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ABSTRACT

Orthogonal Frequency Division Multiplexing (OFDM) is a promising technique for mobile
wireless communications because of its good performance under multipath propagation
environments. The concept of cooperative communication is currently under intensive research.
It uses antennas of other terminals in the network to create virtual Multiple Input Multiple

Output (MIMO) systems, providing capacity gains similar to those of MIMO systems.

However, OFDM based communication systems suffer from Carrier Frequency Offset (CFO)
due to Doppler shift, and frequency synchronization error at the transmitter-receiver oscillators.
And this CFO disturbs the subcarriers by making them lose their orthogonality, which in turn
causes a severe problem in wireless communications called Subcarrier Leakage or Inter-Carrier
Interference (ICI). Due to complex relaying at the channel and the combining techniques used at

the receiver the issue of ICI will become worse in the case of cooperative communication.

In this thesis, OFDM based cooperative communication system is studied and developed and
also a model to mitigate the effects of Doppler shift and frequency synchronization error in an
OFDM communication system is developed. The system uses orthogonal frequency division
multiplexing as a transmission technique. In the design of OFDM, maximum likelihood
estimation is used to compensate for the effects of carrier frequency offset. Performance
comparison is also done for maximum likelihood estimation with the most common carrier
frequency estimation method called the self-cancellation estimation method and proved that it

overweighs the self-cancellation estimation series.

Xi



In designing the cooperation system, the channels between the source node, the cooperating node
and the destination (base station) are modeled containing thermal noise, Rayleigh fading, Rician
fading and path loss. Amplify-and-Forward (AAF) cooperation protocol is used at the
cooperating node when the system is in cooperation mode. Depending on the channel state
between the source network access node and the cooperating network access node, the
cooperating node turns its cooperation switch to either ON or OFF state. For a relatively short
distance between the cooperating nodes, when compared to the distance between them and the
base station, AAF has a better performance than Decode-and Forward (DAF) protocol, unless an
error correcting code is simulated. The wireless communication links, the link between the
source node and the base station and the link between the cooperating node and the base station,
are assumed to have six different propagation paths. Next, the system performance is
investigated (bit-error-rate against signal-to-noise-ratio) for different types of signal combination
techniques. The performance of different combination protocols at the receiver is simulated and
Maximum Ratio Combiner (MRC) is found to have better performance. However, for immobile
wireless sensor networks Extended SNR (ESNR) combiner has also better performance. The
system has also showed that with any kind of combination protocol at the receiver it is possible
to achieve second order diversity. Matlab application software package was used to perform the

simulations.
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CHAPTER ONE

Introduction

1.1 Research Background:

During the last two decades, the wireless communications have experienced a huge
growth in both capacity and variety. This growth is going to shrink the world to a small
village in which users with different requirements are efficiently accommodated
anywhere and at any time. This will result in an increased demand for new services that
provide higher bit rate and higher capacity. It is expected that the wireless
communication systems of the near future will require data rates up to a few hundreds of
mega bits per second (Mbps), which are able to deliver bandwidth hungry applications
such as web browsing and video streaming. The required data rate of the next generation
wireless communication systems will be achieved by efficiently increasing the amount of
the allocated bandwidth and using more advanced technologies, both in hardware and

software.

One of the major themes in today's broadband systems is the use of the Orthogonal
Frequency Division Multiplexing (OFDM). OFDM is a modulation scheme suitable for
frequency selective channels and for providing high speed data transmission, which
makes it one of the promising solutions for the next generation wireless communications.

However, there is a need for more developments of OFDM systems in terms of



complexity reduction and adaptation, therefore reconfigurable solutions are needed to
achieve the user requirements. This is necessary because the end users require
lightweight, compact size and power efficient devices besides the high bit rate

capabilities.

Furthermore, combining the communication systems with the new techniques such as
Multiple-Input-Multiple-Output (MIMO) or cooperative communication can also
enhance the capacity and the bit rate of the emerging systems. Also MIMO transmissions
have been extensively studied as a means to improve spectral efficiency in wireless
networks. While MIMO techniques offer tremendous advantages, their performance
strongly depends on the number of antenna elements, spatial fading correlations between
antennas, the presence of line of sight component, etc. Especially, multiple antennas in
small handsets/cellular phones are unattractive for the achievement of transmit/receive
diversity due to the limitation on size, power, hardware and price. The advantages of

MIMO techniques can be achieved via cooperative communication.

Cooperative networks are created via the help of relay terminals which are willing to help
the communication of any source-destination pair. End to end spectral efficiency of a
wireless network can be increased with the aid of cooperative strategies. The concept of
node cooperation brings a new form of diversity. Transmit and/or receive diversity can be
achieved even with single antenna terminals. By this way, the need for costly multiple

transceiver circuitry diminishes. Furthermore, spatial fading correlation of a cooperative



diversity scheme is expected to be much less than spatial fading correlation of Multi-

Antenna Elements (MAE) co—located at a terminal.

In a cooperative communication system, each wireless user is assumed to transmit data as
well as act as a cooperative agent for another user. One of the key components in such a
cooperative relay network is a forwarding method used by a relay terminal. Amplify and
Forward (AAF) and Decode and Forward (DAF), and purge and forward (PG) are the
main forwarding schemes which can be used in the cooperative relay networks. A relay
terminal using the AAF scheme amplifies and forwards the signal received from its
immediate predecessor in the network. A relay terminal using the DAF scheme decodes
re-encodes and forwards the signal received from its immediate predecessor in the
network. The use of either AAF or DAF at a relay terminal achieves different

performance results under given Signal to Noise Ratio (SNR) conditions.

1.1.1 Cooperative Communication

In any wireless communication networks where there are more than two network access
terminals, it is possible to form a virtual MIMO system by pooling the resources of those
wireless access terminals. The MIMO system formed in this way is called cooperative
communication system. In this system, an access terminal with information to transmit
over the air link searches for an ideal access terminal in the network in order to form
cooperation. Once it locates any ideal access terminal, it transmits the information to the

intended destination and the ideal access terminal for cooperation. Upon receiving the



information, the cooperating access terminal (the ideal access terminal) will condition the
received signal depending on the cooperation protocol it has and re-transmits it to the
intended destination. At the intended destination, the receiver combines the signals
coming from the source access terminal and the cooperating access terminal by using any

type of combination technique.

In cooperative communication system, shown in figure 1.1, the two most common
cooperative relaying protocols are AAF and DAF. In AAF, the received signal is
amplified and retransmitted to the destination. The advantage of this protocol is its
simplicity and low-cost implementation. However, the noise is also amplified at the relay.
In DAF, the relay attempts to decode the received signals. If successful, it re-encodes the
information and retransmits it. If some relays cannot fully decode the signal, they will be

discarded.

0
oo

Source (5], Relay (R) and Destination (D)
Figure 1.1 Simple Cooperative Communication Svstem Diagram.



