard time interval is longer than the
delay spread of the multipath channel (to avoid inter symbol interference - ISI), there
received signal will be the convolution of the channel and the transmitted signal. In typical
indoor environments, the fading channel varies slowly and can be assumed to be static over
an OFDM block. We assume that the fading process remains static during each OFDM
block (one frequency slot) and that it varies from one block to another. The fading
processes associated with different transmit-receive antenna pairs are considered to be
uncorrelated and we assume perfect synchronization. The fading process impulse response
of the link between the i-th transmit antenna and the j-th receive antenna can be expressed
as:

L-1

Ba() = ) @y (8 = T (6))

m=0

e (2.12)

where, (i =1,...Mr;j = 1,....MR); h; ;(t) is the tap weight, 7, (t)is the time delay of the m-
th path and L is the total number of resolvable paths. The a,, ; ; (t)’s are complex Gaussian

random processes with zero mean and variance 1/L (equal power). With this model, we
assume that the path delays, tm(f), are multiples of the symbol duration 7s. Then, after the
cyclic prefix removal and FFT at the receiver side, the demodulated received signal at the j-
th receive antenna can be expressed as:

< 213
. =ZHj,iSi+V\§ .. (2.1.3)
i=1

where r; =(r,[0],...; [N— 1])", Si =(s:/0],..., s,-[%' —1/)"is the transmitted signal at the i-th

antenna, Wj=(j[0],...Wj [N—1])" denotes the AWGN, and H,; =diag {H;; [k]}YZ4 is an
NxN diagonal matrix with elements corresponding to the DFT of the channel response
between the i-th transmit and j-th receive antennas. Finally, under channel information
knowledge at the receiver, Maximum Likelihood (ML) detection can be used for the SFBC
decoding of the received signal, which is a simple linear process, and the elements of the
block S = {s[m]}N=4 are demodulated to extract the information.
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2.1.1 SFBC-OFDM Systems for 2 Transmit Antennas
Consider an SFBC-OFDM system with two transmit antennas (Mr = 2).

The figure 2.2 shows the frequency vs time plots for 2 transmit antennas of SFBC-OFDM

systems.
>
>

& Tx 1 % Tx2

2 =

=3 5

(D] —

o —
B | —sT[2kH] s*[2k]

ok s[2K] i s[2k + 1]
Time Time

Fig. 2.2: Tllustration of SFBC-OFDM with 2Tx-MgRx antennas

Like in conventional OFDM, the sequence of input data is converted into parallel form,
generating block S = {s[1], s[2], ..., sV — 1]} where N is the block size chosen to be equal

to the FFT size in the OFDM system[ 15].
Let’s define sub-blocks s;[k] and s,[k] as

s1[k] = (s[2k] —s*[2k+1]) and
so2[k] = (s[2k+ 1] s*[2k]) respectively (Fig. 2.2). e (2.1.100)

Then, the orthogonal block code for two transmit antennas Using the code G can be
written as

_ s[2k] s[2k + 1] B N
GZ_ —S*[Zk + 1] S*[Zk] ] k—O,......,E—l
Or, G, = [(s1[k]T (s2[kDT] e (2.1.1.2)

SFBC provides two blocks S; and S,, each of the length N, for OFDM at the transmitter. In
order to utilize the space frequency diversity, the input blocks are encoded as follows:

Si=(s[0] —sTI] s[2]  =ST[3] oeeerenn. s[N — 2] s IN-1])7
S, = (s[1] +57[0] s[3]  +ST[2] eenn.... s[N—1] +s'IN-2]) 7.
o (2.1.1.3)

OFDM modulators generate blocks X; and X,, corresponding to S; and S,, that are
transmitted by the first and second transmit antenna respectively. Then given that the
channel is assumed static during an OFDM block, after removing the cyclic prefix at the
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receiver side, the FFT output as the demodulated received signal at the j-th receive
antenna can be expressed as:

I, = Hj, 1 S] +Hj, 2 Sz +Wj ..... (2114)

where r; , H; |, H; » and W; are as defined. ML detection can be used for decoding the
received signal[16],

So, this detection scheme can be written as [Appendix-A]:

Mg
S[2k] = ijl(HjH[Zk]rj [2k] + Hjp[2K]r[2k + 1)), (2.1.1.5)

S[2k +1] = (H},[2k + 1]r;[2K] — H; 4 [2k + 1]r}[2k + 1])
=1

Then, assuming that the channel gains between the two adjacent subchannels are
approximately equal, i.e., H; 1 [2k] =H; | [2k +1] and H; , [2k] = H; » [2k +1], and
substituting (2.1.1.5) into (2.1.1.2), the decoded signal can be expressed as:

Mg
S[2k] = Z},Zl (I, 2" + B[z )sl2kd +ni2i, (2.1.1.6)

2k + 1] = Zjd:l (

where 7 is the equivalent noise component given by

Hy [2K]|° + [Hy2[2K]| ) s[2k + 1] + n[2k + 1]

Mg
n[2k] = ijl(Hj’fl[Zk]Wj 2K+ Hpp[2KW/ 2k +11), c1)

n[2k +1] = Zﬁ(H;Z [2k + 11W;[2K] — Hj 1 [2k + 11W;'[2K + 1]).

The above decision variables provide a diversity gain of order two for every s[2k] and
s[2k + 1]. As can be seen, the total channel gain is the sum of squares of two channel
gains. Therefore, the proposed scheme can provide significant performance gains over
conventional OFDM.

2.1.2 SFBC-OFDM Systems for 3 Transmit Antennas
Consider an SFBC-OFDM system with three transmit antennas (Mt = 3).

The figure 2.3 shows the frequency vs time plots for 3 transmit antennas of SFBC-
OFDM systems.
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Fig. 2.3: Tllustration of SFBC-OFDM with 3Tx-MrRx antennas

Like in conventional OFDM, the sequence of input data is converted into parallel form,
generating block S = {s[1], s[2], ..., s[V — 1]} where N is the block size chosen to be equal
to the FFT size in the OFDM system.

Let’s define sub-blocks s;[£], sy[k] and s;3[k] as

si1[k] = (s[4k] —s[4k+1]
s*[4k] —s*[4k + 1]

so[k] = (s[4k+1] s[4k]
s*[4k+1] s*[4k]

s3[k] = (s[4k+2] —s[4k+3]
s*[4k+2] — s*[4k + 3]

—s[4k+2]
—s*[4k + 2]
s[4k+3]
s*[4k + 3]
s[4k]

s*[4k]

—s[4k+3]
—s*[4k + 3])
—s[4k+2]
—s*[4k +2])
s[4k+1]
s*[4k + 1))

respectively (Fig. 2.3).

(2.1.2.1)

Then, the orthogonal block code for three transmit antennas Using the code G3 can be

written as

—s*[4k + 1]
—s*[4k + 2]

| —s*[4k + 3]

(s[4k + 1]
s[4k]
s[4k + 3]
—s[4k + 2]
s*[4k + 1]
s*[4k]
s*[4k + 3]
—s*[4k + 2]

(s[4k + 2]7

—s[4k + 3]
s[4k]
s[4k + 1]
s*[4k + 2]
—s*[4k + 3]
s*[4k]

s*[4k + 1] |
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Or,Gs=[(s1[k]DT  (s2[KDT  (ss[kD1 .l (2.1.2.1)

SFBC provides three blocks S;, S; and S; each of the length N, for OFDM at the
transmitter.

Si=[si0]  Si[1].eereennnnn. sle—11" e (2.1.2.2)
In order to utilize the space frequency diversity, the input blocks are encoded as follows:
Si=([0] s[1]  -s[2]  -s[3]  s[0] =T =2 -s[3]...
s[5 41 s[5 31 s[5 2] s[5 ~1] s[5 — 41 "5 ~ 3] "5 — 21 "5 — 3]
S, = (s[1] s[0] s[3] —s[2] s 1] s'T0] s3] 2] ...
sy —31 55 41 sz 11 =7 21 55 =31 5’7 4155~ 11 'V - 2])'

S;=(s[2]  -s[3]  s[0] s[1] s 2] —s[3] s'[0] sT1T ...

* * * N

. sSH-2A=G-1sG-4 s -3

sl 21 s[5 11 s[5 —4] s[; —3]
...... (2.1.2.3)

OFDM modulators generate blocks X, X, and X3 corresponding to S;, S, and Ss, that are
transmitted by the first, second and third transmit antenna respectively. Then given that the
channel is assumed static during an OFDM block, after removing the cyclic prefix at the
receiver side, the FFT output as the demodulated received signal at the j-th receive antenna
can be expressed as:

= H,', 1 S] +H,', 2 Sz +H,', 3 S3 +W,' ..... (2124)

where r;, H; 1, H; > , H; 3 and W;are as defined. ML detection can be used for decoding
the received signal.

Assuming channel H is known at the receiver, the ML estimate is obtained by performing

min
‘ ||73-_63H ||2F which is the Frobenius form. The receiver decodes s[4k], s[4k+1], s[4k+2]
2

. 2, C e
and s[4k+3] by decomposing the measure ||1;-_63H || p into four parts, minimizes each

separately over all possible values of s[4k], s[4k+1], s[4k+2] and s[4k+3] that belong to
the constellation used [16]. Similarly, like the formula used in two transmit antennas, this
detection scheme can be written as [Following Appendix-A]:

ik ZMR <+H;j1[8k]rj [8k]  +H,[8Klr[8k + 1] -+ Hy3[8k]r[8k + 2] )

+H; 1 [8K]r{[8k + 4] + H;,[8K]r/[8k + 5] + H;;[8k]r/[8k + 6]
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k1) zm <+H;‘,z [8K]r;[8k] — Hy [8K]r;[8k + 1]  + Hj5[8K]r;[8k + 3] )

., \+H[BKI 8K + 4] — Hy[BKIr 8k + 5]+ Hy (8K 8k + 7]

a4 2] = "E o LH[8KIn[8K]  — Hiy[8KIn[8k + 2] — H;,[8KIr[8k + 3]
S - +H;[8K]r;[8k + 4] + H; ;[8K]r/[8Kk + 6] + H;,[8K]r;[8k + 7] )

s[4k + 3 " (Hisl8KIn[Bk+1] 4 Hp[8Kdr[8k + 2] — H},[8klr[8k + 3]
° [ * ] B -1 _H]"3 [81(]1']* [8k + 5] + Hj,z [8k]I‘J* [8k + 6] —_ Hj,Z [8k]rj* [8k + 7] )

...... (2.1.2.5)

Assuming that the channel gains between the two adjacent subchannels are
approximately equal, i.e.

H;,[8K] = H; ,[8k+m)], H;,[8k] = H;,[8k+m] & H;3[8k] = H; 3[8k+m],

Then, the decoded signal can be expressed as:

Mg

Skl =2) (1K1 + (10811 + [Hy [81d] ) sE4k] + [k,
=

s[4k +1] = 22%1 (111 181" + [H;2[8K]|" + [H;5[8K]| ") s[4k + 1] + n[4k + 1]
=

S[4k +2] = ZZMR (IH,-,1[81<]|2 + |Hj,z[8k]|2 + |H,-,3[8k]|2) s[4k + 2] + n[4k + 2]
j=1

S[4k + 3] = 22%1 (|H,._1[8k]|2 + [H,[8K]|° + |H,._3[8k]|2) s[4k + 3] + n[4k + 3]
ie

...... (2.1.2.6)

where 7 is the equivalent noise component given by

w - MR hH [BKIWBK] 4 HE,[BKIW[Bk + 1]+ H75[8KIW[8K + 2]
n B +H; 1 [8k]W;"[8k + 4] + H;,[8Kk]W;[8k + 5] + H;3[8K]W"[8k + 6] /’
a4 1] = Mr +H; 5 [8K]W; [8K] — H4[8KIW;[8Kk + 1]  + H;'3[8K]W;[8k + 3]
1 T/ \+H[BIW Bk + 4] — Hy; [BIW 8k + 5]+ Hys[8KIW/ [8k + 6] )
i-
e+ 2] = M +H;'3[8K]W;[8K] — H7,[8kIW;[8k + 2] — H;,[8K]W;[8k + 3]
1 - +H,3[8KIW [k + 4] + H, [8K]W/'[8K + 5]  + H,,[8K]W/'[8k + 6] )

Mpg
s3] —H3[BKIWi[8k + 1] + H7,[8KIW[8k + 2] — H’,[B8K]W[8k + 3]
nl4k +3] = —H]-,3 [8k]VV]-* [8k + 5] + H]-‘z [8k]VV]-* [8k + 6] + H]-‘Z[Sk]VVj* [8k+7])
j=1

...... (2.1.2.7)
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The above decision variables provide a diversity gain of order two for every s[4k], s[4k +
1], s[4k +2] and s[4k + 3]. As can be seen, the total channel gain is the sum of squares of
three channel gains. Therefore, the proposed scheme can provide significant performance
gains over conventional OFDM.

2.1.3 SFBC-OFDM Systems for 4 Transmit Antennas

Consider an SFBC-OFDM system with three transmit antennas (Mr = 4). The figure 2.4
shows the frequency vs time plots for 3 transmit antennas of SFBC-OFDM systems.

Like in conventional OFDM, the sequence of input data is converted into parallel form,
generating block S = {s[1], s[2], ..., sV — 1]} where N is the block size chosen to be equal
to the FFT size in the OFDM system. Let’s define sub-blocks s[£], s[£], s3[k] and s4[k] as

= S 2 Tx3 3

& Tx1 54 Tx2 2, X 54 Tx4

24 3 2 2

A~ i3 = =
fusr | —s [4k+3] | fusr| —sT[4k+2] | fur | s*[4k+1] | fuer |  s*[4k]
fuce | —S'[4k+2] | facs | s'[4k+3] | faee| s[4K] facee | —S™[4k+ 1]
fars | —s*[4k+ 1] | fass S*[4k] fues | —s*[4k+3] | fuss | s*[4k + 2]
fues | S*[4K] fues | S'[4k+1] facra | S°[4k+2] | faces | s7[4K+3]
f4k+3 -S [4k+3] f4k+3 -S [4k+2] f4k+3 S [4k+ 1 ] f4k+3 S[4k]
f4k+2 ) [4k +2] f4k+2 S[4k +3] f4k+2 S[4k] f4k+2 _S[4k +1 ]
f4k+1 _S[4k+l] f4k+1 S[4k] f4k+1 _S[4k+3] f4k+1 S[4k+2]

fax s[4k] Cfu | s[4k+1] | s[4k+2] | s[4k+3] R
Time Time Time Time

Fig. 2.4: Mllustration of SFBC-OFDM with 4Tx-MgRx antennas

si[k] = (s[4k]
s*[4k]

solk] = (s[4k+1]

s*[4k+1]

ss[k] = (s[4k+2]
s*[4k+2]
sa[k] = (s[4k+3]

s*[4k+3]

—s[4k+1]
—s*[4k + 1]
s[4k]
s*[4K]
—s[4k+3]
— s*[4k + 3]
s[4k+2]
™[4k + 2]

—s[4k+2]
—s"[4k + 2]
s[4k+3]
s*[4k+3]
s[4k]
s*[4k]
—s[4k+1]
—s*[4k + 1]

20

—s[4k+3]

—s*[4k +3])

—s[4k+2]

—s*[4k +2])
s[4k+1]
s*[4k + 1)
s[4k]

s*[4k]) respectively (Fig. 2.4)

(2.1.3.1)



Then, the orthogonal block code for three transmit antennas Using the code Gs can be
written as

s[4k] (s[4k + 1] (s[4k + 2] s[4k +3] 7
— s[4k + 1] s[4k] —s[4k + 3] s[4k + 2]
— s[4k + 2] s[4k + 3] s[4k] —s[4k + 1]
Ga—| 54k + 31 —s[4k +2] s[4k + 1] s[4k]
4 s*[4k] s*[4k + 1] s*[4k + 2] s*[4k + 3]
—s*[4k + 1] s*[4k] —s*[4k + 3] s[4k + 2]
—s*[4k + 2] s*[4k + 3] s*[4k] —s*[4k + 1]
|—s*[4k +3]  —s*[4k + 2] s*[4k + 1] s*[4k]
Where, k=0, ..., = — 1
16
Ga=[(s1[kD"  (s2[kD"  (s3[kD” (sa[kDT1 (2.1.3.2)
SFBC provides four blocks S;, S, Sz and S4 each of the length N, for OFDM at the
transmitter.
Si=[si[0]  Si[1].eerrrnnn.. Si[iv_é -1 (2.1.3.3)

In order to utilize the space frequency diversity, the input blocks are encoded as follows:
S, = (s[0] s[1]1 =s[2]  —=s[3] s'T0] —s'[1] —s[2] —s[3] ...

sy —41 5Ty —31 sl 20 -sly ~11 s [ 41— ~ 317 — 21 "5 - 31
S, = (s[1] s[0] s[3] —s[2] sT1] s'[0] s [3] 2] ...

sl —31sly 41 sl —11B5 2 sy —31 s —4] S5 - 1] "IV -2))

S;=(s[2]  -s[3]  s[0] s[1] s 2] —s[3] s'T0] s ...
sl 21 =l —11 sly —41 sl7 =31 s =21 =T - 11 s — 41 sy — 3]
S.=(s[3]  s[2]  —s[1] s[0] s3] s'T2] —s 1] s'T0] ...

sl 10 sl =21 sl =31 sl —41 s -1 T - 20 ST -3] 5Ty — 4D
...... (2.1.3.4)

OFDM modulators generate blocks X, X, X3and X4 corresponding to S; S, S;and Sy4 that
are transmitted by the first, second , third ad fourth transmit antenna respectively. Then
given that the channel is assumed static during an OFDM block, after removing the cyclic
prefix at the receiver side, the FFT output as the demodulated received signal at the j-th
receive antenna can be expressed as:

I, = H," 1 S] +H/', 2 Sz +H/'y 3 S3 + H/', 4 S4 +W/ ~~~~~ (2135)
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where r; , H; 1, H; 2, H; 5 H; 4 and W; are as defined. ML detection can be used for
decoding the received signal.