1.1.2 Orthogonal Frequency Division Multiplexing (OFDM)

OFDM is a modulation technique that allows for high data rates over multipath channels.
OFDM can also be seen as a multiplexing technique in the form of Orthogonal Frequency
Division Multiple Access (OFDMA), which allows many users to share the orthogonal
bands. OFDM mitigates the effect of multipath channel by essentially dividing the source
spectrum into many narrow sub-bands that are transmitted simultaneously. The
bandwidths of the sub-bands are designed to be narrow enough so that the channel

exhibits a flat fading over each sub-band.

In OFDM, the source bit-stream is split into N parallel streams, which are modulated
using N sub-carriers. Because of using many sub-carriers, the symbol duration Ts
becomes N times larger. This reduces the effect of Inter Symbol Interference (ISI) in
multipath channels, and thereby reduces the equalization complexity. In case of
Frequency Division Multiplexing (FDM), frequency guard bands between the sub-
carriers and a couple of filters are needed in the receiver side in order to decompose these
carriers. On the other hand, if these sub-carriers are orthogonal, a very simple
equalization method is able to decompose the carriers without requiring frequency guard

bands or filters. To make the sub-carriers orthogonal, their frequencies must be located at
fimn = mB/ N+ Where mis an integer and B is the total available bandwidth. Basically, the
sub-carriers can be generated using N local oscillators that oscillate at frequencies f,, [1];

however, the hardware cost of implementing N oscillators for one system is very high. A

much easier alternative implementation is accomplished digitally using Inverse Discrete

5



Fourier Transform (IDFT), which is applied on the block of N symbols so that the
resulting time domain carriers become orthogonal. In practical implementation, the block
length N is chosen to be a power of 2 and the IDFT is realized efficiently as Inverse Fast
Fourier Transform (IFFT), which speeds up the multiplication operation. Orthogonality
condition in time domain requires all the sub-carriers to have an integer number of cycles
during the symbol duration. For a certain carrier in frequency domain, at the maximum of
each sinc shaped carrier, the contributions from other carriers must be zero as shown in

Figurel.2 [2]. Orthogonality allows the carriers to overlap each.

LS - - - i S— - - d
! o 100 200 200 200 500 S00 700

Figurel.2 Orthogonal Frequency Division Multiplexing

1.1.3 OFDM Based Cooperative Communication and MIMO Cellular Relay
Networks: approaches and issues

The continually increasing number of users and the rise of resource-demanding services

require a higher link data rate than the one that can be achieved in current wireless



networks. Wireless cellular networks, in particular, have to be designed and deployed
with inevitable constraints on the limited radio resources such as bandwidth and transmit
power [2]. As the number of new users increases, finding a solution to meet the rising
demand for high data rate services with the available resources has became a challenging
research problem. The primary objective of such research is to find solutions that can
improve the capacity and utilization of the radio resources available to the service
providers. While in traditional infrastructure networks the upper limit of the Source—
Destination (S-D) link’s data capacity is determined by the Shannon capacity [4],
advances in radio transceiver techniques such as MIMO architectures and cooperative or
relay-assisted communications have led an enhancement in the capacity of contemporary

systems.

In the MIMO technique the diversity relies on uncorrelated channels, and is achieved by
employing multiple antennas at the receiver side, the transmitter side, or both, and by
sufficiently separating the multiple antennas (of same polarization) [5]. The MIMO
technique can be used to increase the robustness of a link as well as the link’s throughput.
Unfortunately, the implementation of multiple antennas in most modern mobile devices

may be challenging due to their small sizes.

Cooperative diversity or relay-assisted communication has been proposed as an
alternative solution where several distributed terminals cooperate to transmit/receive their

intended signals. In this scheme, the source wishes to transmit a message to the



destination, but obstacles degrade the S-D link quality. The message is also received by
the relay terminals, which can retransmit it to a desired destination, if needed. The
destination may combine the transmissions received by the source and relays in order to

decode the message.

The limited power and bandwidth resources of the cellular networks and the multipath
fading nature of the wireless channels have also made the idea of cooperation particularly
attractive for wireless cellular networks [6]. Moreover, the desired ubiquitous coverage
demands that the service reaches the users in the most unfavorable channel conditions
(e.g., cell-edge users) by efficient distribution of the high data rate (capacity) across the
network [7, 8]. In conventional cellular architectures (without relay assistance) increasing
capacity along with coverage extension dictates dense deployment of Base Stations (BSs)
which turns out to be a cost-wise inefficient solution for service providers. A Relay
Station (RS), which has less cost and functionality than the BS, is able to extend the high
data rate coverage to remote areas in the cell under power and spectral constraints [10—

11].

By allowing different nodes to cooperate and relay each other’s messages to the
destination, cooperative communication also improves the transmission quality [14]. This
architecture exhibits some properties of MIMO systems; in fact a virtual antenna array is
formed by distributed wireless nodes each with one antenna. Since channel impairments

are assumed to be statistically independent, in contrast to conventional MIMO systems,



the relay-assisted transmission is able to combat these impairments caused by shadowing
and path loss in S-D and Relay—Destination (R-D) links. To this end, an innovative
system has been proposed in which the communication between transmitter and receiver
is done in multiple hops through a group of relay stations. This cooperative MIMO
relaying scheme creates a Virtual Antenna Array (VAA) [15] by using the antennas of a
group of RSs. These RSs transmit the signal received from the BS (or previous hops)
cooperatively on different channels to the receiving terminal (downlink case) or the
signal that the transmitting terminal wants to send to the BS (uplink case). This system
can be modeled as a MIMO system although the real receiver (downlink) or transmitter
(uplink) only has one antenna. Since the relaying Mobile Stations (MSs) introduce
additional noise and there is a double Rayleigh channel effect, the scheme is expected to
perform below the corresponding MIMO diversity gain when used for spatial

multiplexing.

The combination of relaying and OFDMA techniques also has the potential to provide
high data rate to user terminals everywhere, anytime. Interest in OFDM is therefore
growing steadily, as it appears to be a promising air-interface for the next generation of
wireless systems due, primarily; to its inherent resistance to frequency-selective
multipath fading and the flexibility it offers in radio resource allocations. Likewise, the
use of multiple antennas at both ends of a wireless link has been shown to offer
significant improvements in the quality of communication in terms of both higher data

rates and better reliability at no additional cost of spectrum or power [17]. These essential



properties of OFDMA and MIMO, along with the effectiveness of cooperative relaying in
combating large-scale fading and enhancing system capacity immediately motivate the

integration of these technologies into one network architecture.

However, adequate and practical radio resource allocation (RRA) strategies have to be
developed to exploit the potential gain in capacity and coverage improvement in the

integration of relaying, OFDMA, and MIMO techniques [18].