Assuming channel H is known at the receiver, the ML estimate is obtained by

min
performing ; ||17_G3H||2F which is the Frobenius form. The receiver decodes s[4k],
2

s[4k+1], s[4k+2] and s[4k+3] by decomposing the measure ||7;-_G3H ||2F into two parts,

minimizes each separately over all possible values of s[4k], s[4k+1], s[4k+2] and
s[4k+3] that belong to the constellation used. Similarly, like the formula used in two
transmit antennas, this detection scheme can be written as [Following Appendix-A]:

lak M +Hj; [8Kk]rj[8k]  + H,[8k]r;[8k + 1] + H;’3[8Kk]rj[8k + 2] + Hy,[8K]r[8k + 3]

Mg
STak + 11 = 2 +H]-*_2 [8Kk]r;[8K] - Hj*,l [8Kk]r;[8k + 1] — H]-*A[Bk]r]- [8k + 2] + H]-*’3 [8Kk]r;[8k + 3]
s[4k +1] = +H;, [8k]rj* [8k+ 4] — Hj; [8k]rj* [8k+ 5] — Hj,4 [Bk]rj* [8k+ 6] + Hj3 [Bk]rj* [8k + 7]
T=1

crea ey ST [ FHISIBKIG 8K ;8K 8K + 1] — i, 8Kl Bk + 2] — 1, (8K [0k -+ 3]
S4k +2] =  \HH BT [8I + 41 +H [8KIE 8K + 51+ Hy  [8KIr [8K + 6] + Hy [8K]r; 8K + 7]

Mp
T4k +3] = 2 +H; 4 [8Kk]r;[8K] —H[3[8k]rj[8k + 1] + H[,[8k]rj[8k + 2] — H,[8k]r;[8k + 3]
Slak+3] = +H; 4 [8K]r{[8k + 4] —H;3[8Kk]r{[8k + 5] + H;,[8Kk|r{[8k+6] + H;,[8Kk]r[8k + 7]
j=1

...... (2.1.3.6)
Then, assuming that the channel gains between the two adjacent subchannels are

approximately equal, i.e. H;1[8k]= H;[8k +m], H;, [8k]= H;>[8k +m], H;3[8k]= H;3[8k+m]
and Hj 4[8k]= H; 4[8k+m] the decoded signal can be expressed as:

Mpg
S[4k] =zzl_ |H, [8KI[” + [ o [8K]|* + [H, o [8K]|” + [H; 4 [8K]|") s[4K] + n[4k],

2

4k+1]_zz (|H]1[8k| + |, 08K1|* + | 3[8K1|* + |H; o [8K][*) s[4k + 1] + n[4k + 1]

2

§“[4k+2]=zz R( [H, [8K]|” + |H, 2 [8K|" + [Hy 5 [8K]|” + [H, 4[8K]|*) s[4k + 2] +n[4k + 2]
)s [4k + 3] + n[4k + 3]

4k+3]—22 (a1 + |81 + s 8KI|° + [Hy18K]

...... (2.1.3.7)
where # is the equivalent noise component given by

nlak] =

YR 4H [BKIWG[BK]  + HY,[8KIW[8K + 1] + Hi5[8KIW[8K + 2] + H; 4 [8KIW; [8K + 3]
~ <+H]-,1[8k]W]-* [8k + 4] + H;, [8k]W"[8k + 5] + H;;[8k]W,"[8k + 6] + H]‘4[8k]W [8k + 7]>’
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nldk + 1] =
z“R <+H;j2 [BKIW;[8K]  —H;[8KIW;[8k + 1] —H;,[8KIW;[8k +2] + H/3[8K]W;[8k + 3] )

_, \+Hyo[8KIW [8K + 4] — Hy [8KIW [k + 5] — H, 4[BK]W/'[8k + 6] + Hy5[8KIW;'[Bk + 6]
/s

nldk + 2] =
MR 4H[BKIWBK]  + Hiy[8KIWi[8k + 1] — H;y[8KIWi[8k + 2] — H7,[8K]W[8k + 3]
+H;3[8KIW; [8K + 4] +H;,[8KIW/'[8k + 5] + H,[8KIW[8k + 5] + H;,[8K]W [8k + 6] )

nl4k + 3] =
zMR <+H;j4 [8k]W; [8k] — H3[8KIWj[8k + 1] +H/,[8KIW;[8k +2] — H;,[8k]W;[8k + 3] )

_, \+H, 4 [BKIW] [BK + 4] —H;[BKIW/'[8k + 5]+ Hyp[8KIW/[8k +6]  + H,[BK]W/[8k +7])
iz

...... (2.1.3.8)

The above decision variables provide a diversity gain of order two for every s[4k], s[4k+1],
s[4k+2] and s[4k + 3]. As can be seen, the total channel gain is the sum of squares of three
channel gains. Therefore, the proposed scheme can provide significant performance gains
over conventional OFDM.

2.2 Analysis Of Uncoded Systems With MPSK And MQAM Modulation Scheme in
Rician And Nakagami-m Fading Environment

In this section, the bit-error rate (BER) performance of conventional systems is reviewed.
Let S be the MQAM/MPSK input signal and r be the signal after removing the cyclic prefix
and performing FFT of the remaining signal. The received signal is given by

r=HS+W L. (2.2.1)

Where,

S 1s the transmit signal,

W denotes the AWGN, and

H is a element corresponding to the DFT of the multipath channel response & =/a(0),

2T
... a(L — 1)]" with L the total number of resolvable paths (H = Y =1 a()e™ Y,
The a(1)’s are complex Gaussian random variables with zero mean and variance %

Therefore |H|? = a?
At the receiver side, the information data can be detected and extracted.

2.2.1 Average BER or BER Performance Of Uncoded MPSK System

Assume MPSK with Gray bit-mapping is employed. We can express the instantaneous
BER as

1 .
BERypsk = i erfc (\/yslle sm(z% )
Or, BERypsk :% erfc( [v.[H|2 Sin(%)) ...... (2.2.1.1)

23



Therefore, the BER expression of the Uncoded system can be written as

BERypsk = % erfc (\/ ysIHI|? sin(%))
= [l; erfc (w/ysaz sin(%)) [since, |H|? = a?]
Therefore, BERypsk (@) = [l; erfc (‘/ysaz sin(%)) ------ (2.2.1.2)

The average BER can then be evaluated using

BERypsk = J, BERypsx (@) p(@)da ... (2.2.1.3)

p(@)is the pdf of the amplitude fading «a.

2.2.2 Average BER or BER Performance Of Uncoded MQAM System

Let us assume that MQAM with Gray bit-mapping is employed. We can express the

instantaneous BER as
20-75) /1.5 JH]
BERMQAM = \/_ erf < 2);—_1
2(1—L) 2
Or, BERyqu = —5* erfc< /%) ...... (2.2.2.1)

Therefore, the BER expression of the Uncoded system can be written as

201- ) L5y,|H|?
BERMQAM = 7 eTfC W
2(1——
= fc< /1;’51 > [since, |H|?> = a?]

2 1—L
Therefore, BERygay(a) = ( ﬂm) erfc< /%) ...... (2.2.2.2)

The average BER can then be evaluated using

BERMQAM = fanERMQAM (a)p(a) da ... (2223)
p(a@)is the pdf of the amplitude fading «a.
2.2.3 Average BER of Uncoded MPSK System in Rician fading Channel
For Uncoded MPSK, BERypsk (@) = %erfc (‘/ysaz sin(%))

For a rician fading channel, a follows a rayleigh distribution with pdf

p(a) = :—gexp( Za;) exp (— a_ﬁz) Iy (%), a=0

204 [

= :_éeXp (_a +oz0)10 (%) a>0 (2.23.1)

202
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Here, Iy(x) is the zero order modified Bessel function

()

I (X) = n 0 n)2 [Appendlx C]

“t ao) Y=o <(ﬂ]2g)2/4)n >0

So, p(a) = :—gexp (— 207 %2

........ (2.2.3.1)

()

2

+

zep( a aO)ZnO mnhZ a=0
where the average recelved SNR/symbol with respect to o

B @ p@da
000
=% J; Zpl@)de 0 (2.23.2)
=¥ E(a?)
From equation (2.2.3.1), we get,
aozaz
a +a0)z 0((20a) )

)2 da

Vo= Jy o Sexp (=

2\
a0
- (ﬂx_) (Tl+1) OI(Z)

=Yn=0———— exp (—2—2) 202y, [Appendix D1]

(2%) (n+1)

n!

2

exp (_ %) 202y, (2.2.3.3)

Therefore, Vs = Yo—p

and  E(a?) = 3 OM eop(-L)2ez (2.2.3.4)

So, the average BER with uncoded MPSK in Rician fading channel

BERypsk —rician = J, BERmpsk (@) P(@)pician det

= fo B erfc (Wsm(—)) 2 eXp( +a0) Iy (aoa) da (2.2.3.5)

Therefore, BER ypsk—Rician

-2 —[ tognstny () (rah|  (AppendxEl
...... (2.2.3.6)
2.2.4 Average BER of Uncoded MQAM System in Rician Fading Channel
For Uncoded MQAM, BERygau (@) = 2(1;%# erfc <\/%) ........ (2.24.1)

For a rician fading channel, the average received SNR/symbol with respect to o is

M (2.2.42)

2
=¥ 0 exp (—%) 202y, [Appendix D1] =
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) o

a

and E(a ) = Zn 2 g2yl eyp (= 2) T (2243)

(20.2)n+1 exp ( 2“(%2)
So, the average BER with uncoded MQAM in Rician fading channel,

BERygAM —Rician = fooo BERyqam (@) p(@)Rician da

© 2(1_L) 1.5y, 2 2 2
. Tmerfc( /%):_gexp (- () da (2.2.4.4)

Therefore, BERygam—Rician

1 .
Vs 21—+ —)! _ n—i 2
_ o Vs VM _\yn (2(n—1))! M-1 30qYs :
= Zu=o 202ys(n+1) B [1 Zizo 220D (n—i)1)* ((M—1)+3a§,ys ) \I (M—1)+3ugys] [Appendix E2]

...... (2.2.4.5)

2.2.5 Average BER of Uncoded MPSK System in Nakagami - m Fading Channel

1 .
For Uncoded MPSK, BERypsk (@) = 5 erfc (w/ysaz sm(%)) ....... (2.2.5.1)
For a Nakagami - m fading channel, o follows a distribution with pdf

2m™

p(a) Wdzm_lexpi‘é_gaz) ....... (2.2.5.2)

_E? _ 2 _ VAR (a? ) 2 _E@) _ Q@
where, m = VAR( 2) =E(a*) & 0 = \\VAR(a?) = e E(a®) = o) =—
VAR (a?)
where the average received SNR/bit with respect to o
= [ e pierie
0
=y [, pl@de L (2.2.5.3)
. =% E(az)
From equation (2.2.5.3)
— o 2m™ — i
Vs =7 [, o m:;d” am 1exp=.f5(—%a2) da
_ ® om41 _2m" 77 )
=Y a™ T exp-.__( 5% )da
=y Q  [AppendixD2] (2.2.5.4)
Therefore, E(@)=Q. (2.2.5.5)
So, the average BER with uncoded MPSK in Nakagami - m fading channel
BERMPSK —Nak agami
= fooo BERMPSK ((X) p(a) Nakagami da
= fo —erfc (,/ysaz sm(—)) Hm)ﬁ" Zm_lexpiﬂé— gaz) dae ... (2.2.5.6)
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Therefore, BER ypsk—Nakagami

m—-1-i
Y m Vssi 2T .
— 1|4 _ym-1__ @Gm-1-D) <( )) ( Vssin () [Appendix E3]

B =0 2210 (m-1-0y)” \ (m+¥ssin? () m+7ssin? Gp))

...... (2.2.5.7)

2.2.6 Average BER with Uncoded MQAM System in Nakagami - m Fading Channel

2(1-
For Uncoded MPSK, BERyom (@) = “*— T2 er i < [L5p.a? Lopet ) ...... (2.2.6.1)

For a Nakagami - m fading channel, the average received SNR/bit with respect to o’

¥s = ¥s 2 [AppendixD2] (2.2.6.2)
and B(@)=Q. L (2.2.6.3)

So, the average BER with uncoded MQAM in Nakagami - m fading channel

BERMQAM—Nakagami :j BERMQAM(a)p(a)Nakagami da
0

o) ( ) 2 m .
= fo ﬁr erfc< /115‘4)/—_5(;> Hzmm)gn azm—lexpiffé—%az)da

...... (2.2.6.4)

Therefore, BER ygam-Nakagami

_2(1‘r) {_ ym-1__ @m-1-D) ( m(M-1) )m‘l‘i 1575 ]
B =0 220m-1-0)((m—-1-i)1)* \Gn(M-1)+1.57) (m(M-1)+1.575)

[Appendix E4]

...... (2.2.6.5)

2.3 Analysis Of Uncoded OFDM Systems With MPSK And MQAM Modulation
Scheme in Rician And Nakagami-m Fading Environment

In this section, the bit-error rate (BER) performance of conventional OFDM systems is
reviewed. Let S be the MQAM/MPSK input signal and r be the signal after removing the
cyclic prefix and performing FFT of the remaining signal. The received signal is given by

1k = HIK] s[K] +WIK), k=0, e, N-1 .. (2.3.1)
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which can be expressed as:

r=HS+w L. (2.3.1)
where
F=[0], .o JrIN=1])7,
S=([0],.cccuvuuvnnii,, s/N—1])" is the transmit signal,
W= (W[0],..........., WIN— 1])" denotes the AWGN, and
H is a diagonal matrix of size N x N given by H = diag {H[k]}}Z¢ , with H[k]’s elements
corresponding to the DFT of the multipath channel response 2 =/a(0), ............. , (L —

2T
1)]" with L the total number of resolvable paths (H[k] = Yi=¢ a(l)e™ ¥ The a(l)’s are
complex Gaussian random variables with zero mean and variance %

Therefore |H[k]|? = a?
At the receiver side, the information data can be detected and extracted. Finally, the BER
expression of the OFDM systern can be written as

Z YBER[K] e (2.3.2)
where BER[k] is the instantaneous BER of the k-th subchannel in the OFDM block.

2.3.1 Average BER or BER Performance Of Uncoded MPSK-OFDM System

Assume MPSK with Gray bit-mapping is employed for each subchannel. We can express
the instantaneous BER of the k-th subchannel as

BERypsk [k] = Z; erfc( ¥s |H[K]|? sin(z%))

Or, BER,psx[k] =% erfc( MIGEIE Sin(%)) ...... (2.3.1.1)

Therefore, the BER expression of the OFDM system can be written as
BERwpsk = 37 Zh=d erfe (VwIHIKIP sin(;))
= o= i erfe (Vrsa sinGD) ) [HIK]? = ]
Therefore, BERypsx (@) = %Zﬁ;& erfc (Wsin(%)) ...... (23.1.2)
The average BER can then be evaluated using

BERypsk =] BERypsg (@) p(a) da
0

p(a)is the pdf of the amplitude fading a.

(2.3.1.3)

2.3.2 Average BER or BER Performance Of Uncoded MQAM-OFDM System

Assume MQAM with Gray bit-mapping is employed for each subchannel. We can express
the instantaneous BER of the k-th subchannel as

2A- 22 Sy, |H[K]|?
BERyqgam [k] = ‘/_ fc< Lo 1Ak EWE“)
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2(1- ) 1.5y, |H[k]|2

Therefore, the BER expression of the OFDM system can be written as

2(1- ) 1.5y, |H[K]|
BERygam = er Zo erfc < %)

A s erfe(|S5)  IHIKP = @)

1

201739 oy 15y,a 2 e 2322
Therefore, BERyan (@) = Nﬁm N3 erfc( A};ﬁ" ) ( )
The average BER can then be evaluated using,
BERyqam = f BERygam (@) p(a) da .. (2.3.2.2)
0

p(a)is the pdf of the amplitude fading a.

2.3.3 Average BER of Uncoded MPSK-OFDM System in Rician Fading Channel

The BER expression for the MQAM-OFDM system can be written as
1 @n_ . 1 wn_ .
%ZL& erfc ( Ys|H[k]|? sm(%)) = ﬁzﬁfﬂ} erfc (w/ysakz sm(%)) ...... (2.3.3.1)

In case of OFDM, For a rician fading channel, a;, follows a rayleigh distribution with pdf

2 2
p(a) = H-exp(-35) eXp( zi}ik)lo (“;’f"), a; 20

ak ak
a a +a apx
= J—gexp (— k2a§k O)IO ( 0'05:)' a =0 L. (2.3.3.2)
Here, Iy(x) is the zero order modified Bessel function

Iy(x) = ¥a=o (T)

e [Appendix C]
2 n
apag
5 N2
=yl % g ak +a0 <((20‘21k) ) )
p(ay) = Y= €xp Y=o D2 , ap =0
ak :
aqQ ak
PRESEY
a a a < 203 ) ..... (2333)
= Zﬁ;(}oTkexp< %)Zn 0%! a =0
9% aj .

For OFDM, where the average received SNR/bit with respect to a;”
]7sk = J akzys p(ak)dak
0

=Y Jy e?pla)de, (2.3.3.4)
=Ys E(akz)
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For OFDM, The total the average received SNR/bit

= Y=o fooo ays pla)day, =X vs E(a®) . (2.3.3.5)

From equation (2.3.3.2)

n
agzakz
oz
g +ao>2 o) /o (2"0!1()
n=

(2—22—>n(n+1) ,
=¥, akn! exp (_ mi_:%k) 200%,{]/5 [Appendix D3] (2.3.3.6)
g 2
and therefore, E(a;2) = Yo 0—40(1,((7”)2 (202, e exp <_2Z_§k> """ (2.33.4)
So, The total the average received SNR/bit
< 2) (n+1)!
_ sy \sog, ) 77 - (2 n+1 (_ Zigk) v e (2.3.3.7)

So, The average BER with uncoded MPSK-OFDM in Rician fading channel

BERwpsk —0FDM—Rician

=.f BERypsk —orpm (@) P(@) ician da
0

w1 _
- fo ﬁzg:é BERwpsk —orpm (@) P ) Rician dai
©1 - . T a a 2+a2 ana
= fO ﬁ 25{\/:(} e ch (\/ VgakZ Sln(ﬁ))éexp (_ kzagk 0) IO ( 002 k> dak

Therefore,

BERypsk—oFpM—Rician =

1 yN-1 |y Vsi 1_ym 2(n—i))! ( ZUastsmz( )
Np k=0 [&m=0 Zaékys(n+1) i=0 22(n—i)((n_i)!) 1+Zaakyssm2( ) 1+Zaakyssm2( )

[Appendix F1]

...... (2.3.3.8)
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2.3.4 Average BER of Uncoded MQAM-OFDM System in Rician fading Channel

The BER expression for the MQAM-OFDM system can be written as

2(1-—) 2\ 201-—) R
TV WM yN- 1.5y H[K]1?\ _ _ Sysa
B N/i’W Si=o erfe <\] yM—£ : >_ Nﬁm Yk=o erfc< /M——lk> ...... (2.3.4.1)

In case of OFDM, For a rician fading channel,

The average received SNR/bit with respect to a;,

(n+1)
Vs = > 0% exp <— 2:§ ) Zg[fkys [Appendix D3] ...... (2342)
@k
(2—%—> (n+1) o?
and E(a,2) = $g il exp (— Zgugk) 22, e (2.3.4.3)

So, The total the average received SNR/bit

2 n
(m—) (Tl +1)
%k

aZ
V= TN S exp (— ﬁ) 202y, (2.3.4.4)
! z,
So, the average BER with uncoded MQAM-OFDM in Rician fading channel
BERMqaM —0FDM —Rician

= fgo BERygam —orpm (@) P(@)pician d

o1 —
=)o NZL& BERwmqam —orpm (@) P(@i)Rician Atk

1
2(1- —) 2 2, 2
© VM’ vN-1 L5ysap” | ag ag“+ag Ao
= _per —— |—exp|— I
Iy NB Zi=o erfe (\I M-1 )aéke p( 202, ) O(ng )dak

Therefore,

BERMQAM—OFDM—Rician =

20— 1|5 Vsk 1—yn em-0)! ( _ 3%¥s
S Ng 10202, ys(n+1) =0 p2m-0) ((n—-iy1)> \(M— 1)+3aakys (M-1)+30%, v

[Appendix F2]

...... (2.3.4.5)
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2.3.5 Average BER of Uncoded MPSK-OFDM System in Nakagami - m fading
Channel

The BER expression for the MQAM-OFDM system can be written as
1 oN— . 1 wn— .
ZEZL(} erfc (,/}/SIH[k]I2 sm(%)) = WZL(} erfc (\/ysakz sm(%)) ...... (2.3.5.1)

In case of OFDM system, for a Nakagami - m fading channel, o follows a rayleigh
distribution with pdf

— 2m™ — =
p(@) = ZHZ) fo ™ 1exp=.ff(—gﬂkak2) ...... (2.3.5.2)

E2(ay?)
VAR (a)2)

O = E(ax*) and 0,2 = %

where, m =

For OFDM, where the average received SNR/bit with respect to a’

Vs :j ays play)day,
0

=v fy a’pla)da, ... (2.3.5.3)

=7Vs E (ak 2)
For OFDM, The total the average received SNR/bit

Vo = 2is0 Jy @lvs pladda, SRz v E(@® . (2.3.5.4)

From equation (iv),

o] m

m

_ 2m _
Zm 1expiff€— o akz) da,

_ 2
Vsk Vs 0 Ok I—(m)gkm a

— ©  om+1_2m™ o m o2

=y, fo ay Ty exp-...( o %k )dak

=¥ & [AppendixD4] . (2.3.5.5)
Therefore, E(a,®)=2, L (2.3.5.6)

So, The total the average received SNR/bit

Vs =Xhovs2% L (2.3.5.7)

So, the average BER for MPSK-OFDM system in Nakagami - m fading Channel,
BERwpsk —0FDM -Nakagami = fow BERypsk -orpm (@) P(@) Nakagami A

o 1 —
= [, ~Zk=0 BERwpsk —orom (@) P(Q)Nakagami dax

= fowﬁzﬁ’;& [erfc (w/ysa’kz sin(%)) Hi?gkm akzm_lexpﬁié— Qﬁka’kz) dak]
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Therefore, BERypsk—-oFpmM—-Nakagami

_1_' .
— Lygn-tfy gmo1_ (@20mo1-D) m T vasmr g
Np ~k=0 =0 2(m-1-0)((m-1-i)1) (m+75,5in2 () (m+75,5in2 ()
[Appendix F3]
...... (2.3.5.8)

2.3.6 Average BER of Uncoded MQAM-OFDM System in Nakagami - m fading
Channel

The BER expression for the MQAM-OFDM system can be written as

2(1-72) 1.5y, |H[k]|2 a ) 1.5ysa?
= Zk rfc( VM_i] )— Nﬁ‘/_ N 0erfc< /%) ...... (2.3.6.1)

In case of OFDM system, for a Nakagami - m fading channel, The average received
SNR/bit with respect to a;,”

Vsk = ¥s €2 [AppendixD4] . (2.3.6.2)
and E(e,> =2, (2.3.6.3)
So, The total the average received SNR/bit is yg = 2’,;’;(} Ys&2e 0 (2.3.6.4)

So, the average BER for MQAM-OFDM system in Nakagami - m fading Channel,
BERMQAM —OFDM —Nakagami = f BERMQAM —orpm (@) p(@) Nakagami da
0

—f Zk ~0 BERvqam —orpm (@) (@) Nakagami A

(1 1.5 2 2mm -
_ (> DYk m 2m—1 .H( m 2)
= f Z k=0 erfc( / ) o Tk expif — -t day

Therefore,
BERwyAM-0FDM-Nakagami =
2 r) N-1lg g @(m—1-D)! ( m(M-1) m 1-i 1573,
NB Zz(m—1—i)((m_1_,-)!)2 (m(M—1)+1.5y5k) (m(M-1)+1.575),)
[Appendix F4]
...... (2.3.6.5)
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2.4 Analysis Of SFBC-OFDM Systems With MPSK And MQAM Modulation
Scheme in Rician And Nakagami-m Fading Environment

In this section, we derive the expressions for the BER of SFBC-OFDM systems employing
M transmit and Mg receive antennas with MQAM or MPSK modulation.

Consider an MQAM-SFBC-OFDM system employing My transmit and Mg receive
antennas. The decoder minimizes the decision metric

|5[k] — s[k]|? where, k=0, ......,N-1. e (240

From the previous analysis we can show that
~ 1 2
S[k] = - X2 B0 [H (k] s[k] + nlk] e (242)

Where,
H; ;[k] is the k-th subchannel associated with the i-th transmit and j-th receive antennas,

R, is the code rate of the SFBC system and #[k] is the noise component.

1 2
r= R_CZ?/LRl S [H |, e (24.3)

we can express the normalized instantaneous SNR as

where v, is Similar to the case of uncoded OFDM.

2.4.1 Average BER or BER Performance Of SFBC-MPSK-OFDM System
The BER of MPSK-SFBC-OFDM can be written as

Mp <MT 2 . .om
_ 1 oN—1 Vszj=12i=1|Hj,[[k]| sm(—ﬁ)
BERypsk —srec—oFDM = Wzlco erfc <J — 5

Mp MT 2 .o
Vs i Bin [Hj i k]| sin G
= #Zﬁ;&wﬁ(‘js e M) e (24.100)

Re
The average BER can then be evaluated using

BERypsk —sFec—0FDM

= fOOO fOOO BERMPSK—SFBC—OFDM P(alll) P(aMRrMT) dalll daMR,MT (2412)
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2.4.2 Average BER or BER Performance Of SFBC-MQAM-OFDM System

The BER of MPSK-SFBC-OFDM can be written as

2(1——L 15y s MR sMT 2

- B _ . ]/SZ': Zi: IH ,L[k]l
ERwqam -srpc-orpM = %ZL& erfc (J ;CEZ,; _11) ]
20— _ 157, X0 R M7 |, 1wl
= N erfe (J e e (24.2.1)

The average BER can then be evaluated using
BERMQAM —SFBC—OFDM
= fo f() BERMQAM—SFBC—OFDM P(al'l) ...P(aMR’MT) dal'l daMR’MT (2422)

2.4.3 Average BER Using SFBC with MPSK-OFDM system in Rician fading
Channel

For SFBC system, The BER expression for the SFBC-MPSK-OFDM system can be written
as

MR <M1 2
1 N1 }'st=1Zi=1 Hylkll . g
BERsppc-mpsk—oFpm (Ofk i,j) = ﬁZk:O erfc \/—Rc sin(y)

LT
R Y s2j=12i=1%%i; . .m
= Wzk:o erfc #sm(ﬁ)

e (243.1)

We assume that the fading process remains static during each OFDM block and that it
varies from one block to another. Therefore,

Quyy = o = Qg gy O e (243.2)

So,In case of OFDM, For a rician fading channel, a; follows a rayleigh distribution with
pdf

p (“km) == (“kMR,MT )
2 2
= srew(~55)ew (~5k )b (3). @ =0
aj ay
= T (— @t ab) (@@ s g o (2433)
aé p Zoék 0 Uf%k ’ k =

For OFDM, the average received SNR/bit

%z_ n(n+1) 5
Vo = o (2 “k?l! exp (— 2‘;—2) 204,vs [Appendix D3] . (243.4)
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So, The total the average received SNR/bit

EIOZ
<4< 2 f) o ;

7o = SN B (203) " exp (1) v, o (2.435)
ap

So, the average BER using SFBC with MQAM-OFDM in Rician fading Channel can be
evaluated by,

BERSFBC—MPSK —OFDM —Rician

e} e}

Zf fo BERgFpc-mpsk —orpm (Qump My )p(al,l)Rician ---P(“MR_MT )Ricmn day ...day, p;

..(24.3.6)
(o]

Here, [ BERsrpc-upsk -orpm p(al,l)Rm-an day,

S WY I Vi R T ) R, O R ) ( _)

T NB Ziso n=02cf§ky5(n+1) 1 i=0 22(71—1')((71—0!)2 <Rc+2(f§kyssinz(%)> RE+Za§kyssinZ(%) erfc Sln( )

[Appendix G1]

. (2.43.7)

Now, f f BERsrsc-mpsk —orom P(@ 11)Rman 11P(“12)Rman a2

— . n—i 2 in2
_ 1 N-1 |5 Vsk n Q2(n-)! R. 203, yssin (ﬁ) vsC
== Yoo |Znmos 7 |1 - Zho g 2 T ——1 N erfc sm( ) ) p(ay,)
NB 205, ¥s(n+1) 22 =0 ((n—i)!) Re+20g,, vssin® () Re+20g, yssin (M) Rlctan

_1 N i Vor i @m-D)! R, _ ZUEkyssinz(%)n l e P
NB | & | & Uak}'9(n+1) £ 2200 ((n — i)1)° R, + 202, y;sin? (37) R, +20§kyssinz(M)J R M
.. (2.4.3.8)
So, from equation (2.4.3.6), we get,
BERsrgc—mpsk-oFpM—Rician
MpMT
N Y Vor - @m-i)! ( Re )"_i 202, yssin?(3)
T ONB =0 262, vs(n+1) =0 22— (n-iy1)? \Re+20%, vssin? () Rc+20%, yssin? (3)
..(2.4.3.9)
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2.44  Average BER Using SFBC with MQAM-OFDM system in Rician fading
Channel

For SFBC system, The BER expression for the SFBC-MQAM-OFDM system can be
written as

1 Mp M 2
BER I Gy 157 ) 4 2y iy )
SFBC-MQAM-OFDM = —5 Y=o erfc Re(M—1)

2

-1
=i erfe| el ) 2.4.4.1)

Re(M—1)

M M
2( 1-5Vst=R12i=7i aki’j

We assume that the fading process remains static during each OFDM block and that it
varies from one block to another. Therefore,

akl,l = e = akMR_MT =ak2 ........ (2442)

In case of OFDM, For a rician fading channel, the average received SNR/bit,

0 |
( P 2) (n+1)! )
Vi = S8 L (252 " exp (-2 v, (Appendix D3] ....... (2.4.4.3)

(n!)2 Zo%k

So, The total the average received SNR/bit

(—24(”‘22) ) (n+1)! ,

— —1 v %a n+1

Ys = 3N ly "(n# (203, exp (— %) Ys e (2.4.4.4)
! 2

So, the average BER using SFBC with MQAM-OFDM in Rician fading Channel can be
evaluated by,

BERSFBC—MQAM —OFDM —Rician

— L ---fo BERSFBC_MQAM_OFDM p(alll)Rchan ------ p(aMR’MT )RLClan dal‘l s -----daMR’MT
........ (2.4.4.5)
Here,
[ee]
f BERsrpc-moam —orpm P(@1,1) o, 4011
0
_ 207 <y [ sven Tor 1_yn Q@m-0)! ( R.(M—1) )"_i 303, Ys erfc( 157, )
Np k=0 n=0 ZUgZ,sz(n+1) i=0 22(n—i)((n_i)!)2 RE(M—1)+30'§,(}/S RE(M—1)+30§st R.(M-1)
[Appendix G2]
........ (2.4.4.6)
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Now, fgoo fom BERsrpc —moam —orpm P(“1,1)Ricmn da;, P(aLz)RMan dai,

L )
20—+ e » - ni 302 7,
— VM’ $'N-1 w0 Vsk _yn @m-)! Rc(M-1) Tay Vs e ( 1.5y5C )
Np Sk=0 | Em=0262 yt1) [1 =0 22000 (n-0)1) (RC(M—l)+365kn) RC(M—1)+3U£kn-” Iy erfe Re(M-1) dal,lp(m,z)mﬂan da
2
L »
_ 203 g1 oo ok 1_ym @m=i)! ( Re(M-1) n—i 308, Vs erfe ( 1.5y5Cy )
NB k=0 15m=0 262 ys(n+1) =0 2200 (n-i)1)” \Re(M—1)+302, ¥ Re(M=1)+302, ys R(M—1)

........ (2.4.4.7)

So, from equation (2.4.4.5), we get,

5

BERgrpc—mMQaM—-0FDM—Rician

MpMy
1 _ . n—i 2
— Z(I_J_H) ZN_l 7o Vs 1-yn (2@m-d)! Rc(M-1) 300, Ys
NB k=0 n=0 Zdékl’s(n‘*l) i=0 22(n7i)((n_i)!)2 RC(M_1)+3g£kys RC(M—1)+36§,k}'S

........ (2.4.4.8)

2.4.5 Average BER Using SFBC with MPSK-OFDM System in Nakagami-m fading
Channel

For SFBC system, The BER expression for the SFBC-MPSK-OFDM system can be written
as

Mg M1 z
—1 yN-1 vs i ZlHe kL g
BERsppc—mpsk —orpm NG Yr=o erfc \/R—c sm(ﬁ)

2
Mp M1
4 2171 Y1 Xy,

= iiderfe| R sinGy | (2.4.5.1)
We assume that the fading process remains static during each OFDM block and that it
varies from one block to another. Therefore,
Apqq = oo = Qe =%~ (2.4.5.2)

In case of OFDM system, for a Nakagami - m fading channel, a;, follows a rayleigh
distribution with pdf

_ yvN-1_2m™ 2m—1 pim 2
p(ay) =IN3 ooma expi{-Za?) (2.4.53)
_ E*(a?) _ 2 _
Where, m—m,Qk—E(cxk )andaakz—;
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For OFDM, the average received SNR/bit
Vs, = Vs [AppendixD4] . (2.45.4)
So, The total the average received SNR/bit

Vs =Yncavs2 . (2.4.5.5)

So, the average BER using SFBC with MQAM-OFDM in Rician fading Channel can be
evaluated by,

|

BERsrpc—Mpsk —0FDM ~Rician
® ®
zfo fo BERsrpc_mpsk —orpm ----P(%J)Nakagami ---P(aMR,MT )Nakagami 11 - Ay iy
........ (2.4.5.6)
Here,
J(-) BERgsppc-mpsk—-orpm p(al,l)Nakagami dayy

m—1—i -
1 wy—1 el @Gm—1-0))! mR, Vspsin?(5p) ( vC . m )
=—Yrol1-X" —M__lerfc sin(=
NE k=0 i=0 <( ))) ( ) f G

- 2 — —
22(m=1-D((m—-1-i)!) mRC+ySksm2(% ch+Vsk5m2(% Re

[Appendix G3]

........ (2.4.5.7)

Now, fgoo fooo BERsrpc-moam—orpm P(a’l,l) day P(“LZ) day,

Nakagami Nakagami

m—1-i
_ 1 own-1|q _ yme1_ @On-1-D) mR, Vapsin?(G) o ( vsC . 1)
TNgp Lizo Il i=0 22(’”‘1"')((771—1—1')!)2 <(mR:+ﬂksin2(%))> (mR:+ﬁksinz(%)) fo erfe Re Sln(M) p(aI'Z)Nakagumi day