1.2 Problem Statement

Wireless communications suffer from fading that result in poor link qualities or outages.
On the other hand, the broadcast nature of wireless media provides for a natural way of
cooperation between multiple nodes in a network, thereby alleviating the effect of fading.
Cooperative relaying or cooperation diversity refers to the idea of cooperation between
multiple nodes in order to enhance the overall link quality between the source and

destination.

Next generation broadband multimedia communication systems integrate various
functions and applications in the system and support large data rates with sufficient
robustness to radio impairments. OFDM has the capability of supporting all the above
requirements of the next generation communication systems. It is special case of multi-
carrier communication system, where single data stream is transmitted over a number of
lower sub-carriers. OFDM communication systems can be seen as either a modulation or

10



multiplexing technique where the entire bandwidth is divided in to N sub channels which
carry orthogonal subcarriers. One main reason to use OFDM is to increase the robustness
against frequency selective fading or narrow band interference. This communication
system is broadly considered as an effective approach for the future high speed wireless

multimedia communication systems.

However, Synchronization issues and mobility of cooperating nodes pose a big challenge
in OFDM based cooperative communication systems. The benefits of cooperative
communication could easily be undone by improper synchronization. The problem arises
because it would be difficult, from a complexity perspective, for multiple transmitting
nodes to synchronize to a single receiver. And also the high mobility of cooperating
nodes with respect to the transmitting node could introduce Doppler shift. Thus, these
two issues: mobility and synchronization error, introduce Carrier Frequency Offset
(CFO), which is the cause of Inter Carrier Interference (ICI) in OFDM based
communication systems. Severe ICI could result in total damage of the transmitted signal

in cooperative communication system.

11



1.3 Objectives

General objective:

% To mitigate the effects of high mobility and frequency
synchronization error of transmitter-receiver oscillators in OFDM

based cooperative communication systems.

Specific Objectives:

(i) Develop efficient adaptive carrier frequency offset estimation and
equalization algorithms at the receiver.

(ii) Develop cooperation scheme (No-Cooperation, AAF) at the
cooperating node.

(ili)Do performance analysis of the proposed and different CFO
mitigation techniques of OFDM based communication systems in

different modulation schemes.

12



1.4 Thesis Outline

The organization of this thesis is as follows:

Chapter 2 provides an overview of the fundamental background knowledge of our
research in OFDM based cooperative communication system. The development history
from MIMO to cooperative communication is introduced. It focuses on the infrastructure
of the cooperative communication, but also AAF relay protocol and DAF relay protocol
and others relaying techniques are reviewed. OFDM, which is a favorite multicarrier
modulation technique in modern communication, possesses the advantage of frequency
parallel transmission, high speed communication and efficient spectrum usage. The
effects of CFO and familiar methods to mitigate CFO effects are discussed in this
chapter. By integrating OFDM into cooperative communication, the gains from both are

combined. Cyclic Prefix (CP)-OFDM is briefly reviewed in this chapter.

Chapter 3 discusses about the methodology. The first part shows the design parts of
OFDM system. The signal and system model of the OFDM system is discussed in this
part. Then, it is followed by the mathematical modeling of the maximum likelihood
estimator which is used to combat the effects of carrier frequency offset. Section 3.3
discusses the design parameters and environmental aspects of cooperative
communication system. Section 3.4 discusses the overall system development and

designing. The overall system modeling is also discussed in this section.

13



In chapter 4, several simulations are performed and different results are obtained. This
chapter investigates the BER performance of the system under different communication
environment. Also in this chapter, the Maximum Likelihood (ML) method is compared
with the most familiar CFO mitigation method, the self-cancellation method, in terms of

BER.

Chapter 5 summarizes all main results of the thesis, draws overall conclusions and gives

some recommendations for future work.

14



CHAPTER TWO

Literature Review

2.1 Introduction

Signal fading in multipath signal propagation environment is one of the major
impairments to meet the demands of next generation wireless networks for reliable and
high data rate services. To mitigate the effects of signal fading in wireless communication
systems time, frequency, and spatial diversity techniques or their combinations can be
used. Among different types of diversity techniques, spatial diversity is of special interest

as it does not incur system losses in terms of delay and bandwidth efficiency [2].

Recently, cooperative diversity in wireless network has received great interest and is
regarded as a promising technique to mitigate signal fading, which results in signal loss
or fluctuation in the amplitude of the received signal [9]. Cooperative communication is a
new wireless communication paradigm which generates independent paths between the
user and the base station by introducing a relay channel. The relay channel can be thought
of as an auxiliary channel to the direct channel between the source and destination. The
basic idea behind cooperation is that several users in a network pool their resources in
order to form a virtual antenna array which creates spatial diversity [3-5]. Since the relay

node is usually at several or more wavelengths distant from the source, the relay channel

15



is guaranteed to fade independently from the direct channel, which introduces a full-rank
MIMO channel between the source and the destination. This cooperative spatial diversity
leads to improvement of the communication performance in terms of Bit-Error-Rate

(BER) performance and channel capacity [6, 18, 23].

OFDM, which is a favorite multi-carrier modulation technique in modern wireless
communications, possesses the advantage of frequency parallel transmission, high speed
communication and efficient spectrum usage. In addition, it also has the advantage of
mitigating the effects of frequency selective channels. By integrating OFDM into
cooperative communication, the gains from both are combined and results in improved

system performance.

2.2 Orthogonal Frequency Division Multiplexing (OFDM): multi
carrier modulation

2.2.1 History

Chang proposed the original orthogonal frequency division multiplexing principles in
1966, and successfully achieved a patent in January 1970 [4]. OFDM is a technique for
transmitting data in parallel by using a large number of modulated sub-carriers. These
sub-carriers divide the available bandwidth and are sufficiently separated in frequency so
that they are orthogonal. The orthogonality of the carriers means that each carrier has an

integer number of cycles over a symbol period.

16



In 1971, Weinstein and Ebert proposed a modified OFDM system [2] in which the
Discrete Fourier Transform (DFT) was applied to generate the orthogonal subcarrier
waveforms instead of the banks of sinusoidal generators. Their scheme reduced the size
and implementation complexity of OFDM systems significantly, by making use of the
Inverse DFT (IDFT) modules and the digital-to-analog converters. In their proposed
model, baseband signals were modulated by the IDFT in the transmitter and then
demodulated by DFT in the receiver. Therefore, all the subcarriers were overlapped with
others in the frequency domain, while the DFT modulation still assures their

orthogonality.

Cyclic prefix (CP) or cyclic extension was first introduced by Peled and Ruiz in 1980 [8]
for OFDM systems. In their scheme, conventional null guard interval is substituted by
cyclic extension for fully-loaded OFDM modulation. As a result, the orthogonality
among the subcarriers was guaranteed. With the trade-off of the transmitting energy
efficiency, this new scheme can result in a phenomenal ISI prevention from occurring.
Hence, it has been adopted by the current IEEE standards. The paper in [5] introduced an
equalization algorithm to suppress both ISI and ICI, which may have resulted from
channel distortion, synchronization error, or phase error. In the meantime, [5] also
applied Quadrature Amplitude Modulation (QAM) modulation, pilot tone, and trellis
coding techniques in his high-speed OFDM system, which operated in voice-band

spectrum.

17



In 1985, [10] introduced a pilot-based method to reduce the interference emanating from
the multipath and co-channels. In the 1990s, OFDM systems were exploited for high data
rate communications. In the IEEE 802.11 standard, the carrier frequency can go up as
high as 2.4 GHz or 5 GHz. Researchers tend to pursue OFDM operating at even much
higher frequencies nowadays. For example, the IEEE 802.16 standard proposes yet
higher carrier frequencies ranging from 10 GHz to 60 GHz. However, one of the main
disadvantages of OFDM s its sensitivity against carrier frequency offset which causes
ICI [12]. The undesired ICI degrades the performance of the system. A number of authors
have suggested different methods for ICI reduction. These methods are investigated in

this thesis and their performances are evaluated.

Evolution of OFDM:
The evolution of OFDM can be divided into three parts. It consists of Frequency Division
Multiplexing (FDM), Multicarrier Communication (MC) and Orthogonal Frequency

Division Multiplexing.

I.  Frequency Division Multiplexing
FDM has been used for a long time to carry more than one signal over a telephone line.
FDM is the concept of using different frequency channels to carry the information of
different users. Each channel is identified by the center frequency of transmission. To
ensure that the signal of one channel did not overlap with the signal from an adjacent one,

some gap or guard band was left between different channels. Obviously, this guard band
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will lead to inefficiencies which were exaggerated in the early days since the lack of

digital filtering made it difficult to filter closely packed adjacent channels.

Il.  Multicarrier Communication
The concept of Multi carrier communications uses a form of FDM technologies but only
between a single data source and a single data receiver. As multicarrier communication
was introduced, it enabled an increase in the overall capacity of communications, thereby
increasing the overall throughput. Referring to MC as FDM, however, is somewhat
misleading since the concept of multiplexing refers to the ability to add signals together.
MC is actually the concept of splitting a signal into a number of signals, modulating each
of these new signals over its own frequency channel, multiplexing these different
frequency channels together in an FDM manner; feeding the received signal via a
receiving antenna into a de-multiplexer that feeds the different frequency channels to
different receivers and combining the data output of the receivers to form the received

signal.

I1l.  Orthogonal Frequency Division Multiplexing

OFDM is simply defined as a form of multi-carrier modulation where the carrier spacing
is carefully selected so that each sub-carrier is orthogonal to the other sub-carriers.
Orthogonality can be achieved by carefully selecting the sub-carrier frequencies. One of

the ways is to select sub-carrier frequencies such that they are harmonics to each other.
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2.2.2 Working Principle and System Description of OFDM

OFDM is a combination of modulation and multiplexing. Multiplexing generally refers to
independent signals, those produced by different sources. In OFDM the question of
multiplexing is applied to independent signals but these independent signals are a sub-set
of the one main signal. In OFDM the signal itself is first split into independent channels,
modulated by data and then re-multiplexed to create the OFDM carrier. If the FDM
system had been able to use a set of subcarriers that were orthogonal to each other, a
higher level of spectral efficiency could have been achieved. The guard bands that were
necessary to allow individual demodulation of subcarriers in an FDM system would no
longer be necessary. The use of orthogonal subcarriers would allow the subcarriers

spectra to overlap, thus increasing the spectral efficiency.

As long as orthogonality is maintained, it is still possible to recover the individual
subcarriers signals despite their overlapping spectrums. By using OFDM almost half of
the bandwidth is saved by overlapping the spectra. The main concept in OFDM s
orthogonality of the sub-carriers. The "orthogonal™ part of the OFDM name indicates that
there is a precise mathematical relationship between the frequencies of the carriers in the
system. It is possible to arrange the carriers in an OFDM Signal so that the sidebands of
the individual carriers overlap and the signals can still be received without adjacent
carriers interference. In order to do this, the carriers must be mathematically orthogonal.
The carriers are linearly independent (i.e. orthogonal) if the carrier spacing is a multiple

of 1/Ts, where Ts is the symbol duration [26-29].
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The orthogonality among the carriers can be maintained if the OFDM signal is defined by
using Fourier transform procedures. The OFDM system transmits a large number of
narrowband carriers, which are closely spaced. Note that at the central frequency of the
each sub channel there is no crosstalk from other sub channels. In an OFDM system, the
input bit stream is multiplexed into N symbol streams, each with symbol period Ts, and
each symbol stream is used to modulate parallel, synchronous sub-carriers. The sub-
carriers are spaced by 1/NTs in frequency, thus they are orthogonal over the interval (0,
Ts). A typical discrete-time baseband OFDM transceiver system is shown in Figure 2.1.
First, a serial-to-parallel (S/P) converter groups the stream of input bits from the source

encoder into groups of logoM bits, where M is the alphabet of size of the digital
modulation scheme employed on each sub-carrier. A total of N such symbols, X,,,, are

created. Then, the N symbols are mapped to bins of IFFT. These IFFT bins correspond to
the orthogonal sub-carriers in the OFDM symbol. Therefore, the OFDM symbol can be

expressed as

x(m)= VN Z5 2 X /2N, 0<n=N-L, - (21)

where X,,,s are the baseband symbols on each sub-carrier. The Digital-to-Analog (D/A)

converter then creates an analog time-domain signal which is transmitted through the

channel.
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Figure 2.1 Baseband OFDM Transceiver System

At the receiver, the signal is converted back to a discrete N-point sequence y(n),
corresponding to each sub-carrier. This discrete signal is demodulated using an N-point

FFT operation at the receiver. The demodulated symbol stream is given by:

. (ann

vem) = V=1 ym) dee? O ) + Wim), 0<m<N-1, 2.2)

Where W (m) corresponds to the FFT of the samples of w(n), which is the Additive

White Gaussian Noise (AWGN) introduced in the channel. The high speed data rates for
OFDM are accomplished by the simultaneous transmission of data at a lower rate on each
of the orthogonal sub-carriers. Because of the low data rate transmission, distortion in the
received signal induced by multi-path delay in the channel is not as significant as
compared to single-carrier high-data rate systems. For example, a narrowband signal sent

at a high data rate through a multipath channel will experience greater negative effects of
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the multipath delay spread, because the symbols are much closer together. Multipath
distortion can also cause ISI where adjacent symbols overlap with each other. This is
prevented in OFDM by the insertion of a cyclic prefix between successive OFDM
symbols. This cyclic prefix is discarded at the receiver to cancel out ISI. It is due to the
robustness of OFDM to ISI and multipath distortion that it has been considered for

various wireless applications and standards.