2
m—1-i T
1 wN-1 me1 Q@m-1-i)! mR. Vs Sin2 () < vsC1 . m )
= — _ 1 —_ o —_—_— —_ —_
NB Zko [ =0 22m-1-0(n—1-i)1)° <(ch+y5ksin2(%))> (mRe+73,,5in2(0)) erfc R, sinGy)

........ (2.4.5.8)
So, from equation (2.4.5.6), we get,
BERsrpc—mpsk-0FDM-Nakagami
. MgMT
. m—1—i . g
_ 1 |yN-1 1 _ ym-1 (2(m—1-D)! mR, YsiSin®(5p)
Np | ~k=0 i=0 22(m—1—i)((m_1_i)!)2 (ch+y_Sksin2(%)) (ch+y_5ksin2(%))
........ (2.4.5.9)

39



2.4.6 Average BER Using SFBC with MQAM-OFDM System in Nakagami-m fading
Channel

For SFBC system, The BER expression for the SFBC-MQAM-OFDM system can be
written as

1
20—+ _ 15y 3R 3y [Hi k] ’
BERsrpc-moam—orpm = _Nﬁm Zﬁ’:ol erfc \/ R (M 1)

M
L5y, B8 k,

R.(M—1)

21— \/_)

= — Yo erfe . (2.4.6.1)

We assume that the fading process remains static during each OFDM block and that it
varies from one block to another. Therefore,

akl,l —r— akMR_MT =ak2 ........ (246.2)

In case of OFDM system, for a Nakagami - m fading channel, ), follows a distribution
with pdf

2m™

_“m_ ., 2m-1 g m 2
play) =N oo m e expi( - Sa?) (2.4.6.3)

E2(ap?) 2 (e
where, m = Q. =E(a,?)and o, 2 ==
5 VAR (ay2) k ( k ) ay m

For OFDM, the average received SNR/bit is
Vs = Vs €% [AppendixD4] ... (2.4.6.4)
So, The total the average received SNR/bit is

=YV iy (2.4.6.5)

So, The average BER using SFBC with MQAM-OFDM in Nakagami-m fading Channel
can be evaluated by,

BERsrpc—mMgam —OFDM—Nakagami
(o) [e0)

=f f BERSFBC—MQAM—OFDM p(al,l)Nakagami ---p(aMR,MT)
0 0

Nakagami
............ (2.4.6.6)
HCI’C, fow BERsppc-mgam—-orpm p(al,l)Nakagami day
_20-7% | —ym=1__@m-1-0). ( mR.(M~1) ’" I 15},5
NB i=0 22<m—1—i>((m_1_i)!)2 (ch(M—1)+1.Sy5k) (mR.(M-1D+157;,) f R (M 1)
[Appendix G4]
........ (2.4.6.7)
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Now, fooo BERggpc—moam—orom P(@1,1)

Nakagami dal’lp(al'Z)Nakagami day,

2(1-

w0 N 1[1_ o1 @m-1-D)! ( mReM—1)
)“\(

1575 1.5y5C
NB =0 52(m-1-0((m-1-)1)" \(mRc(M=1)+15F5;) (ch(M—l)+1.5nk)]f Re(M— 1)) dal'lp(al»Z)Nakagumi daty

_20- J—)[Z [ m-1__ (m-1-D)! < MR (M—1)

m —1-i
" 15y3k 15y561
220m=1-D((m—-1-i)!)" \(mR(M 1)+1-5nk) (mR(M—1)+157;,) R (M D

So, from equation (2.4.6.6), we get,

BERsrpc-mQam-0FDM-Nakagami

1
2(1- 7o)
NB

-11q —ym-1 (2(m-1-i))! < mRe(M—1) )m—l—i
k=0 i=0 22(m—1—i)((m_1_l.)!)2 (mRC(M_1)+1-5Tsk)

MpMT
, 1.5%5),
(ch(M—1)+1.5y5k)”

........ (2.4.6.8)
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CHAPTER 3
RESULTS AND DISCUSSIONS

3.1 Introduction (Summary and Table of Parameters)

The BER performances of SFBC-OFDM with MPSK and MQAM (M=4) modulation
schemes in Rician and Nakagami-m fading environment are evaluated. The considered
channels are multipath fading channels with coherence bandwidth smaller than the total
bandwidth of the multicarrier system and thus seen as frequency-selective channels. The
fading process is assumed to be stationary and slow-varying compared to the symbol
duration of the multicarrier signal and as such, it is approximately constant during one
OFDM block length. The OFDM system includes N = 512 subcarriers and a cyclic prefix
which is longer than the delay spread In the provided results, the term simulation in the
figures refers to measurement of the average BER based on simulation of the proposed
system which is obtained using the derived formulae.

M The number of points in the signal constellation.
N No of Subchannels

Rc Code Rate

m Shape Parameter

o Fading parameter

Gaz Variance of fading

0 Power of LOS component
B No of bits

Y SNR

Mg No of receive antennas
Mt No of Transmit antennas
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3.2 Results and Discussions

3.2.1 Simulation Results of Average BER Performance of SFBC-OFDM system in
Environment with Different Antenna Configurations

The average BER performance of the SFBC-OFDM system MPSK and MQAM
modulation schemes in Rician fading environment are shown in Fig. 3.1 & Fig. 3.2
respectively.
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Fig 3.1: Average BER performance of MPSK-SFBC-OFDM in Rician fading environment
with different antenna configurations
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Fig 3.2: Average BER performance of MQAM-SFBC-OFDM in Rician fading environment
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with different antenna configurations

Results are presented in Rician fading environment for uncoded MPSK, uncoded MPSK
OFDM, SFBC-MPSK-OFDM (Fig. 3.1) and also for uncoded MQAM, uncoded MQAM
OFDM, SFBC-MQAM-OFDM (Fig. 3.2). SFBC with 2Tx-2Rx antennas, 3Tx-2Rx, 4Tx-
2Rx are considered,. The code rate in each case is 1 bits/s/Hz. In the plot, the set of curves
are obtained by calculating the average BER using derived formula. It can be seen that
SFBC (2Tx-2Rx) provides a remarkable BER performance gain for OFDM and
significantly outperforms uncoded OFDM; a gain of about 46 dB (Fig. 3.1) and 44 dB (Fig.
3.2) at a BER of 10 is obtained. Higher gains are achieved by using higher order SFBC

with more antennas at the transmitter.
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The average BER performance of the SFBC-OFDM system MPSK and MQAM
modulation schemes in Nakagami-m fading environment are shown in Fig. 3.3 & Fig. 3.4
respectively.
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Fig 3.3: Average BER performance of MPSK-SFBC-OFDM system in Nakagami-m fading
environment with different antenna configurations
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Fig 3.4: Average BER performance of MQAM-SFBC-OFDM system in Nakagami-m
fading environment with different antenna configurations

Results are presented in Nakagami-m fading environment (m=2) for uncoded MPSK,
uncoded MPSK OFDM, SFBC-MPSK-OFDM (Fig. 3.3) and also for uncoded MQAM,
uncoded MQAM OFDM, SFBC-MQAM-OFDM (Fig. 3.4). SFBC with 2Tx-2Rx antennas,
3Tx-2Rx, 4Tx-2Rx are considered. The code rate in each case is 1 bits/s/Hz. In the plot, the
set of curves are obtained by calculating the average BER using derived formula. It can be
seen that SFBC (2Tx-2Rx) provides a remarkable BER performance gain for OFDM and
significantly outperforms uncoded OFDM; a gain of about 48 dB (Fig. 3.3) and 46 dB (Fig.
3.4) at a BER of 10°° is obtained. Higher gains are achieved by using higher order SFBC
with more antennas at the transmitter.
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3.2.2 Simulation Results of Average BER Performance of SFBC-OFDM System with
Different Code Rate

The average BER performance of the SFBC-OFDM system MPSK and MQAM
modulation schemes in Rician fading environment with different code rate are shown in
Fig. 3.5 & Fig. 3.6 respectively.
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Fig. 3.5: Average BER performance of SFBC-MPSK-OFDM system with Rician fading
with different code rate
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Fig. 3.6: Average BER performance of SFBC-MQAM-OFDM system with Rician fading
with different code rate

Results are presented in Rician fading environment for SFBC-MPSK-OFDM (Fig. 3.5) and
also for SFBC-MQAM-OFDM (Fig. 3.6). SFBC with 3Tx-2Rx are considered with
different code rates. The code rates, Rc=1 bits/s/Hz, Rc=1/2 bits/s/Hz, Rc=1/3 bits/s/Hz are
considered. In the plot, the set of curves are obtained by calculating the average BER using
derived formula. It can be seen that SFBC (3Tx-2Rx) provides a small BER performance
gain for OFDM and significantly a gain of about 3 dB (when shifted from Rc=I to
Rc=1/2)and 5 dB (when shifted from Rc=1 to Rc=1/3) at a BER of 10™° is obtained.
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The average BER performance of the SFBC-OFDM system MPSK and MQAM
modulation schemes in Nakagami-m fading environment with different code rate are shown
in Fig. 3.7 & Fig. 3.8 respectively.
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Fig. 3.7: Average BER performance of SFBC-MPSK-OFDM system with Nakagami-m
fading with different code rate
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Fig. 3.8: Average BER performance of SFBC-MQAM-OFDM system with Nakagami-m
fading with different code rate

Results are presented in Nakagami-m fading environment (m=2) for SFBC-MPSK-OFDM
(Fig. 3.7) and also for, SFBC-MQAM-OFDM (Fig. 3.8). SFBC with 3Tx-2Rx are
considered with different code rates. The code rates, Rc=1 bits/s/Hz, Rc=1/2 bits/s/Hz,
Rc=1/3 bits/s/Hz are considered. In the plot, the set of curves are obtained by calculating
the average BER using derived formula. It can be seen that SFBC (3Tx-2Rx) provides a
small BER performance gain for OFDM and significantly a gain of about 3 dB (when
shifted from Rc=1 to Rc=1/2)and 5 dB (when shifted from Rc=1 to Rc=1/3) at a BER of
107 is obtained.
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3.2.3 Simulation Results of the Comparison of Average BER Performance of SFBC-
OFDM System between Nakagami-m Fading and Rician Fading

The comparison of average BER performance of the SFBC-MPSK-OFDM system between
Rician fading and Nakagami-m fading environment are shown in Fig. 3.9.
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Fig. 3.9: Comparison of Average BER performance SFBC-MPSK-OFDM system between
Nakagami-m Fading and Rician Fading

Results are presented for comparison of SFBC-MPSK-OFDM system between Nakagami-
m Fading (m=2) and Rician Fading. SFBC with 3Tx-2Rx is considered. The code rate in
this case is 1 bits/s/Hz. In the plot, the set of curves are obtained by calculating the average
BER using derived formula. It can be seen that SFBC-MPSK-OFDM (3Tx-2Rx) with
Nakagami-m fading performs better than SFBC-MPSK-OFDM (3Tx-2Rx) with Rician
fading and improves to a remarkable BER performance gain for OFDM; a gain of about 2
dB at a BER of 10°° is obtained. Higher gains are achieved by using higher order SFBC
with more antennas at the transmitter.
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The comparison of average BER performance of the SFBC-MQAM-OFDM system
between Rician fading and Nakagami-m fading environment are shown in Fig. 3.10.
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Fig. 3.10: Comparison of Average BER performance SFBC-MQAM-OFDM system
between Nakagami-m Fading and Rician Fading

Results are presented for comparison of SFBC-MQAM-OFDM system between Nakagami-
m Fading (m=2) and Rician Fading. SFBC with 3Tx-2Rx is considered. The code rate in
this case is 1 bits/s/Hz. In the plot, the set of curves are obtained by calculating the average
BER using derived formula. It can be seen that SFBC-MQAM-OFDM (3Tx-2Rx) with
Nakagami-m fading performs better than SFBC-MQAM-OFDM (3Tx-2Rx) with Rician
fading and improves to a remarkable BER performance gain for OFDM; a gain of about 2
dB at a BER of 107° is obtained. Higher gains are achieved by using higher order SFBC
with more antennas at the transmitter.
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3.2.4 Simulation Results of the Improvement in SNR(dB) from Uncoded to the SFBC-
OFDM system at a fixed BER with the Increase of the No of Transmitting Antennas

The Improvement in SNR(dB) from Uncoded MPSK to the SFBC-MPSK-OFDM system &
Uncoded MQAM to the SFBC-MQAM-OFDM system at a fixed BER with the increase of
the no of transmitting antenna in Rician fading environment are shown in Fig. 3.11 & Fig.
3.12 respectively.
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Fig. 3.11: The Improvement in SNR(dB) from uncoded to SFBC-MPSK-OFDM system in
Rician Fading with the increase of the no of transmitting antenna at a BER of 10
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Fig. 3.12: The Improvement in SNR(dB) from uncoded to SFBC-MQAM-OFDM system
in Rician Fading with the increase of the no of transmitting antenna at a BER of 10

Results are presented in Rician fading environment at a average BER of 10 for SFBC-
MPSK-OFDM (Fig. 3.11) and also for SFBC-MQAM-OFDM (Fig. 3.12). SFBC with 2Rx
is considered. The code rate in this case is 1 bits/s/Hz. It can be seen that SFBC provides a
significant improvement in SNR(dB) for OFDM with the increase of Tx (1-8) and
significantly a gain of about 1.24 dB (when shifted from 3Tx to 4Tx) (Fig. 3.11) and 1.25
dB (when shifted from 3Tx to 4Tx) (Fig. 3.12). It is seen that the improvement is very poor
after 5 Tx in both the cases. So, the optimum no of antenna is 5.
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The Improvement in SNR(dB) from Uncoded MPSK to the SFBC-MPSK-OFDM system &
Uncoded MQAM to the SFBC-MQAM-OFDM system at a fixed BER with the increase of
the no of transmitting antenna in Nakagami-m fading environment are shown in Fig. 3.13 &
Fig. 3.14 respectively.
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Fig. 3.13: The Improvement in SNR(dB) from uncoded to SFBC-MPSK-OFDM system in
Nakagami-m Fading with the increase of the no of transmitting antenna at a BER of 10

55



80

M=4; N=512; R =1; m=2; Rx=2 L —
C . /
Awerage BER=10

75

70
o
o)
o
z
n
£
€ 65
Q
S
(3]
>
=}
s
E

60

55

50

1 2 3 4 5 6 7 8
No of Tx -->

Fig. 3.14: The Improvement in SNR(dB) from uncoded to SFBC-MQAM-OFDM system
in Nakagami-m Fading with the increase of the no of transmitting antenna at a BER of 10

Results are presented in Nakagami-m fading environment at a average BER of 107 for
SFBC-MPSK-OFDM (Fig. 3.13) and also for SFBC-MQAM-OFDM (Fig. 3.14). SFBC
with 2Rx is considered. The code rate in this case is 1 bits/s/Hz. It can be seen that SFBC
provides a significant improvement in SNR(dB) for OFDM with the increase of Tx (1-8)
and significantly a gain of about 5 dB (when shifted from 3Tx to 4Tx) (Fig. 3.13) and 2.49
dB (when shifted from 3Tx to 4Tx) (Fig. 3.14). It is seen that the improvement is very poor
after 5 Tx in both the cases. So, the optimum no of antenna is 5.
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3.2.5 Simulation Results of the Comparison of the Improvement in SNR(dB) from
Uncoded to the SFBC-OFDM system at a fixed BER with the Increase of the No of
Transmitting Antennas between Rician Fading and Nakagami-m Fading Environment

The comparison of the improvement in SNR(dB) from Uncoded MPSK to the SFBC-
MPSK-OFDM system at a fixed BER with the increase of the no of transmitting antenna
between Rician fading and Nakagami-m fading environment are shown in Fig. 3.15.
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Fig. 3.15: The comparison of the improvement in SNR(dB) from uncoded to SFBC-MPSK-
OFDM system between Rician Fading and Nakagami-m fading with the increase of the no
of transmitting antenna at a BER of 107

Results are presented in both Rician fading and nakagami-m fading environment at a
average BER of 10° for SFBC-MPSK-OFDM. SFBC with 2Rx is considered. The code
rate in each case is 1 bits/s/Hz. It can be seen that the improvement in SNR(dB) in
Nakagami-m fading is better than that of a Rician fading and SFBC provides a significant
improvement in SNR(dB) for OFDM with the increase of Tx (1-5) and significantly a gain
of about 1.24 dB (when shifted from 3Tx to 4Tx) in Nakagami-m fading and 5 dB (when
shifted from 3Tx to 4Tx) in Rician fading.
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The comparison of the improvement in SNR(dB) from Uncoded MQAM to the SFBC-
MQAM-OFDM at a fixed BER with the increase of the no of transmitting antenna between
Rician fading and Nakagami-m fading environment are shown in Fig. 3.16.
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Fig. 3.16: The comparison of the improvement in SNR(dB) from uncoded to SFBC-
MQAM-OFDM system between Rician Fading and Nakagami-m fading with the increase
of the no of transmitting antenna at a BER of 10

Results are presented in both Rician fading and nakagami-m fading environment at a
average BER of 10 for SFBC-MQAM-OFDM. SFBC with 2Rx is considered. The code
rate in each case is 1 bits/s/Hz. It can be seen that the improvement in SNR(dB) in
Nakagami-m fading is better than that of a Rician fading and SFBC provides a significant
improvement in SNR(dB) for OFDM with the increase of Tx (1-5) and significantly a gain
of about 1.25 dB (when shifted from 3Tx to 4Tx) in Nakagami-m fading and 2.49 dB
(when shifted from 3Tx to 4Tx) in Rician fading.
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3.2.6 Simulation Results of the Improvement in SNR(dB) from Uncoded to the
SFBC-OFDM system at a fixed BER with Different Code Rates