2.2.3 CFO and Its Effects on OFDM Signal

The OFDM systems are very sensitive to the carrier frequency offset and timing;

therefore, before demodulating the OFDM signals at the receiver side, the receiver must

be synchronized to the time frame and carrier frequency which has been transmitted. Of

course, in order to help the synchronization, the signals that are transmitted, have the

reference parameters that are used in receiver for synchronization. However, in order the

receiver to be synchronized with the transmitter, it needs to know two important factors:
Q) Prior to the FFT process, where it should start sampling the incoming OFDM

symbol from.

(i) How to estimate and correct any carrier frequency offset (CFO)

After estimating the symbol boundaries in the receiver and when the presence of the
symbol is detected the next step is to estimate the frequency offset, which is one of the

objectives of this thesis.
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When CFO happens, it causes the received signal to be shifted in frequency (6f); this is
illustrated in the figure 2.1. If the frequency error is an integer multiple I of subcarrier

spacing of, then the received frequency domain subcarriers are shifted by of X | [11].

Sif) S(f)

=> frequency -> frequency

Figure 2.2 Effect of Carrier Frequency Offset

On the other hand, the subcarriers (SCs) will only be sampled at their peak, and this can
only occur when there is no frequency offset. However, if there is any frequency offset
the sampling will be done at the offset point, which is not the peak point [11]. This causes
to reduce the amplitude of the anticipated subcarriers, which can result to raise the ICI
from the adjacent subcarriers. Figure 2.3 shows the impact of carrier frequency offset

(CFO).

It is necessary to mention that although it is true that the frequency errors typically arise
from a mismatch between the reference frequencies of the transmitter and the receiver
local oscillators, but this difference is avoidable due to the tolerance that electronics

elements have [11].
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2.2.4 Inter Carrier Interference (IClI)

The inter-carrier interference is the main disadvantage of OFDM, however, is its
susceptibility to small differences in frequency at the transmitter and receiver, normally
referred to as carrier frequency offset [10]. This carrier frequency offset can be caused by
Doppler shift due to relative motion between the transmitter and receiver, or by

differences between the frequencies of the local oscillators at the transmitter and receiver.
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The frequency offset is modeled as a multiplicative factor introduced in the channel. The

received signal is given by,

Vo= xnejZHftans + W(n)
V= X, e 2N 4 w(n) (2.3)
where & is the normalized frequency offset, and is given by f,, TsN and w(n) is the

noise.

The effect of this frequency offset on the received symbol stream can be understood by

considering the received symbol Y (k) on the K-th sub-carrier [10].
Y(k) = X(K)S(0) + X50ha X(DSU—k) + W (k),k=0,1..,N —1, (2.4)

where N is the total number of subcarriers, X(k) is the transmitted symbol for the k-th
subcarrier, W (k) is the FFT of w(n), and S(l — k) are the complex coefficients for

the ICI components in the received signal [10]. The complex coefficients are given by:

_ oy o SnRQEER) 1 B
¢ k)——NSm(ﬂ(ltj_k)) expilym (1 —+) (L +& — k) (2.5)
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The carrier-to-interference ratio (CIR) is the ratio of the signal power to the power in the
interference components. It serves as a good indication of signal quality. It has been
derived in [10] and is given below. The derivation assumes that the standard transmitted
data has zero mean and the symbols transmitted on the different sub-carriers are

statistically independent.

2
CIR = ZN_1|S(k)|

26
R ESIE (2.6)

2.2.,5 CFO Estimation and Compensation Techniques

Currently a few different approaches for reducing ICI have been developed. These
approaches include the ICI self-cancellation and frequency-domain equalization scheme.

In the following sections these methods will be discussed.

l. Self-cancellation scheme

Self-Cancellation method is studied most among other ICI reduction methods. The
method is investigated by different authors in [10, 11]. It is also called as Polynomial

Cancellation Coding (PCC) or (half-rate) repetition coding.

The main idea in self-cancellation is to modulate one data symbol onto a group of
subcarriers with predefined weighting coefficients to minimize the average carrier to
interference ratio (CIR). This is the main drawback of this method because it utilizes half

of the available subcarriers for ICI reduction.
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A. Cancellation in modulation

In an OFDM communication system, assuming the channel frequency offset normalized
by the subcarrier separation is  and the ICI self-cancellation scheme requires that the
transmitted signals be constrained such that

X(1) =-X00),X3)=—-X2),coocen.., X(N—=1) = =X(N - 2), 2.7

then the received signal on subcarrier k can be written as in (2.4).

The first term in the right-hand side of (2.4) represents the desired signal. The second
term is the ICI component. The sequence S(l—k) is defined as the ICI coefficient

between I-th and k-th subcarriers, which can be expressed as (2.5).

Using (2.5), this assignment of transmitted symbols allows the received signal on

subcarriers k and k + 1 to be written as [10, 11]:

Y () = VR even XDISU— k) = S+ 1 — )] + W(K) 28)
Y U+ 1) = ZFceven XDISA =k = 1) = SU = k)] + W (k + 1)
(2.9)

Where W (k)and W (k + 1) is the noise added to the received signal. And the ICI

coefficient S’ (I — k) is denoted as [10, 11],

S(U-k)=SU—-k)-SU+1—-k) (2.10)
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B. Cancellation in demodulation
ICI modulation introduces redundancy in the received signal since each pair of
subcarriers transmit only one data symbol. This redundancy can be exploited to improve
the system power performance, while it surely decreases the bandwidth efficiency. To
take advantage of this redundancy, the received signal at the (k + 1)-th subcarrier, where

k is even, is subtracted from the k-th subcarrier. This is expressed mathematically as [11]:

Y'(k)=Y (k) —Y (k+1) (2.11)

Subsequently, the ICI coefficients for this received signal become [11]:

S"U=k)==SU-k—-1)+251—-k)—S(I—k+1) (2.12)

Due to the repetition coding, the bandwidth efficiency of the ICI self-cancellation scheme
is reduced by half. To fulfill the demanded bandwidth efficiency, it is suggested to use a
larger signal alphabet size. This thesis showed that using maximum likelihood CFO

estimation method can overcome the drawback of the self-cancellation scheme.

Il. Frequency-Domain Equalization

Frequency domain equalization can be used to remove the effect of distortions causing
ICI. In [38], frequency domain equalization is used to remove the fading distortion in an

OFDM signal where a frequency non-selective, time varying channel is considered. Once
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the coefficients of the equalizer are found, linear or decision feedback equalizers are used

in frequency domain.

One interesting point here is how the coefficients are calculated. Since ICI is different for
each OFDM symbol, the pattern of ICI for each OFDM symbol needs to be calculated.
CFO is estimated through the insertion of frequency domain pilot symbols in each
symbol. A pilot symbol is inserted to adjacent a silence among two sub-blocks. This

method is demonstrated in Figure 2.4.

Dispersed pattern of pilot symbol

Pilot symbol

¥

Data symbols Data symbols

Frequency
Guard symbols

Figure 2.4 Dispersed Pattern of a Pilot in an OFDM Data Symbol.

Apart from pilot insertion method, a nonlinear adaptive filter in frequency domain is also
used to reduce ICI [39]. This filtering is applied to reduce ICI due to the frequency offset.
A nonlinear filter is used since it uses higher order statistics. However it converges

slowly.
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2.3  Cooperative Communication

2.3.1 Historical Background: from MIMO to cooperation

For spatial diversity, high data rates and reliable wireless transmissions can only be
achieved for full-rank MIMO users [6, 15, 26]. To overcome the limitations of achieving
MIMO gains in future wireless networks, it is appropriate to think of a new technology
beyond the traditional point-to-point communication. This brought to the technology
known as cooperative communication and networking, which allows different users or
nodes in a wireless network to share resources (antennas) and to create collaboration by
means of distributed transmission, in which each user’s information is transmitted not
only by the user but also by collaborating users [13]. Cooperative communication and
networking is a new communication paradigm that promises significant capacity and
multiplexing gain increases in wireless networks [14, 15]. It realizes a new form of
spatial diversity to combat the detrimental effects of severe fading by mimicking the
MIMO, while getting rid of the drawbacks of MIMO such as size limitation and

correlated channels [3-5].

MIMO system designs comprise of multiple antennas at both the transmitter and receiver
to offer significant increases in data throughput and link range without additional
expenditure in frequency and time domain. Spatial diversity has been studied intensively
in the context of MIMO systems. It has been shown that utilizing MIMO systems can

significantly improve system throughput and reliability [2].
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In the MIMO system, high data rates and reliable wireless communications are
guaranteed by full-rank MIMO users. More specifically, full-rank MIMO users should
have multiple antennas at the mobile terminal, and these antennas should see independent
channel fades to the multiple antennas located at the base station. In practice, not all users
can guarantee such high rates because they either do not have multiple antennas installed
on their small-size devices, or the propagation environment cannot support MIMO
because, for example, if there is not enough independent scattering. In the latter case,
even if the user has multiple antennas installed full-rank MIMO is not achieved because

the paths between several antenna elements might not be uncorrelated.

The traditional view of a wireless system is that it is a set of nodes trying to communicate
with each other. From a different viewpoint, and by considering the broadcast nature of
the wireless channel, we can regard those nodes as a set of antennas geographically
distributed in the wireless network. By adopting this point of view, nodes in the network
can cooperate together for distributed transmission and for processing the information.
The cooperating node acts as a relay node for the source node. Since the relay node is
usually at several or more wavelengths distant from the source, the relay channel is
guaranteed to fade independently from the direct channel. In this way, a full-rank MIMO
channel between the source and the destination is obtained. In the cooperative
communication setup, there is a-priori constraint for cooperative nodes receiving useful
energy that has been emitted by the transmitting node. The new paradigm in user

cooperation is that, by implementing the appropriate signal processing algorithms at the
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nodes of the network, multiple receiving terminals can process the transmissions coming
from other nodes and can enhance the radio performance by relaying information for
each other. The relayed information is subsequently combined at a destination node so as
to create spatial diversity. This creates a network that can be regarded as a system
implementing a distributed multiple antenna where collaborating nodes create diverse

signal paths for each other [6].

2.3.2 Infrastructure: relays in cooperative communication

Cooperative relay communication is a new paradigm shift for the next generation
wireless system that will guarantee high data rates to all users in the network. It is

anticipated to be the key technology aspect in the fifth generation wireless networks [6].

In terms of research ascendance, the communication based on cooperative relays can be
seen as related to research on the relay channel and on MIMO systems. The concept of
user cooperation itself was introduced in two parts [5]. In these works, the authors
proposed a two-user cooperation system, in which pairs of terminals in the wireless
network are coupled to help each other forming a distributed two-antenna system.
Cooperative communication allows different users or nodes in a wireless network to
share resources and to create collaboration through distributed transmission and
processing, in which each user’s information is sent out not only by the user but also by
the collaborating users [13]. Cooperative relay communication promises a significant

capacity and multiplexing gain increase in the wireless system [14, 15]. It also realizes a
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new form of space diversity to combat the detrimental effects of severe fading. The way
in which the relay processes and retransmits the signal, defines the cooperation method.
These methods are:

I.  Amplify and forward (AAF)

I1. Decode and forward (DAF)

I11. Compress and forward (CF)

IV. Coded cooperation (CC)

However, the first two schemes are the most familiar and common in cooperative

communication system.
. Amplify-and-Forward (AAF)

In AAF [5, 31], the received signal is amplified and retransmitted to the destination. The
advantage of this protocol is its simplicity and low cost implementation. But the noise is

also amplified at the relay.

The AAF relay channel can be modeled as follows. The signal transmitted from the

source, denoted as,x, is received at both the relay (r) and destination (d) as

Vsr = \/E_'shs,rx + N (2-13)
and
ys,d = \/sths,dx + ns,d (214)
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Where hg, and hg4 are the channel gains between source and relay and source and
destination, respectively; they are modeled as Rayleigh flat fading channels. The terms
ng, and ng4 denote the additive white Gaussian noise with zero-mean and variance No.
E is the transmission energy per bit at the source node. In this protocol, the relay
amplifies the signal from the source and forwards it to the destination ideally to equalize
the effect of the channel fading between the source and the relay [5]. The relay does that
by simply scaling the received signal by a factor A, that is inversely proportional to the

received energy and is denoted by

Es
A= g, (215)

The destination receives two copies of the signal x from source link and relay link. There

are different techniques to combine the two signals at the destination. The optimal
technique that maximizes the overall Signal-to-Noise Ratio (SNR) is the Maximal Ratio
Combiner (MRC). Note that the MRC combining requires a coherent detector that has
knowledge of all channel coefficients, and the SNR at the output of the MRC is equal to

the sum of the received signal-to-noise ratios from all branches.
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1. Decode and Forward (DAF) Protocol

Another protocol is termed as a decode-and-forward scheme, which is often simply called
DAF protocol. In DAF, the relay attempts to decode the received signals. If successful, it
re-encodes the information and retransmits it [17]. Although the DAF protocol has the
advantage over the AAF protocol in reducing the effects of additive noise at the relay, the

system complexity will be increased to guarantee correct signal detection.

Note that the decoded signal at the relay may be incorrect. If an incorrect signal is
forwarded to the destination, the decoding at the destination is meaningless. It is clear
that for such a scheme the diversity achieved is only one, because the performance of the

system is limited by the worst link from the source-relay and source-destination [17].

Although DAF relaying has the advantage over AAF relaying in reducing the effects of
noise and interference at the relay, it entails the possibility of forwarding erroneously
detected signals to the destination, causing error propagation that can diminish the
performance of the system. The mutual information between the source and the
destination is limited by the mutual information of the weakest link between the source-
relay and the combined channel from the source-destination and relay-destination

[17,18].