The Improvement in SNR(dB) from Uncoded MPSK to the SFBC-MPSK-OFDM system &

Uncoded MQAM to the SFBC-MQAM-OFDM system at a fixed BER with different code
rates in Rician fading environment are shown in Fig. 3.17 & Fig. 3.18 respectively.
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Fig. 3.17: The Improvement in SNR(dB) from uncoded to SFBC-MPSK-OFDM system in
Rician fading with the different code rates at a BER of 10
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Fig. 3.18: The Improvement in SNR(dB) from uncoded to SFBC-MQAM-OFDM system
in Rician Fading with the different code rates at a BER of 10

Results are presented in Rician fading environment at a average BER of 10 for SFBC-
MPSK-OFDM (Fig. 3.17) and also for SFBC-MQAM-OFDM (Fig. 3.18). SFBC with 2Rx
is considered. The code rate in this case is 1 bits/s/Hz. It can be seen that SFBC provides a
small improvement in SNR(dB) for OFDM with varying the code rates and significantly a
gain of about 1.66 dB (when shifted from Rc=1/2 to Re=1/3) (Fig. 3.17) and 1.76 dB (when
shifted from Rc=1/2 to Rc=1/3) (Fig. 3.18).
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The Improvement in SNR(dB) from Uncoded MPSK to the SFBC-MPSK-OFDM system &
Uncoded MQAM to the SFBC-MQAM-OFDM system at a fixed BER with different code
rates in Nakagami-m fading environment are shown in Fig. 3.19 & Fig. 3.20 respectively.
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Fig. 3.19: The Improvement in SNR(dB) from uncoded to SFBC-MPSK-OFDM system in
Nakagami-m Fading with the different code rates at a BER of 107
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Fig. 3.20: The Improvement in SNR(dB) from uncoded to SFBC-MQAM-OFDM system
in Nakagami-m Fading with the different code rates at a BER of 107

Results are presented in Nakagami-m fading environment at a average BER of 10° for
SFBC-MPSK-OFDM (Fig. 3.19) and also for SFBC-MQAM-OFDM (Fig. 3.20). SFBC
with 2Rx is considered. The code rate in this case is 1 bits/s/Hz. It can be seen that SFBC
provides a small improvement in SNR(dB) for OFDM with varying the code rates and
significantly a gain of about 1.76 dB (when shifted from Rc=1/2 to Rc=1/3) (Fig. 3.19) and
1.66 dB (when shifted from Rc=1/2 to Rc=1/3) (Fig. 3.20).
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3.2.7 Simulation Results of the Comparison of the Improvement in SNR(dB) from
Uncoded to the SFBC-OFDM system at a fixed BER with Different Code Rates
between Rician Fading and Nakagami-m Fading Environment

The comparison of the improvement in SNR(dB) from Uncoded MPSK to the SFBC-
MPSK-OFDM at a fixed BER with different code rates between Rician fading and
Nakagami-m fading environment are shown in Fig. 3.21.
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Fig. 3.21: The comparison of the improvement in SNR(dB) from uncoded to SFBC-MPSK-
OFDM system between Rician fading and Nakagami-m Fading with the different code
rates at a BER of 107

Results are presented in both Rician fading and Nakagami-m fading environment at a
average BER of 10° for SFBC-MPSK-OFDM, SFBC with 2Rx is considered. The code
rate in this case is 1 bits/s/Hz. It can be seen that that the improvement in SNR(dB) in
Nakagami-m fading is better than that of a Rician fading and SFBC provides a small
improvement in SNR(dB) for OFDM with varying the code rates and significantly a gain of
about 1.66 dB (when shifted from Rc=1/2 to Rc=1/3) in Nakagami-m fading and 1.76 dB
(when shifted from Rc=1/2 to Rec=1/3) in Rician fading.
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The comparison of the improvement in SNR(dB) from Uncoded MQAM to the SFBC-
MQAM-OFDM at a fixed BER with different code rates between Rician fading and
Nakagami-m fading environment are shown in Fig. 3.22.
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Fig. 3.22: The comparison of the improvement in SNR(dB) from uncoded to SFBC-
MQAM-OFDM system between Rician fading and Nakagami-m Fading with the different
code rates at a BER of 10

Results are presented in both Rician fading and Nakagami-m fading environment at a
average BER of 10° for SFBC-MQAM-OFDM, SFBC with 2Rx is considered. The code
rate in this case is 1 bits/s/Hz. It can be seen that that the improvement in SNR(dB) in
Nakagami-m fading is better than that of a Rician fading and SFBC provides a small
improvement in SNR(dB) for OFDM with varying the code rates and significantly a gain of
about 1.76 dB (when shifted from Rc=1/2 to Rc=1/3) in Nakagami-m fading and 1.66 dB
(when shifted from Rec=1/2 to Rc=1/3) in Rician fading.
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3.2.8 Comparing with the recently published Literature

No recent published literature is found which is similar to the analysis that is done here. But
there is a published paper which I can refer is “Mohammad Torabi, Sonia Aissa, Senior
Member, IEEE, and M. Reza Soleymani, Senior Member, IEEE, “On the BER Performance
of Space-Frequency Block Coded OFDM Systems in Fading MIMO Channels”, IEEE
Transactions On Wireless Communications, Vol. 6, No. 4, April 2007.”

In the above mentioned paper analysis is done with the MIMO-SFBC-OFDM system in
Rayleigh fading environment using closed form (approximate) formula. If the proposed
formula of this paper is analysed using Rayleigh fading and compared to the above
mentioned oublished paper, the proposed analysis can be verified.

Fig. 3.23: Average BER performance analysis of MPSK-SFBC-OFDM with different
antenna configurations according to the analysis done in the published paper.

The above figure 3.23 is the analysis done in the published paper with MPSK-SFBC-
OFDM system using closed-form formula in Rayleigh fading environment with which we
have to compare the proposed analysis.
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Fig. 3.24: Average BER performance analysis of MPSK-SFBC-OFDM with different
antenna configurations according to the proposed analysis of this paper.

The above figure 3.24 is the analysis done in this paper with MPSK-SFBC-OFDM system
using derived formula in Rayleigh fading environment which is approximately similar to
the analysis done in the published paper with MPSK-SFBC-OFDM system using closed-
form formula in Rayleigh fading environment.
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Fig. 3.25: Average BER performance analysis of MQAM-SFBC-OFDM with (2Tx-1Rx)
antennas according to the analysis done in the published paper.

The above figure 3.25 is the analysis done in the published paper with MQAM-SFBC-
OFDM system using closed-form formula in Rayleigh fading environment with which we
have to compare the proposed analysis.
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Fig. 3.26: Average BER performance analysis of MQAM-SFBC-OFDM with (2Tx-1Rx)
antennas according to the proposed analysis of this paper.

The above figure 3.26 is the analysis done in this paper with MQAM-SFBC-OFDM system
using derived formula in Rayleigh fading environment which is approximately similar to
the the analysis done in the published paper with MQAM-SFBC-OFDM system using
closed-form formula in Rayleigh fading environment.

So, it is verified that the proposed analysis is approximately correct.
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CHAPTER 4
CONCLUSIONS AND FUTURE SCOPE OF WORK

4.1 Conclusion

This paper presented new expressions for the BER of space-frequency block coded OFDM
(SFBC-OFDM) systems over Rician and Nakagami-m fading channels. In the performance
evaluation, both M-ary phase shift keying (MPSK) and M-ary quadrature amplitude
modulation (MQAM) were considered. Numerical results were provided for analysis and
simulations and the performances of several forms of SFBC-OFDM system were evaluated
and compared. The proposed expressions are used to quantify the amount of degradation
and improvement in the BER at the receiver. Higher gains is achieved by using higher order
SFBC with more antennas at the transmitter but the no of antenna must be optimum. SFBC-
OFDM system with Nakagami-m fading performs better than that with Rician fading.

4.2 Future Work

Research within wireless communications is vast and endless in possibilities. This research
has focused on the performance analysis for different MIMO and MIMO-OFDM systems
with MPSK and MQAM using SFBC in Rician and Nakagami-m fading environment.
While the research is comprehensive, there remains further work which could be done to
further enhance system performance in simulation. I have a great intension to work further
with this topic of multiple antenna wireless system so that further improvement can be
achieved. For this reason if it is possible I have a idea of the following future works:

a) The proposed schemes can be also applied for the performance analysis for different
MIMO and MIMO-OFDM systems with other modulation schemes such as GMSK,
DMPSK etc using SFBC in Rician and Nakagami-m fading environment and can be
compared to the performance of the proposed schemes

b) The proposed schemes can also be analyzed using STBC, STFBC, OSTFBC in Rician
and Nakagami-m fading and the results can be compared to the proposed schemes.

c) The proposed schemes can be also applied to hybrid MIMO techniques that combine
spatial diversity, spatial multiplexing and beamforming.

d) The proposed schemes can also be applied with suitable modifications for high mobility
channel conditions.
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APPENDIX
Appendix-A

Maximum Likelihood Detection

Assuming channel H is known at the receiver, the ML estimate is obtained by performing
min

c ||73-_GZH ||2F which is the Frobenius form. The receiver decodes s[2k] and s[2k+1] by
2

. 2. C e
decomposing the measure ||73-_G2H || » Into two parts, minimizes each separately over all

possible values of s[2k] and s[2k+1] that belong to the constellation used. Then ML is
equivalent to [16],

MR (. * * . - ?
S[2k] = argmin |[Z]-=1(F] [2kJH;, [24d] + 2k + 1]H;’2 [Zk])] S[Zk]| ...................... (A1)
+ (=1 2 22 |1y (2] Is[2K11
MR () * * . - ’
§[2k + 1] = argmin szzl(rl (I 2+ 1+ ke 1]H]'12[2k ’ 1])] Sl 1]| ceeeeenes (A2)
+(=1+2 B2, Wy [2k + 1]]°) Is[2k + 112

Now, equation (A.1) is equivalent to

a
as[2k]

(][5 2800, 1220 + 17 T2k + 11H p[2KT)| - [z + (=14 1 52 1y, 2k ) Is[2K12) = 0

= 2[5 (1 [2K]H;, [2K] + 7 [2K + 11H; ,[2K])| - s[2K]| = 0
So, 8[2k] = L8 (ry[2K]H;y [2K] + 17 [2K + 11Hj2[2K]) oo (A.3)
Again, equation (A.2) is equivalent to

2
o [ |[Z5 (s 2KIHy 2k + 1] + v [2Kk + 1M, [2k + 11)] = sl2k + 11| .
oslzkd + (=1 + 2 32 1y 2k + 1)) Is[2k + 112

= 2|[2)5 (5 (2K [2Kk + 1] + 1} [2k + 1]H;; [2k + 11)| = s[2k + 1]| = 0

So, §[2k+1] = Z].M;;(rj [2K]H}5[2k + 1] + 17 [2K + 1]Hj1[2K + 1) cooooieiiiicee e, (A4)
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Appendix-B
erf(x) plot

Figure B.1: Plot of the error function

Appendix-C
Zero Order Modified Bessel Function

ILi(x) = %f()zﬂ expix cos0) do

2 2 cos?9 3 cos38 * cos*o . .
=DH(x) = %fo " (1 g Rcosd | xTcosTh g xTcosTl | X cosfy ) df [From exponential series]

1! 2! 3! 4!
st 1 im _ 1 2 _
1" term, — Jy de — 1615 =1
nd i 2m x cosf _x i 2
2™ term, —Jo T a0 = [sin6]5™ =0
3rdl}" LIZTtxzcoszB d9_£f2n(1+ 20) do _ﬁ 92”+i ) 292n _ﬁ
e, oz Jo 2! “erdo cos ~ & 6], 8m.2 [sin 26]; =

th 1 2m x3 cos36 _ x3 r2m _ 3_963 , 27 %3 i 2 _
4" term, — |, d = 7 [, (3cosb + cos360)do =—— [sinf]" + — [sin30]§" =0

2 70 3!
th 1 (27 x* cos*o _ x* o 2 _ x* 2 x4 21 _x4
5% term, — Js o 40 = - Jo (1 + cos26) * db = 0o (015 Lry (015 ==

), () (x)

x6 _ (Jc2/4)1 _ v
+ = 1 + (21)2 (3!)2 + .= ano (n!)z

2304 (1n2

_|_

2 4
Therefore, Io(x) = 1 + xz + ’6“_4 +
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Appendix-D1
Average Received SNR in Rician Fading Channel

2, 2 2.2
a‘+af 0 (20%)
)ano

Vs = Vs fOOO o :_Oztexp <_ 202 (n!)? da Let 2
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(aozy )n => gy = 2ada
s [ +a} oo ng y
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o] n!
We know, fo [ x" exp(—ax) dx = —7  (wheren=0,12,...... a>0)
So, from equation (D1.1), we get,
(a_oé) 1 6 (n+1)
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Appendix-D2
Average Received SNR in Nakagami-m Fading Channel
e 2m™m m
— 2 2m—1 if— — 2
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So, from equation (D2.1), we get,
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Appendix-D3
Average Received SNR for OFDM in Rician Fading Channel
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Appendix-D4
Average Received SNR for OFDM in Nakagami-m Fading Channel
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Appendix-E1

Average BER with Uncoded MPSK in Rician Fading Channel
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+Q202)" [, exp(—u?) du

We know, [ expi{i—cx?) dx = \/g erfit\c x) &

% - (k=11
Jo x"expif-ax?) = 2=

\/g (where n=2k; k integer; a>0). So, from equation (E1.3), we get,

J- BERypsk (@) p(a)gician da
0

5 A" [_ ¥ 252)! 1 - Qm-)-D! I 3
<(2‘:02)2> 12 af =0 -y yssmz(%) n—i+1 1 " <1+%) |
= Ypoo— = 3 7z SXP (— m) l 2 (”ngySﬂ'nZ(%)) 208y 5sin2(1) ... (E1.4)

| +(202)" [ \E erﬂ?ﬁ'u)];o

We know,
For an even positive integer n = 2k, k> 0, the double factorial is expressed as n!l = 2*k!
For an odd positive integer n =2k — 1, k> 1, it has the expressions n!! = % = (T:—'l)”

So, from equation (E1.4), we get,

f BERypsk (@) p(@)pician da
0

— Yo <(2H<705)2> 1 _"’_5 _yn (2m-)! 2\n 1 Zo'(fyssinz(%) 2\n[1 —
= Zno n! ﬁexp( 205)[ =0 IZZ("_i)((n—i)!)z (20z) (1+Za'gyssin2(%))n7i (1+20§Vssinz(%)) + 2og)" (1= 0]
[From Appendix B]
_1ye () A PR I CIC)! 1 20%yssin?(57)
=3 Yo " exp( 255) 1 i=0 |:22("i)((n—i)!)2 (1+Za§y55inz(%))n_i (1+20§y35m2(%)) ................ (E1.5)
Therefore, from equation (D1.2) & (E1.5), we get,
f BER yps (@) p(@)gician A
0
n—i . n
=y Vs 1 1-—3yn (2(n-0))! 1 Zaf,yssmz(ﬁ) (E1.6)
n=0 252y (n+1) B i=0 22(n—i)((n—i)!)2 1+Za§yssin2(%) 1+2¢r§,yssin2(%) )
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Appendix-E2
Average BER with Uncoded MQAM in Rician Fading Channel

fooo BERygam (@) p(@)pician da

o0 2(1-— ) 15)/5052 2+a apa
-5 ( (%) de Loty = a2
a2\ => ddy = 2ada
_ 0 2(1- W) 15)/50(2 _a +a0 (25(2,,)2 => Y = ada
21 1 ) , < a02y2>n erfg(x)
_ 1 U Tm 1.5y5y _y+ad w0 \(202) _ * 2
= 27 fo — erfc( ’—M_l )exp( 207 )Zn=0 e dy = \/—EJ; exp(—u®) du

) o
w \@?)) 1 20-7 2
= L LI e (- [

W I F  Im y exp(——) dy ... (E2.1)

[T exp(—u?) du
ey
The region where /1M_1 <u<owfor0<y<ow, fixing a value of u, the value of y

u?(M-1
1.5y

varies from y=0toy = ); first slice is u= 0, last slice is u =0

So, from the equation (E2.1), we get,

fooo BERygam (@) p(@)rician da

(2 )"
v @)
- Zn=0 (n!)z

22
, 20— uiM-1)

\/—_ B%ﬁ)exp( )f exp(—u?) [, Lrs exp( LZ) dy|ldu............. (E2.2)

1
g2

We know, [ x™ exp(cx) dx = exp(cx) ¥y (- 1) ———=x""" So, from the equation (E2.2), we

(n— L)|Cl+1

get,

fooo BERygam (@) p(@)rician da

u2(M-1)

1.5ys
my du
0

e

2)2 a(z) 1 2 20- r) 2 i
= S0~ exp (= 33) sy exp(—u) fexp (= ) Diy(-1)

20-1) : ! 20r-D\"™
<‘3Xp (_;031?-5;) f=o(=1) (n—i)!(i'_lz')iﬂ (u 1(,1;51) )
20

a

| 1
| |
| |
l - <8Xp(0)( 1) —— e (0)" ") }

i)

2 2\ 2 20-70) e
a5 () 1 T et [ () et

(UZ(Mfl))n_i + (20.2)71
T B a

(m=D!'\ 15y,
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w? ' o (20) M-\ oo H\n—i 2 M-1
0 ((205, ) Otg ) 2 2(1- \/_) i=0 (n— ‘t), ( 1.5y ) f() (u ) eXp u 1 + 30%1/5 du

V& B o
+(202)" [} exp(—u?) du

20,1

. (E2.3)

We know, [ expifi-cx?) dx = \/% erfifi/c x) &

fooo x"expifax?) = (22 kk:li)k! : \/g (where n=2k;k integer;a>0). So, from the equation (E2.3), we get,

fooo BERygam (@) p(@)pician da

ag? \' _yn (Zag)i(M—l)"_i Q@m-i)-1!
w \(202) @\ 2 2(1—f) =0 (-1 \1.55; M1\
= S0 e (-5 5) £

]|
(122 () | (E2.4)

|

|

+(202)" [ferf(u)]

We know,

For an even positive integer n = 2k, k> 0, the double factorial is expressed as n!l = 2¥k!

QK)! _ n!
2kt T (n=1)1

For an odd positive integer n =2k — 1, k> 1, it has the expressions n!! =

So, from the equation (E2.4), we get,

fooo BERygam (@) p(@)Rician da

) ‘
((zna)z) A R 2@-D)! n M-1 nt 302y np —
n exp( 255) 5 =0 zz(m)((n_)f( %) (((M—1)+3a§ys)) w3z, +(@0a)"[1 0]

[From Appendix B]

) ( 2)n (2(-d): ’ 302
VM- 2”a aU __§\n Vs
B Zn =0, €xp ( ) [1 =0 [zz(ni)((n_i)!) (((M 1)+3anys (M—1)+302y ] (E25)

Therefore, from equation (D1.2) & (E2.5), we get,

= Z?:o

2(1-

fooo BERygam(@) p(@)Rician A

2(1—)

—1 .
. oo Vs _yn 2n-i)! M-1 n—i 302y,
B Zn=0 20Gys(n+1) 1= 2izo 220 (n—i)1)’ ((M—1)+3a§ys ) M-1)+30%y,| = (E2.6)
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Appendix-E3

Average BER with Uncoded MPSK in Nakagami-m Fading Channel

fooo BERMPSK (a) p(a) Nakagami da

Let y=a?
m => dy = 2ada
= (1 a2 cin(™)) 20 2m—1agnyinfi— ™ 2
= fo Berfc( Yo sm(M)) Hm)(j"a m exp._.( o4 )da . dTy — ada

= fo Eerfc (,/ysaz sm(—)) 1“(m).(2” a’m2q expi??é—%az) da erfe(x)
= \/%f exp(—uz) du

21‘(m).d” fo —erfc (Wsin(%)) ym_lexpiﬁé— %y) dy

1 mh

2 oo © e — b
= T T fo [ f ey sin(S) exp:.f@—uz)du] y™la expafo— %y) AY o (E3.1)

The region where ,/y; ysin(%) <u<oofor0<y< o, fixing a value of u, the value of y

2
varies from y=0 to y = ———= 2(,,); first slice is u= 0, last slice is u =0 .
YsSin M.

So, from the equation (E3.1), we get,

Jy BERypsk (@) P(@) Nakagami dat

ul

mm

1 ssin2(5) o
EW\/_I expif-u?) fy M ym aexpiﬁ(—%y) dyldu ......coooveiiiiiiin (E3.2)

We know, [ x™ exp(cx) dx = exp(cx) Xio(—1)" mxn_i

So, from the equation (E3.2), we get,

fooo BERypsk (a) p(a) Nakagami da

ul

1 m 2 —1! 1—i Yssin (ﬁ)
S Tomor 7= do expilul) | expif—o (=1 71 m-l du
T prmQ f pi )I p( y) (m— 11)( Q)+1y L
[ ( > ! 2 m—1 l‘l
m T P
= s vl oy \ ) a5 A o) [t oo (E33)
_(_1)m—1—m ";n_m
(%)
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Now, from equation (D2.2) & (E3.3), we get

1 mm

1-i
2 roo - 2 mu? m—1 1 m m—1! 2Nm—1—i —1!
=- = [ explif-u?) | —exp (— ﬁ) A ( —y ) =7 (u?) + | du
5 T i o [ Fosin2Gp) S0\ yssin? G m-1-i()" "

RSN ey G S e U _m N2yt aymett
_ﬁr(mmmﬁ[ i=0 (mmﬁ)) R )l*lj exp(-u )<1+ Fosin? (X )>(”) du + )" expitu )(Q) du

. (E3.4)
We know, [ expif—cx?)dx = \/Z erfif\c x) &
(Zk nn

fow x"expifax?) = ST f (where n=2k;k integer;a>0). So, from the equation (E3.3), we get,

fooo BERMPSK ((l) p(a) Nakagami da

1 mm 2 _ 1 m-1-i m—1! Q@m—1-i)—1)1 m—1! m]
_1 20|= 7101( . n) : _ L [ erfigu)| |
| I L TC e T ]

o2m—1-i+1 +— ; 2
| %)

Fasin 2(p)

( 1 )m_l_i m-1! @@m-1-)-1)1 1

in2 (™ i+1 m—1—1
Yssin® () (m—l—i)!(%) am—1-i| (14 (1_'_7 m2 - )
VSSl"Z(M) Yssin“(gp)

)

]
- ! oo (B3.5)
|

[From Appendix B]

We know,

For an even positive integer n = 2k, k> 0, the double factorial is expressed as n!l = 2*k!

@0 _ _n

For an odd positive integer n = 2k — 1, k> 1, it has the expressions n!! = YT

So, from the equation (E3.5), we get,

fooo BERypsk (a) p(a) Nakagami da

. —1—i T —1-i T
B =0 \q yssin? (3 220m =1 ((m—1-)1)" (m+73sin2Gp) (m+75sin2Gp))

Vssin?(p) 22m=1-D)((m-1-i)!) m+yssm2(ﬁ)) m+7gsin?(3p) )

[ i /4 —1-i T
= 111 = ymetmym-i- l( 1 >"“1“ 2(m—1-i))! < Fosin? () )m Y w2
ry - — T : 2 . I3 o o
( (
Therefore,

fooo BERmPSK (a) P(“) Nakagamida

1 ™
1 m—1 (2(m—-1-10))! m me Vssin? ()
=5|1- 2 ) L sl 7 T (E3.6)

22(m=-1-0) (m—1—-0)1) (m+y_ssin2(%) (mﬂ’_ssmz(%))
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Appendix-E4

Average BER with Uncoded MQAM in Nakagami-m Fading Channel

15 BERyqan (@) P(@nakagami et Let y = a?

2(1- ) 5y’ T
— (I Loysaf) _2m™ o om—1gynif — ™ o2
= [ P erfc <\/Z > rma™ ¢ expi{ - a?) de = % = ada

2(1 1.5y a? 2m™m 2m—2
fo fc( / >F(m)Qma a expt (——a )da erfe(s) =
2 (oo 2
2m™m o 2(1 _«/_ﬁ) 1.5y,y _q o m ﬁfx exp(—u?) du
s lo —5erfe (JW yntexpi{=5y) dy

20~

20-7) mm

)
B F(m)Qm\/—fO [f 1);y1yexp( u )du

m—

La expi??ﬁ— g y) Ay oo (E4.1)

The region where ’11;_1 <u<owfor0<y< o, fixing a value of u, the value of y varies

u?(M-1)

157 ; first slice 1s u= 0, last slice is u =oo
N

fromy=0toy=
So, from the equation (E4.1), we get,

Jy” BERyqam (@) P(@)nakagami dex

1 uZ(M-1)
2(1__) m 2 o sl g K _— e
= ﬁm r(:nnW\/_EIO expif—u?) Jo 1Srs ym=ly expmﬁ—%y) dyldu .....ooooooiiiiinill (E4.2)
We know, [ x™ exp(cx) dx = exp(cx) X o(—1)" - L)‘!CH'l x
So, from the equation (E4.2), we get,
o0
fo BERMQAM (a)p(a)Nakagami da
i uZ(M-1)
1 1.5ys
2= mm 2 oo (m—1)! 1
_ VM m R a2 dfiom A it AN 1 e
= I = Iy explit-u?) | expi{ - Zy) Bigt(-1) P du
L Q0 0
[ m u2(M—1) ; m—11 u2(M—-1)\" 174
2(1- =) m €Xp (_E 1.5y )Z ( D ‘+1( 1.5y )
= M2 [ oxpiifu?) (m-1-01(-%) du
B Mm) @™ 70 _(_1)m —1-m (m-1)!
(%)
[ m u?(M—1) m—1! W2 M—-1)\" "1
20-—%) . m exp( 2 15y, )Z ) l“( 1.5y )
= T f expif—u?) (m-1-01(-T5) du
B ]—(m)-dn\/_ m—1!
(%)
......... (E4.3)
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Now, from equation (D2.2) & (E4.3), we get

f(:OBERMQAM (a)p(a)Nakagami da

_2(1—‘/%) mm 2 _q (M-l (m—-1)! o 2 m@M-1) 2ym—1-i *© gy 2) L
T8 nm)g'"\/_F[_ =0 (1-5y5) m-1-on(m) " by e )(1+ 1575 )(u T du - expu )(%)m a
......... (E4.4)

Now, [ expifi-cx?) dx = \/g erfifh/c x) &

% - (k=11
Jo x"expil-ax?) = S

\/g (where n=2k:k integer;a>0). So, from the equation (E4.4), we get,

fooo BERMQAM (0() p(a)Nakagami da

20-7) mm 2 m—1 (M=D\"17E -1 (2(m=1-)-1)1 7 [m—ll [\/; ol
= Z-3mgt (2 : —— |+ |25 |E erfiw)
=0 i _ m i m m
7T [ vy Ml ey el (ot M e Nl
2(1*%ﬁ) mm m—1 ((M—=1)\m"~1=E m—1! @m—-1-)—-1)! 1 m—1!
= —-ym . — — |+ == [1-0]|.... (E4.5)
=0 AL K mM=1\1" i m (i ) m
£ T l ( 1.5%s ) m-1-0(2) " 2m il (14200)) 0D B)
[From Appendix B]
We know,
For an even positive integer n = 2k, k> 0, the double factorial is expressed as n!! = 2%k!
o . . (2k)! n!
For an odd positive integer n = 2k — 1, k> 1, it has the expressions n!! = = oD

So, from the equation (E4.5), we get,
0
fo BERMQAM (a)p(a)Nakagami da
1 . .
20- 59 ;(M—1\m—1-i 2(m—1-i))! 1.575 m—1-1 1.575
_ VM _ym-1 m—1—i ( (m i) 5¥s 5%s
== [1 XLy (m) (15@) 2210 ((m—1-1)1)’ ((m(M—1)+1.5m) \ (m(M—1)+1-5m]
1

B S ) m=1¢ym—1—i ___ (20m-1-0)! M-1) e I 7
-8 [1 — X (m) 220m=1-0)((m—1-0)1)° ((m(M—1)+1.5y_5)) (m(M—1)+1-5y_s)]

Therefore,

fooo BERMPSK (a) p(a) Nakagamida
201 ﬁ) me1  (2(m-1-D)! m(M-1) m—1-i 157
— [1 T =0 1D (mo1—1)!)] ((m(M—1)+1.5ﬁ)) m(M-D)+157)| (E4.6)
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Appendix-F1

Average BER with Uncoded MPSK-OFDM in Rician Fading Channel

oo — 2
Jo BERwmpsk—orpm (@) P(@)pician da Ifi 20 d}(;" :oc;‘;
- k k — k
© 1 aN-1 R

= Jy 3 Zk=0 BERumpsk —orpm (@) (X )Rician dati =7 &l =7

© 2 2 — i - a2 d
B ) T O P EURE TR
A X

n
aozakz
o \2

_ ﬁfom YN-Lerfc (,/ysak sin(> )) eXp< ag +a0) o O((Zoa'k))z da,

A
(Vrevie sin(3) EXp< y"”")Zn B gy,

=_Lyn-1| L
Ng “k=0 1752 (nn2

| |

an?
<(2 ; ) ) ;
_ 1 2 Uak 1 ag o | roo 2 Yk
Nﬁ \/—Z Zn =0 (n)?2 2"51{ €xXp (_ Zo'[%k) I:f() I:f\/msm(%) exp(—uk )duk] ykn exp <_ 205}() dyk]

The region where ,/ys sin(”) <y, <wofor0 <y, <o, fixing a value of u, the value of y varies

from y,=0 to y;, = ; first slice is u,= 0, last slice is u;, =, So, from equation (F1.1), we

2( )’
get,

fooo BERypsk —orpm (@) P(@)Rician da

a(]z u
— Z o <(Z”§’k)> (_ ab ) 1 f (—w?) fVS“nk G (_ Vi ) n g
Nﬁ\/_ k= 0 n=0" (2 exp 20}%,{ 20}%,{ o €Xpl—u exp 205,{ Yk Yy

Now, [ x" exp(cx) dx= exp(cx) ¥ o(—1)! m_;ﬁx"ﬂ'. So, from equation (F1.2), we get,

Jo BERwmpsk—orpm (@) P(@)pician da

(e
3 (Z”gf) 3 1 o |
= o 2 B e exp (=) Sl e [exp (< 2) o1 —
ay ay (n*i)!(*z—;z—>
[ [ “k 0 J
ag? ! <_L> o (—1)! n! +1< w? )
12 <( % )) al 1 © Zggky*‘smz(ﬁ) = (n—iﬁ(—‘lr) yssinz(ﬁ)
= Npim LA %Wexp(—ﬁ) 27 do exp(=w?) exp N2 duw,
o —exp(0). (=1)" ———r. (0" "
1
l l o) |
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ag? " [ 0 up? 1 ) . n—i _I
( ” f) —Jy exp(—w,*) exp (— T ) n () ( L l) du, ]
= eI | T (o) eXp(__§k> 0 207 yosin?(5) () P ) |
l b entud) (o) du /]
L2 <%Z>n § | =0 _;(ﬁ("—))nﬁ fom exp{—u;’ (1 + m)}(ukz) " ldukﬂ
=N—B\/_ﬁzg=_(} Zn =0 exp (—;—2[() (nfi)!(rglg) Vs ] v r I
[ +(202)" [ expl-u) du i
........ (F1.3)

We know, [ expif—cx?)dx = \/% erfif\c x) &

® xexpif-ax?) = D T (where n=2k; k integer; a>0). So, from equation (F1.3), we get,
0 2k+igk A|a q g

[ 1

[ < » >n " ( .12 _ >n_l Q@m=i)-1Dn _ l
5o\ )2 exp (_ a_gk ) | (i1 (%) yasin?(5) 2m+1{<1+m>} ||
[ | +(202k)n[ \Eerf(uk)]o ]

= W oA

[n _ 1l @e-)-DI (22,) w208, vssin?(37) ]

[FO 2 2" i(n—i)! (1+2‘7§k75)n_i 1+20§knsin2(%)H ........ (F1.4)

+nz(20§k)"[ \/%(1)— \/%(0)]

_N/J"/_Z [Z" O<m> exp(_ aé)

[From Appendix B]

We know,

For an even positive integer n = 2k, k> 0, the double factorial is expressed as n!! = 2¢k!

QK)! _ a!
2k T (=1

For an odd positive integer n = 2k — 1, k> 1, it has the expressions n!! =

So, from the equation (F1.4), we get

ap? "
1 N1y <§5) (_a_%) _sm @m-))! 1 202, yssin? ()
- Np Zi=o | Zn=0"—, " €XP 203, 1= 20 2200 ((n—i)1)” (1+203kyssin2(%))n_i 1208, yssin?Gp || 777 (F1.5)

Therefore, from equation (D3.2) & (F1.5), we get

fooo BERwmpsk—orpm (@) P(@)Rician d

1 ¢N-1]yo Vs @@m—i)! 1 noi | 202 ygsin?(h)
= — k=0 En=032 . arm |1~ 2000 2( 7 n) ;

Ys(m+1) 22(n=0 ((n—i)!) 1+Zaakyssm2(ﬁ) 1+Zaakyssm( )

.. (F1.6)
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Appendix-F2

Average BER with Uncoded MOAM-OFDM in Rician fading Channel

fgoo BERwyqgam —orpm (@) P(@)Rician da

Let, y = a;?
Z o BERwqam —orom (i) P(@)Rician A => 2qpday = dyy
dyy
1 => akdak = T
0 2(1-7=) _ 1.5 ( a 2+012> (a a )
— VM’ vN-1 VsQk Xk k 0 0k
= _oerfc /— ex I da
fo NB Zk—o f < M—1 ) 7 €Xp J“k 0 Jozlk k erfe(x)
n 2 (”
1 (aozak2> = ‘/—EL exp(—u?) du
2(1-—=) 2 2, .2 202 z
—(® VM’ ' N—1 L5ysag® | ak _aktagp w A “k)
= fo NG Y=o erfc </ M1 )05,( exp( 202, ) n=0")2 day
1 @0 yi
002(1 1 ysy Yita o0 (o4,
fo Zk =0 5, 2 erfc< “ | exp (_ Zkaz 0) n=0 (n]k)z dayy
2\ ]
2 20-5) ot

_ 22 W=ty \2a) ) 1 ad ) e f e —u,? _
= k=0 i2n=o )2 Zﬁgk eXp( 205,{)‘{0 [f\/wexp( Uy, )dukl exp( 203k)ykn dykl

The region where f 1\5/[)/531 £ <y, <owofor 0 <y, <o, fixing a value of u, the value of y

U (M 1)

Loy, ; first slice 1s up= 0, last slice is u; =o0. So, from the

varies from y,=0 to y, =

equation (F2.1), we get,

fooo BERygam —orpm (@) P(@)Rician da

1 (“—022 2<M -1 |
2 2(1—‘/——) (20% ) a} = S |
s ) e [ o o

.......... (F2.2)
We know, [ x™ exp(cx) dx = exp(cx) Yio(—1)! = l)!wl x"~t. So, from the equation (F2.2), we get,

fooo BERygam —orpm (@) P(@)Rician da

—4 ' w2 (M—1)
. Vs
— ) —1]| o <2 2 ) 2 1 © n ‘
m Z Z ( U"‘k) ( - ) —-fo exp(—u;?) |exp <— 23_,2 > Z(—l)i %yknﬂ' du,
o ]