Since reliable decoding is not always available, it also means that the DAF protocol is not

always suitable for all relaying situations. The tradeoff between the time-consuming
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decoding, and a better cooperative transmission, finding the optimum hybrid cooperative
schemes, that include both DAF and AAF for different situations, is an important issue

for the cooperative wireless network design.

I11.  Compress and Forward (CF)

In Compress and Forward (CF) scheme, instead of decoding the source messages, the
cooperating node helps the destination by forwarding a compressed version of its
received signal. The transmission cycle is divided into two stages. During the first stage,
both the cooperating node and the destination listen to the source node. In the second
stage, the cooperating node quantizes its observations and sends the quantized data to the
destination. In general, the correlation between the cooperating node and destination node
observations can be exploited using Wyner-Ziv coding to reduce the data rate at the
cooperating node [32]. During the second stage, new information is also sent by the

source to further boost the total throughput.

A practical approach to the CF cooperative scheme is the Slepian-Wolf (SW) cooperation

proposed in [36]. Slepian-Wolf cooperation exploits practical Slepian-Wolf codes in

wireless user cooperation to help combat inter-user outage.

This type of cooperation scheme can be useful in the cases where the source-cooperating

node link is very noisy since requiring the cooperating node to decode the message under
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these circumstances before starting to help the destination, may adversely affect the

performance.

IV.  Coded Cooperation (CC)

Coded Cooperation integrates cooperation into channel coding. In this method, portions
of the user’s codeword are sent through independent fading paths. The idea behind this is
that each user tries to retransmit incremental redundancy to its partner. In the cases where
this is not possible, the system switches to a non cooperative scheme. The big challenge
in the CC method (for it to be efficient) is that it should be managed by the code design,
to avoid the need of feedback between the users. A detailed description can be found in

[20,21,22].

The data transmission period for each user is divided into two time segments of N1 and
N2 bit intervals, respectively. N1 and N2 correspond to the size of portions in which the
codeword was divided. Each portion is a codeword itself although weaker than the
original. For the first interval, each user transmits a codeword consisting of the N1-bit
code partition. Each user also tries to decode the transmission of its partner. If successful
(determined by checking the CRC code), in the second frame the user calculates and
transmits the second code partition of its partner, containing N2 code bits. Otherwise, the
user transmits its own second partition, which also contains N2 bits. Thus, each user

always transmits a total of N = N1 +N2 bits per source block over the two frames. The
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level of cooperation is defined as N2/N that is the percentage of the transmitted bits

corresponding to the partner.

This method has the advantage that the amount of information sent remains the same,
compared with a non-cooperative scheme. Furthermore, by trying to decode the partner’s
codeword, it has also an embedded method for measuring the quality of the inter-user
channel to evaluate if it is worth cooperating. One disadvantage is that a complex
protocol is needed to define whether there was cooperation or not. Other is that the

processing load on the relay is higher compared with the AF case.

2.3.3 Advantages of Cooperative Communications
Cooperative communications are being studied as an alternative for generating virtual
MIMO systems in cases where multiple antennas are not practical to implement in a
single device, given their size or battery limitations. Providing the receiver of two
uncorrelated faded versions of the signal increases the chances of the receiver to make a
correct decision on the information received. As a result of spatial diversity, two
important benefits can be identified by using cooperative communications: power

efficiency and spectral efficiency.

In the case of power efficiency it may be argued that more power is needed because each

user is transmitting for more than itself. However, the baseline transmit power from all
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users may be reduced because of the diversity i.e. lower SNR levels are required to

achieve the same BER. Therefore it is expected that the net transmit power is reduced.

When it comes to the rate of the system, a counter argument can be that each user
transmits its own bits plus the partner’s bits, which would decrease the rate of the system.
However, due to diversity, the channel code rates can be increased, increasing the
spectral efficiency of each user. Even in the cases where the different paths are
correlated, the combination of correlated links provides also extra coding gains due to

repetition of information.

Cooperative communications also offer the possibility of using different network
topologies, providing higher flexibility. In some of these topologies, e.g. cooperative
gateways and randomized cooperation are presented. The potential and challenges from

the network topology point of view are also described.

In addition to the benefits resulting from cooperative diversity, there are also benefits
related to the use of the relay itself. Higher coverage areas can be achieved by the
efficient use of terminals that work both as user and as relays. These can translate in
solutions for serving hotspots or providing better coverage in corporate buildings for

example.
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At the network level, studies have shown that diversity provided by MIMO space-time
codes can improve performance at the medium access control (MAC), network and

transport layers. This improvement in performance is also valid for cooperative systems.

2.4 OFDM Based Cooperative Communication

In wireless communication, antenna diversity has been intensively used to mitigate the
effects of fading in the recent past years. Cooperative communication has become one of
the promising cutting-edge techniques in providing solutions to the fading effects in
wireless communication, as it maintains virtual antenna array without utilizing multiple
antennas. Single carrier modulation schemes are usually used in cooperative

communication in the case of the flat fading channel.

In beyond third generation and fourth generation wireless communication systems, fast
moving terminals and scatterers are expected to cause the channel to become frequency
selective. OFDM is a powerful solution for such channels. OFDM has a relatively longer
symbol duration than single carrier systems which makes it very immune to fast channel
fading and impulsive noise. However, the overall system performance may be improved
by combining the advantages of cooperative communication and OFDM systems (CO-

OFDM) when the source terminal has the above-mentioned physical limitations.
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2.5 Challenges Encountered by Integrating OFDM in Cooperative
Communication Systems

Synchronization issues and mobility of cooperating node pose a big challenge in OFDM
based cooperative communication systems. The benefits of cooperative communication
could easily be undone by improper synchronization. The problem arises because it
would be difficult, from a complexity perspective, for multiple transmitting nodes to
synchronize to a single receiver. And also the high mobility of cooperating nodes with
respect to the transmitting node could introduce Doppler shift. Thus, these two issues,
mobility and synchronization error, introduce CFO, which is the cause for Inter Carrier
Interference in OFDM based communication systems. Severe ICI could result in total

damage of the transmitted signal in cooperative communication system [23].

A handful of papers have been published in recent years describing OFDM based
cooperative communication systems [7]-[10]. Most of them, however, are restricted in

specific system structure.

In [1], ICI self-cancellation of the data-conversion method was proposed to cancel the ICI
caused by frequency offset in the OFDM system. In [4], ICI self-cancellation of the data-
conjugate method was proposed to minimize the ICI caused by frequency offset and it
could reduce the peak average to power ratio (PAPR) than the data-conversion method.

In [24], self ICI cancellation method which maps the data to be transmitted onto adjacent
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pairs of subcarriers has been described. But this method is less bandwidth efficient. It

utilizes half of the subcarriers to mitigate the effects of CFO.