N2 2 2

n up?(M—-1 i n! w2M-\"""
ag? (_ 2:;;(.1.5;,2) o1 | ”1( k1.(5y5 ))
2 20-7) 2 2 , k (n—i)!(——ga2—>
=5 HYe, v exp( 202 ) zf exp(—u;°) |exp T ) duy,
—exp(0). (-1)" —— X (0)"™"
l [ (nfn)!<72—;zl:>
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w2M-1\ on 1 nei ((M-1)
[ f exp(— ukz)exp( ’;Uﬁkh ) i=0 (n_i)l( ) - () (15y ) duk]
7 n' k) | |
| + J; exp(—w?) (202)" duy ]
—u® [ g ———— i((M_l))n_l Jy exp{—uy? ( +(M 1)>}(uk2) iy, |
oo 4(05,,() (_ a(z)) 2 2(1_\/—) (n—i)!( 1 ) 1.5y, ¥s
Tam=0 gy P\T%z ) T8 %
n oo
| +(202)" J; exp(—u?) duy |
.......... (F2.3)

Now, [ expif—cx?) dx = :—C erfif\/c x)
&J[”

0

X" explifi-ax?) = ZEDt \/% (where n=2k; k integer; a>0), So, from the equation (F2.3), we get,

2k+1 gk

fgoo BERwqgam —orpm (@) P(@)Rician da

» 2\ [Zn _ 1 ((Mfl))”’i @m-i)— 1)u
=0 i=0 7
2 20~ \/_) <(2”ék)> af (nﬁ)!( ! ) L5¥s 2n—1+1 (M 1) 3:’; 1VS
= =y g ———— exp (— 2—0) 202, 3gakys .

i h l +(20§k) [Ierf(r)

( o ) g _1_Gap-mn G0 () _ [y,
0 n o —=

4(55,{) a3 =0 - (n*i)!(wl ) on—i (M 1)+30a}’ (M—1)+302y; |
= - ars

2(1- 7
== f SN [ Zio - exp (- 1) .. (F2.4)
+ @y | \/}(1) - fio)
[From Appendix B]
We know,
For an even positive integer n = 2k, k > 0, the double factorial is expressed as n!l = 2~ k!
For an odd positive integer n = 2k — 1, k > 1, it has the expressions n!! = (zzk—l‘;): = (nf;)”

So, from the equation (F2.4), we get,

fooo BERygam —orpm (@) P(@)Rician da

:102 "
2( ) Y <Z_ZI> aj n Qa-0)! 302, ¥s
Zk 0 n=0 eXp(— 203,() 1- i=0 22("‘i)((n—i)!) ((M 1)+30ak}'s M= 1)+30ak1’s ....... (F2 5)

Therefore, from equation (D3.2) & (F2.5), we get

fooo BERygam-orpm (@) P(@)Rician da

2(1_W)ZN_1 5o Var wn @2(n—i)! M-1 nt 302, Vs
n=020%, ys(n+1) =0 2200 (n-iy1)? \(M-1)+30%, 75 (M-1)+30%, s
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Appendix-F3

Average BER with Uncoded MPSK-OFDM in Nakagami-m fading Channel

fgoo BERwpsk —orpm (@) P(@)nakagami da Let, y = a’
=> Zakdak = dYk
dy
Z o BERwpsk —orpm (k) P(@ ) Nakagami Ak => qda; = Tk
o 1 m 2 (”
fo N — Y- [erfc (,/ysak sm(—)) Hmr)ng i 1exp"(—3ak )dak] erfc(x) = \/_EJ- exp(—u?) du

fow Nlﬁ >N [erfc (,/ysakz sin(%)) %gkmak 2m=2q, expi?ﬁé— gkakz) dak]
= #ZIIYZ_(} [anr:gr;zkm f()m erfc (\/ ysyk Sln(%)) Ykm_lexp”(— Qﬂkyk) dyk]
[Zk 0 [(m;;km\/_fo [fmsm(n)exp ity )duk]ykm 1 exp“(——yk) dyk] ..................... (F3.1)

The region where ,/y,y sin(l) <y, <wfor0 <y, <o, fixing a value of u, the value of y varies
2

from y,=0 to y; = , first slice is w,= 0, last slice is u;, =, So, from the equation (F3.1),

2( yssin?(Z)?
we get,

fgoo BERypsk —orpm (@) P(@) Nakagami A

ukz
——Zk Hmm 2y f exp! (’_uk2)|:fyssm Gy, m=1 expiiﬁé—%yk)dyk]duk\ .................. (F3.2)
We know, [ x™ exp(cx) dx= exp(cx) ¥ o(—1) - L)ICM x"7t. So, from the equation (F3.2), we get,
2
Up
= S | E ) explitw ) eXpiff(—Q—kyk)Z?Lal(—l)‘ —— " duy,
i (m-1- z)( k) o

= Zk [ ey ‘/—f expif-w, %) i

[ —exp (0)( 1)m 1 =T 0m—1—m+1

() I

~ m—1—i
; m—11 u?
- exp< 2 yesin ( ))2 =D (m—1— ,-).(_l)iH(y,qsinz(%)) }du l
k

Now, from equation (D4.2) & (F3.3), we get,

fom BERypsk —orpm (@) D(@) Nakagam: A

m—1-i
muy? m—1 1 m-1! 2ym—1-i
—eX] - i— 7 u
[ p( Ksinz(ﬁ)) =0 ( Vssinz(%)> (m—l—i)!(%) () ldu }
k

| o I

m

Zk =0 ,(m)g,m(f explif-u,*)

88



m

(rn—l—i)!(;_%k)H + [, expifi-u,2) P duy

1l exp(—uy )( %) (e H™ duy, ]
meat m—1! 7asin?(7) I
) ! fO ||
(2) |

We know, [ expii—cx?) dx = \/gerf(\/gx) &

(2k—1)!

Jy x"expit-ax?) = S \E (where n=2k; k integer; a>0). So, from the equation (F3.4), we get,

[ |
. . gl
1 _ m 2 _ 1 m—11 @2m-1-i)-1D! T m-1[ [r
- v 2 e () — | e f e |
N,B m)™ Jn t ssmz(ﬁ) Cqin(m it m m m 4
|[ |l ¥; (m-1 1).(Qk) 2 [(1+m)] \/(Hmsmz(%)) (gk) o JIJ|
[ [ m—1-i
1 m—1! 1 @2m-1-i)-1D! T
| | <y sin2(1)> 15 m—1-1 "
1 _ mm 2 m— s M (m—1-i)! m—1—i —n 14—
D ] R N ¥ () 2[@WmM (]| 63.5)
m— 1l LA 0]
[From Appendix B]
We know,
For an even positive integer n = 2k, k > 0, the double factorial may be expressed as n!! = 2¥k!
P . . 2k
For an odd positive integer n = 2k — 1, k> 1, it has the expressions n!! = (2 A Iz - So, from the

equation (F3.5), we get,

fooo BERypsk —orpm (@) (@) Nakagami A

. _1—i . m—1—i
_ Lyn-i|q_ymo (ﬁ)”“( 1 )’" @1y Tt e
NB k=0 i=0 e }’ssmz(ﬁ) 22(""1"')((rr1—l—i)!)2 (m+}75ksin2(%)) m+y5ksm()

m—1—i ) i 2T m-1-i - ein2 (T
— LZN_ Z (m)m 11— l( 1 ) (2(17_1_1_1))! Vs Sin (M) Vs Sin (M)
Np “k=0 Versin2 (D) 22m=1=0 ((m —1 1)’ (m+y_5ksin2(%)) (m+y_5ksin2(%))

Therefore,

fooo BERypsk—orpm (@) P(@) Nakagami AX

m—1-i .
1 _ _ 2(m—1-0))! Vspsin? (55
= pIhD |1 D e <( i )) TSt B (F3.6)

22(m—1—t)((m—1—i)!)2 m+ﬂksin2(%) (m+ﬁk3i"2(%))
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Appendix-F4

Average BER with Uncoded MOQAM-OFDM in Nakagami-m fading Channel

(00
Jo BERMQAM —orpM (@) P(@) Nakagami da Let, y =@’
=> Zakdak = dyk
= f Z BERMQAM —OFDM(ak)p(ak)Nakagaml day => aday = %
2

erfc(x)
= %f exp(—u?) du

m

(1 )

e F 1.5ysak 2m 2m—1 g;z(_ﬂ 2)

= X erfC< M-1 )r(m)gk’" T expE g, ) et
1

_ 2(1_\/_ﬁ yN-1 2m™ f°° erfc L5ysai? a, 2™ 2q, ex i';"(—ia 2) 2 da

7 k=0 3rmno Jo 1 k x eXpE{— - ay kAay

1

3 2(1—W) No1 m™ © 1.5ysyk m—1 5;;2_1 d

_ Y-l TN f erfe| =5 |y expi Yk ) Ak

2(1

Zk F(m)ka\/—f If\/wexp Ty, )duklyk expi?EQ—Qﬂkyk)dyk ....................... (F4.1)

After Drawing the region where ’ My_si/k <y, <oofor0 <y, <o, fixing a value of u,

. M-1 . ..
the value of y varies from y, =0 to y, = %}/); first slice is u,= 0, last slice is u;, =0
Vs
So, from the equation (F4.1), we get,
(00
f BERwMqaM —0oFDM (a) p(a) Nakagami da
0
20— ulM-1)
m — — m
= Zk 20 Tom \/_f exp(—u;2) [f 1ors SNy m=1exp (_Q_kyk) Y/ 7 £ VT (F4.2)
We know, [ x™ exp(cx) dx= exp(cx) ZiLo(-1)' == L), ———x"~. So, from the equation (F4.2), we get,
w2 (M-1)
1 15ys
2(1-=) mm o] —1)! )
= S e ) ep(—w?) | exp (v ) T (- — oy dy
(m—l—i)!(—_o—>
m u2(M-1) ; m-1! u2M-D)\"m
1 exp( Qk 1.5ys )Z ( 1) . m “’1( 1.5y, )
=g L [ ep(—uy?) o-o(-) du,
T —exp(0) (1)1 — =D (gym-1-m+t
()
............... (F4.3)
Now, from equation (D4.2) & (F4.3), we get,
(00
f BERwqam —orpm (@) p(@) Nakagami da
0
_ _mukz(M—l) m—1 ((M-1) m-1-i (m-1)! 2ym—1—i
» L) I[ eXP( 1.5 75, ) i=0 (1.sys ) (m—1—i)|<l_)m (uk ) ]I
== S g =y explt—u,?) - 2, du
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exp(—u;,?) (1 + m1(15l/17 1)) (w, )" idu,

_20- ) mm 2 o1 (-1 (m-1)!
i+1 fO

i Q" Vr |~ <=0 sy, ) + [ explifuy, );umduk
(m—l—L)!(_Q—k) 0

(%)

We know, [ expit—cx?)dx = Jg erfifVcx) & fom x"expif—ax?) = k-1 f (where n=2k; k integer; a>0).

Qk+igk

So, from the equation (F4.4), we get,

f BERmqam —orpm (@) P(@) Nak agami A
0

mei ((M—l) m—1-i m—1! @m—1-i)—-1)"
T Li=0 157, ) i+1 M- 1) m—1—i m(M 1)
1. rs (m—1-i)! m om—1-i+1 m 15
oy e z
NB

mm 2 1.5 VSk
+ m—ll[\f erfifu,,)
(&)

2k=0 Ty Vi

0

[
I[ ((M—1))m—1—i m-11 2m-1-)-1! ]I
_Amenag_mt 2 o m-1-0i(z) " 2m (14222 ";g“ysj
=T k0 Toma vE || 2o &) ) | ceveeeee (F4.5)
| w2 fr- o |
| e |
[From Appendix B]
We know,
For an even positive integer n = 2k, k > 0, the double factorial may be expressed as n!l = 2*k!
For an odd positive integer n =2k — 1, k> 1, it has the expressions n!! = ( k) . So, from the

equation (F4.5), we get,

f BERwam —orpm (@) P(@) nakagami d&
0

1 1 1
_ 2(1—W)ZN__ _ym= L (mym-1- l(M—l )m 1 l(2(m—l—i))!< 1575, )"’ 1= 1575
NB k=0 1.575, (m—-1-0)1)" \(mM-1)+157;,) (m(M—-1)+1575;,)

Therefore,

_[ BERyqam-orpm(a) p(a) Nakagamida
0

2 F) (2(m—1-D))! ( m(M-1) )m_l_i 1575,
= Zk [ Z ZZ(m—l—i)((m_l_l.)!)Z (m(M_1)+15y_5k) (m(M—1)+15]/_sk) .o (F4.6)
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Appendix-G1

Average BER using SFBC (j=1. i=1) with MPSK-OFDM in Rician fading Channel

e — 2
fg BERgrpc-mpsk —orpm p(al,l)Rician dai, Let Yk = O

=> 2akdak = dYk
/ysz ¢ St _ _ e
fo NB g Lo erfe —c ln(—) p(aklvl)mcmn da => odoy = 2

9 e
1.5y 24¢ 2, .2 erfc(x) = — | exp(—u?)du
—yN-Lerfc Msin(ﬁ) ~-exp (— i M") I (a"“") day \/EL

0 NB R.(M—1) & 20§k a,,,k
2 n
(zzoak>
/ys(ak +C) @+ af) yoo (2”a2k )
fo NE )it Oerfc< ——sin(; )) o2, €xp (_ 202, )Zn:O )2 day

a0?yy ’ ]
_ 1v_1|[ 1 (oo 1 ¥s ik +C) k+a0 ((2‘751()) I
= ¥ [ Jy w5 erfe (2o sinG) ) exp (- 270 Bio = dn J

aoz
2 1 — ) <(Zd“ ) > 1 © «© +a}
=N ﬁ:&lzn:o—(n:‘)z 202 I \J i, exp(—w; ) duy |y, " exp (—yzkggao) dyy ... (G1.1)
[ k ys(k )Sm(L) k
Re¢ M

The region where ’@Sin(ﬁ) <y, <wfor0 <y, <o, fixing a value of u;, the

. up2R . . c . . m . .
value of y; varies from y,=0 to y, = #Z(Cn); first slice is u;, = VRS—sm(M), last slice is
N M c

u,=o0. So, from equation (G1.1), we get,

f BERsppc—mpsk —oFDM P(“l 1)

< 4 > uk
] e aad p(-52 )fw exp(—w,2) [ [ (”)y "exp (‘ = ) @) du
202, \/gsin(n k 205, k g

da
Rician L1

V—Nﬁzk =02 207, % <

.. (G1.2)
We know, [ x" exp(cx) dx= exp(cx) ¥o(—1)! = l);cm x"~t. So, from equation (G1.2), we get,
f BERsppc—mpsk —orpm P(“l 1)Rman a1
n w’Re
ag yssin2(gp)
5) N G
= \/——Nﬁ P byl o% exp( ggk) 207, \/ﬁ eXP(—ukZ) [eXP( ) Sio(=1)! ﬁn”_‘ duy
o)

duy,
n!

2
_ 21 yN-1]|ye 2%
—\/;Nﬁz:k=o n=0"" ()2 exp 252 20 ff EXP(—uk) exp
—exp(0). (=1)"

l [ (n_n)!<_2(:—§k>

= (0"

0
) " w R, n i n! w*R, "
ag —rmz(_n) Y- ———= smz(g)
( B (n—z)z(—ﬁ) S
.
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[ 2 n [ 2 “szc n 1 - R n—i -I -I
2 1 Z’Vfllzw <<2"§k 2) i f“ Bsin G )EXp(—uk e <_ Zﬂﬁmsinz(ﬁ)> = (n—i)!(—lz—>l () (VSS""Z(%)) duki i
«© 2 2 \*
[ [ * f\/%sin(%) exp(-w.?) (207,)" du J J
" n—i
—za 2 - ! —E__ “ —u.2 R 2\ n—i ]
[ g Zi:o 1Y ( VsSinz(l)) f VLcsin(l) EXp{ U (1 + er,, yﬁsmz( ) }(uk ) duy,

_2 1 on-1lge \9E) a ("_i)!(z_r) M o SinGy |
= \/_EW k=0 n=0"1 exp| — 203k TGy |
[ [ +(20ak) frs EXP(_uk ) du JJ

.. (G1.3)
We know, [ expiifi-cx?) dx = :—C erfif\c x) & x"expif-ax?) = (szk:lz)k” Jgerﬁ?@c) (where n=2k; k integer;

a>0). So, from equation (G1.3), we get,

Rician dal'l

f BERsgpc—mpsk—orom P(@11)
0

, ) B !
n yn 1 R, ni @n-i)-1 = . [
=) =it iy |
_iLZNfl 5 (la,lk) (_ e ) "z, 20Z, yssin () 202, vssin2 (), MER |
= Vmnp &k=012m=0 exp 202, Re M ||
+(20 ) ferf(uk)] ||
\Fsm( ) JJ
2 " [ n—i 1] n—i nZJakyssm ( ) y
( ol ey S e, G LI (1 ent( [ sin) )”
=\%$ZQ;& - (2:7‘::(') exp (_ 2:2 > (R(+2z7,,ky;sm G- )) Re+202,v) ( ) || (Gl 4)
ak
+ (202" [I(l)— <erf(\/Fsm( )))] ]
[From Appendix B]
We know,
For an even positive integer n = 2k, k > 0, the double factorial may be expressed as n!! = 2¥k!
.- . . . 2k
For an odd positive integer n = 2k — 1, k> 1, it has the expressions n!! = (2 ik . So, from equation
(G1.4), we get,
f BERSFBC MPSI(nOFDM p( ll)Rcan 1,1
- 2(n-i)! (RO 204, Vssin®(3p) _ ( Vs )
Zk Lm0~ exp( ) 1= Zl =0 52(n- =D ((n-1)1) (RC+Zn§kygsinz(%))n_l Rz+20,;2(kysé'in2(%):|< erf \/75”1( )

.. (G1.5)
Therefore, from equation (G1.5) & (D3.2), we get,

(o]
f BERgsppc_mpsk—-oFpm p(“m) a1
0

d
Rician

L gn-1 |y T |q_yn _ @@ ( R, )"" 205, ¥ssin’ ) erfc( ﬁsin(z))
g “k=0|=n=0252 y (n+1) 120 220 (n—i1)” \Re+20%, yssin? () R+202, ¥,sin?(3) R M
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Appendix-G2

Average BER using SFBC (j=1. i=1) with MOAM-OFDM in Rician fading Channel

f BERsgpc-moam —orom P(at1, 1)than 11

e g B slhay, 2

a da d
Rc(M—l) p( kl'l)RL’cian k => akdak = 7}7

Let, y, = ai’
=> 2a;day = dy

-l f)zk erfc

1 2
o 20— (y_q L5y (@, 2+C) a ar’+af aoak 2 ("
= fo v Yi—gerfc| ——————|5-exp (— W) Iy ( ) )dak erfe(x) = \/_Efx exp(—u?) du

Rc(M-1) ay ay
2
0
o 2(1= ) 1.5y5(a2+C) \ «a ap’+a ((2‘70: ) >
_ \/_ ys(ag k 0 k
=y Y fC< /W %exp< 207, ) om0~z d

: (aoz 5 >
2(1-7) 20
—_(® Vi’ yN-1_1 15ys (¥ +C) k+‘10 (208,)
= fo NG 2k=0 202, erfc( / Ro(M—1) )exp( )Zn 07 (a2 7
[ aoz n
_220- J_) (2o,) 1
— T [ e

_ a% o9 e _ 2
=i @2 207, eXp( 20§k>f0 [f LSRVCS((Myff)C)exp( w?) duy,

After Drawing the region where /% <y <wfor 0<y, <, fixing a value of u;, the

yexp (— z:(gk) dyk} .(G2.1)

R.(M—-1 . .
”"“7(); first slice is u,=
1.5y

1.5ysC
R, (M—1)’

value of y varies from y,=0 to y, = last slice is u; =o.

So, from equation (G2.1), we get,

f BERsrpc—moam—orom P(@11) day s
0

Rician
up2R(M—1)
k~fc

ap?
2 2(1_\/%) <( ) > af 2 15y Vi n 22
:ﬁTZ" > O#exp<—20£k) — [ Tsrsc_exp(—ui?) f : EXp<_2¢r§k)yk dy, | duy ..(G 2)

200, “R.M-D)

We know, [ x™ exp(cx) dx = exp(cx) ¥ o(—1)" x"7t. So, from equation (G2.2), we get,

(n— 1)'C‘+1
[ee)
f BERsrpc—moam —orpm p(“l,l)Rmun day
0
. u 2Re(M-1)
o 15ys
, 2(1--5) <20% 7) 2 . 1 .
_ «F Zn o (2%, exp|— “g > f15yc exp(— ukZ) exp __yz T (=1 - z TV duy,
=B @)? 207, Zm ReQi- 2% !
c(M-1) (n—i)!(——2—>
l 20, 0 J
n _uhZRc(Mfl—)) n (—1)¢ n! wt (M-DY* ™
ag? exp( 207,157 Zio(=1) 1 Hl( 1575 )
5 2(17% 4(c2,) a3 " l)y<_2" )
G p)iar DIt (ngz exp (_ 207 )Zaz [sycc_exp(=w,?) o du
! @/ 29a "ReM-1) —exp(0).(—1)" ————57. (0)" ™
1
| | o) I
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RO1-T) 3oa, s (,H.)!( 1 )
Ak

n - 2p (M-
ag? — [Tsrc exp(—u?) exp <— Lk R‘Z(M 1)) "o L - (g ) l((M 1)) duk
2 2(1-79) (20%,) o2 1.5y
LMy exp 0”

- ﬁ n! 2 Zk
+ [Tsre exp(—u?) (ZUak) duy,
Re(M—1)
" _ n—i )
ag? (- 1 i(RE(M 1)) [Sore exp{—u2 <1+R (M- 1))}(uk2) ni g,
2(1-—2) 2 2 1 L5ys ROT) Vs
= i VM’ o0 (zg“k) _ a0 (n—l)!(;z— c
“vr B n=0 n! €xp 262 a

+(202,)" [Torc exp(—we?) duy
R,

c(M-1)

[ —

Now, [ expif-cx?) dx = |~ erfifNcx) & [~ x"expif—ax?) = & |z erf(x) (where n=2k; k
4c 0 2k+lgk \[a

integer; a>0). So, from equation (G2.3), we get,

Jy” BERggpc - —MQAM —0FDM P(@1,1) i 4911 7
[ . o
n 1 M-D\"™* Q@-i)-D!
«o? - i=0 . i(l.Sys) o - ;i(mq) T {(1+RZM71)>}erf(uk) I
2ol EAT y ey el
:\/» Zk =0 |&n=0", exp (_ﬁ) ReM-1)

Rc(M-1)

[ " 1
ﬁ“"z @m—n-1!_(208)" (ReM-1))"" 302y, o 1575C
20-7p ( ) 2y |~ Zizo ~ - o= — (1 —erfif—">)
— T VM N 1 <, (272 ) exp (_ aga) i (=0!  2n=i(R.(M=1)+302ys) R.(M— 1)+3Uays( Rc(M—1) ) 3 (624)

! + o2y [1 - erf (222)]

l +(202)" [ \Eerf(uk) ]iw I

|[ Re(M—1) JI
[Appendix B]
We know,
For an even positive integer n = 2k, k> 0, the double factorial may be expressed as n!! = 2¥k!
o . . 2k
For an odd positive integer n =2k — 1, k> 1, it has the expressions n!! = (2 k 13 -
So, from equation (G2.4), we get,
Jy” BERsppcmoam - OFDM P(@1,1) i 4911
) (o)
2l 202 2 ; n—i 302
ag _ b _\n 2n=i)! Rc(M—1) ayVs
5 2k | Zio ! exp( 203,() 1=0520-0 ((n—1)1)’ (RC(M—1)+30§kyS ) Re(M—-1)+302, ¥s MEA vy
....... (G2.5)
Therefore, from equation (G2.5) & (D3.2), we get,
fo BERgsppc_moam—-oFDM p(“1,1)Ricianda1,1
20 v e Ta _en Q@D ( RM-1)  \" sobrs | e (2222
T g 2RO [En=0362 y (n+1) =0 y2m-((n—i)1)? \Re(M—1)+30%, ¥ R.(M-1)+30%, 75 R.M-1)
.. (G2.6)
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Appendix-G3

Average BER using SFBC (j=1, i=1)with MPSK-OFDM in Nakagami-m fading
Channel

(00
Jo BERsrpc-mpsk -orpm P(%J)Nakagami day,y Let y = a2
) LS, => 2apdoy deYk
—(* 1 yN-1 SH=12i=1 T g (T
fo Np k=0 erfc R sm(M) P(al,l)Nakagami day => q,da;, = %
erfc(x)
1-5Vs(ak1,12+c) . T = if exp(—uz) du
= I} g2 erfe rew-n Gy p(akll)NakagamL A, Ve

P G ,ys(ak2+c) T 2m™ 2m—1 geryifi— ™ o, 2

= J, WZk:O [erfc( R—gszn(ﬁ)>wak m exp-...( oy %k )dakJ
1 on-1[ 2m™ o /ys( +0) A m

= WZIIL& [W fo ech( y#5171(—)) V™ expiﬁ(—Q—kyk) dyk]

=L ZQZ&LLIOO [ expif—u;, >)duy, |y, "1 expi?EG—ﬂyk) dyy| ... (G3.1)
NB - F(m)ka\/E 0 %szn(%) Qe

The region where f@ sin(%) <y, <ofor0 <y, <o, fixing a value of uk, the

2
. urp“R . . C
value of y;, varies from y,=0 to y), = ——5 Z(E,r); first slice is u;, = ’V; Sln(—) last slice is
YsSin i

u,=o0. So, from equation (G3.1), we get,

fom BERsgc—wpsk —orpm (@1,1) P(al,l),\,akagami day
uk
_ L N—1 mm i oo L 2 Yssin (M) -1 of o m
=% s T «/Ff\/"REsin( explif-w. ) | [, V™ exp-,.( o yk) dyk‘ duk] ........... (G3.2)
c

We know, [ x™ exp(cx) dx = exp(cx) Xio(—1)" x™t. So, from equation (G3.2), we get,

(n L), z+1

J- BERSFBC—MPSK—OFDM(al,l)p(al,l)Nakagami daq g
0
"'szc
yssin2Gp) ]
1 2 _ . —1! .
5 Zh=0 | ,,f[—ys ) P G-w) | expi{— 72y ) T (-1 " duy |
[ (m—1- L)'(‘—k) 0 J

m—1-i
m Uk Rc m-—1! ukZRC
ex Sre(- 1) l ( , )
p( Al ))) () )

—expili0) (— 1) — "y (0) 1

()

m

Zk =0 ,(m)g,m(fys duy

expi?@—uk
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Now, from the equation (G3.3) & (D4.2), we get,

[_ m—l( Rc )nﬁlii m-1! 2 mRe 2ym—1-i 1
|~ 2= (e l+1 JF exp(—w*) 1+ﬁksinz(%) (we?) dukl

_ 1 mm 2 (m—1— L)'

T NB 2 Ve

[ me( )EXP(’—uk (mal,{T Uy J

Now, [ expif—cx?) dx = \/g erfify/c x) & [ x"expif-ax?)dx = (22: +_1(11)k” \/gerﬁﬁfé‘ix) (where n=2k; k integer;
a>0). So, from the equation (G3.4), we get,

[ee]
f BERsrpc—MpSK—0FDM P(%J)Nakagami day
0
m—1—i
m—1 R, m-1! Q(m-1-D-D!t = fuy)
— i=0 - 2(1) G 11 R ert(uy
yssin? (5 (m—l—l)!(—) 2m—1—L+1[(1+ _>] (I+ﬁ>
% Forsin 2 () Fsrsin 2 (37) CE o a
- Z mn_ 2 ({zosin)
) o™ Ve

— [ erfify, )] |
Iﬂk I k J“_‘sm(%)) Jl

|— m-—1-i ]
|-yt (e ntl (1D ,i( eTf(fSLn(E)) }
o =0\ yesin?(57) mo1—in(z) - o )|
zk =0 f(m)!?kmi ( > ( )(nk) 2 ( Vsksin? ) \j< Fspsin? W)) >J I (G35)
21— erf sm( )
[ & f ]
[From Appendix B]
We know,
For an even positive integer n = 2k, k> 0, the double factorial is expressed as n!l = 2*k!
For an odd positive integer n = 2k — 1, k> 1, it has the expressions n!! = %}3:'

So, from the equation (G3.5), we get,

f BERsrpc—mpsk —orpm P(@1,1) dag,
0

Nakagami
X 1l . m—1—i . -
et (m "1 R\ @em-1-) Vspsin(G) Vapsin?Gp) vC .
1-Y% o T —7 E——— —— | erfel [7sin(D)
0 Vssin?(p) 22m=1-0((m—-1-0)!) (mR[-%—;/Sksmz(ﬁ)) (mR,_-+Vsksz(ﬁ)) Re M

Therefore,

= ZNl

Nakagami dal'l

m—1-i p
1 oN-1 m-1__ (2@-1-d)! mR, Vsisin® () ( ) G
-_—_ - 1 _ - RS ./ S— n(— . .
Nﬁzk‘o X% 220m-1-D(m—1-i)1)* <(ch+ﬁksinz(%))> (mR A7, sin? () erfe Siny o - (G3.6)

f BERgrpc-mpsk—oFDM P (“1,1)
0
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Appendix-G4

Average BER using SFBC (j=1. i=1) with MOAM-OFDM in Nakagami-m fading

Channel

fgoo BERsggc—moam—orom P(@11)

Nakagami

dalyl

L5ysX j= lzl 1akl

1

Re(M-1)

1. 5]/5 @kqq +C

1
21-—)
— (© 2 yN-1
= NB Li=o erfc CRM-D)

:fow 2a ‘/_)ZN_O erfc(

P(ak ) day
L1 Nakagami 11

P(ak ) day
11 Nakagami 11

Let y = a;?
=> Zakdak = dyk

d
=> akdak = %
erfc(x)

= \/2—_f exp(—u?)du
Ty

2(1-—=) 2 m
_ (> r 1.5ys(a*+C) 2m 2m—1 e om 2
= fo i fC< / R.(M—1) )F(m)ka aj exp:..( o ay )dak
2(1 Z f erfe 1.5y5(y,+C) m—1ay ”(__ )d
k= T(m)Q m “Rem—1) ) Yk p Yk ) @Yk

2(1-

=)
— \/ Gy, 2 m—1 |
= Yhzo r(m)ka\/— 15y ratrers) expif—u, 2)duy | vy exp.__( o yk)dyk ............... (G4.1)
J RcM-1)

1-5ys(yk +C)

After Drawing the region where <y, <owfor 0 <y, <o, fixing a value of u,

R.(M-1)
. ZR.(M—1 . 1.5y,C .
the value of y varies from y,=0 to y, = uk#(y); first slice is u,= /Wyn’ last slice is
Vs c -

Uy, =0. So, from equation (G4.1), we get,

[o9]
Jo BERsrpc-moam —orpm P(%J)Nakagami day

20 w2Rc(M—1)

mm 1.5y¢ -1 m

= Zk =0 m) 2™ \/—f\/ 1;&/,5(:1) eXp( U ) f ykm exp (__Q_kyk)dyk duk

n!

We know, [ x™ exp(cx) dx = exp(cx) ¥ (= 1) R x™7t. So, from equation (G4.2), we get,

[ee]

Jo BERsrpc—moam—0FDM P(%,l)Nakagami dag
u2Rc(M-1)
1.5ys

2a- m™ (m—1)! i

= Zk =0 7mya" \/—IJ L57C exp(—u; %) eXp( J’k)z (- Dlﬁykm 1—i du,
1= ——
m (u,?R.(M—1) m— i m—11 e 2R (M—1) m—1-i

20-7P op <_3’<( k L5y ))Zi=01(_1) (m—l—i)'(_l)lﬂ( : 157, )

= r i om:;Q \/—f e exp(—u?) -1y N % AU vevrieaannnn. (G43)
* J M-1) —exp(O)(—l)’"’1Lm;,ﬁ(())mfkmﬂ
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Now, from equation (G4.3) & (D4.2), we get,

2(1-

1-i m-1-i
1y 2 mRC(M—l)) m-1__1 R.(M-1)\™ m 2ym—1—i
= F Zf (I\/Z»-I. 1575C EXp( ukZ)[ exp( e (1+ 15¥sy i=0 (mflﬂ‘)I( 1.5y ) (-Qk) (uk) duy,
JRei-1)

+1
—1-i
mr,M—-1)\" 1 o Re(M-1)
_ L I :n=01( = ) 1 .f T5y5C (ukz)m —i- IEXP (’_uk (1 + ) )dukIl
2 20-79 vy 1575, (m—1-0)! \/m 1575, (G4 4)
TVr N "=0| o I | .
I +f TErec expifi-u;, ) duy, I
\Re(M-1)

Now, [ expifi—cx?)dx = \/g erfif/c x) & [ x"expifi—ax?) = (Zz,f:i)k” \E erf(x) (where n=2k; k integer; a>0).
[ 1 ’ 1
|

m—1—i .
| _ ?61 (mRC(M—l)) 1 2(m-1-i)-1)1 erfiin,)

— - g
1.5Vs), (m—-1-i)! 2m—1ﬂ+1[(1+ch(Mk1))]m i J(l'I'"I(SIZ/S,:))
Vs

+ [ \/% erﬁ?ﬁ'u,,)]
15y4C

I I
I I
I ReM—D I

22
_\/E NB Zkzo

1.575C
Re(M-1)

[ e (mReM—D\™ T g @@m—-1-0)-1)1 1 1575C ]
ligix 1.575, (m—1-0)! moi )] R W (M-1) |
_ 2(1 r) N—1 S¥sp m t '2m—i—1[(1+ch(Mk1)))] J(1+77) c |

=g &k=0 175k | ........... (G45)
— [ 1.5y,
[ + [1 — erfil = (A;' 1))] |
[Appendix B]
We know,
For an even positive integer n = 2k, k > 0, the double factorial may be expressed as n!! = 2~ k!
o . . 2k
For an odd positive integer n = 2k — 1, k> 1, it has the expressions n!! = (2 ik . So, from equation
(G4.5), we get,
f BERSFBC—MQAM—OFDM P(“l,l)Nakagami da,
0
_ 2(1_¢LM)ZN—1 1 —ym-1___2m-1-0) ( mR.(M—1) )m_l_I 1575, fc 15,C )
TN A0 1=0 S2m-1-0((m-1-0)1) \(MR.(M-1)+157;,) (mR.(M-1)+157;,) Re(M—1)

Therefore,

Nakagami dal'l

_20-g w-1lq _ym- @am—1-0))! ( mR(M—-1) m N T f 15}'s
~  NB zz(m—l—i)((m_l_i)!)z (mRE(M—1)+1.5ySk) (mR(M-1)+1575,) C(M 1)

f BERgrpc_moam—orom P(@11)
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