In addition, statistical approaches have also been explored to estimate and cancel ICI [6].
The problem with this approach is also it utilizes almost half of the subcarriers in order to

deal with the effects of CFO.

In this thesis the OFDM based cooperative system is modeled and simulated under
AWGN and fading channel. It is concerned with combating the effects of ICI induced by
CFO by using cyclic prefix estimation and maximum likelihood method to compensate

for the introduced CFO.
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CHAPTER THREE

Methodology

3.1 Introduction

In this chapter an OFDM based cooperative communication system with AAF protocol is
developed. In order to completely avert the effects of ISI from occurring, some redundant
information is added into the OFDM symbols before transmission. The redundant
information is called cyclic prefix (CP) and its length is made to vary depending on the
channel state between the communicating parties. Maximum likelihood (ML) estimation
is used to estimate and compensate for the CFO that occurs due to the Doppler shift and
transmitter-receiver carrier frequency offset. ML estimation is compared with the self-
cancellation estimation families and is found to be better in many aspects. The
cooperating node is assumed to get the line-of-sight signal from the source and hence, the
channel between the cooperating nodes is assumed to have Rician fading characteristics.
The channels between the source node and the receiver and the cooperating node and the
receiver as well are assumed to be frequency selective and Rayleigh fading. The
cooperating node is to be only a few meters apart (up to 10 meters) from the source node.
Therefore, the channel between the source node and the receiver and the channel between
the cooperating node and the receiver are assumed to have the same characteristics.

Hence, the CFO estimated at the receiver up on the arrival of the signal from the source
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node will be used to compensate the effects of CFO on the signal from the source and on

a copy of the signal from the cooperating node.

In this chapter the methods of designing and modeling is described. First the
underpinning part of the research, the design of OFDM system, is carried out. Then
maximum likelihood estimation is integrated into the developed OFDM system in order
to compensate for the effects of carrier frequency offset. Then the design of cooperative
communication is carried out with amplification and forward cooperation scheme.
Different scenarios are considered and most practical communication environment is
assumed in designing the system. Finally the developed OFDM and cooperative

communication systems are integrated.

3.2 Orthogonal Frequency Division Multiplexing System Design with
Maximum Likelihood Estimation

3.2.1 Signal Model

The signal to be transmitted over the wireless channel must first be converted into OFDM
symbols. In OFDM system with N subcarriers, N information symbols are used to
construct one OFDM symbol. Each of the N symbols is used to modulate a subcarrier and
the N modulated subcarriers are added together to form an OFDM symbol. Orthogonality
among subcarriers is achieved by carefully selecting the carrier frequencies such that

each OFDM symbol interval contains integer number of periods for all subcarriers. Using
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discrete-time baseband signal model, one of the most commonly used schemes is the
IDFT-DFT based OFDM systems. Guard time, which is cyclically extended to maintain
inter-carrier orthogonality, is inserted that is assumed longer than the maximum delay
spread to totally eliminate inter-symbol-interference. In the presence of virtual carriers,
only M out of N carriers is used to modulate information symbols. Without loss of
generality, we assume that the first M carriers are used to modulate information symbol,
while the last N — M carriers are virtual carriers. The variable M varies depending on the
channel information between the transmitting and receiving nodes. With symbol rate

sampling, the discrete time OFDM model is

1 _ .
S() == TN} dy /2 (3.)

where each d}, is used to modulate the subcarrier &™”, Written in matrix form, we have

s=Wd (3.2)
where W consists of the first M columns of the IDFT matrix and d =[d0, - - -, dM—1]

is the symbol vector. In the presence of time dispersive channel, additive noise, and

carrier frequency offset, the OFDM signal at the receiver is now,

x(n) = =523 H(k) dke! (40T 4 7] (3.3)
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where H(K) is the channel frequency response corresponding to subcarrier k, z(n) is
additive complex Gaussian noise, and Ts= T/N is the symbol interval with T being the
IDFT interval (or OFDM symbol interval, excluding the guard time, as often termed in
the literature).Here the initial phase due to frequency offset is assumed to be zero
(equivalently, the initial phase can be absorbed into H(k)).Notice if we define ¢ = Aw -
Ts, then ¢ and the frequency offset Aw differ only by a constant scalar, hence estimation

of Aw is equivalent to estimation of the normalized phase shift ¢.

3.2.2 System Model

Input

Mapper S/P IFFT | AddCP . P/s
’ Converter | Converter

Transmitter Side

A

Wireless Channel ‘

Output

Demmap CFO ML FFT cP 5/p "
er (I:ompensa Estimator removal Converter

bt
=amris g

Receiver Side

Figure 3.1 OFDM System
An OFDM system diagram is shown in figure 3.1 above. Upon receiving the bit stream to
be transmitted the system performs modulation. Hence the bit stream will be converted
into symbols. Then the system performs serial to parallel conversion. The number of

parallel symbols should coincide with the number of available subcarriers. After the
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conversion, IFFT is performed to obtain OFDM symbol. The cyclic prefix (CP) is lastly
added before transmission to minimize the inter-symbol interference (1SI) and to be used
for CFO estimation at the receiver. The signal is converted by into series form before
transmission; hence parallel to series converter is used. At the receiver, the process is
reversed to obtain the decoded data. The CP is removed to obtain the data in the discrete
time domain and then processed using the FFT for data recovery. Since the wireless
channel is known to be fading and to introduce Doppler shift, the maximum likelihood
(ML) estimator that comes immediately after the FFT block in the system is used to
perform CFO estimation. Then using the estimated values of CFO inter carrier
interference (ICI) that occurs during transmission will be compensated. Finally the
symbols pass through the demapper (demodulation) in order to generate the received bit
streams. The system is simulated using MATLAB simulation software and the system

performance was evaluated by calculating the bit error rate.

3.2.3 Maximum Likelihood Estimation of CFO at the Receiver

This method has been presented in several papers in slightly varying forms [8, 9]. The
training information required is at least two consecutive repeated symbols. The IEEE
802.11a preamble satisfies this requirement for both the short and long training sequence.
Let the transmitted baseband signal be s,, and then the complex baseband model of the

passband signal y, is

Vo= Sy s, (3.4)
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where f;, is the transmitter carrier frequency and TS is the sampling interval. After the
receiver down-converts the signal with a carrier frequency fy, the received complex

baseband signal ryis

r= SnejZHftx nTs e_jZT[frx nTs 4 wn

= spe/ 27 (AfnTs 4y, (3.5)

where Af=f,, — f,, is the carrier frequency offset and W, the white Gaussian noise with

variance No.

Let D denote the delay between the identical samples of the two repeated symbols. Then
the frequency offset estimator is developed as follows: The cross-correlation of the two

consecutive symbols is computed as,

c= E[Xn=0 Ta Tn+p])

= E[XN23(52 &7 + wy )((Spyp €27+ +w,1p) )] (3.6)

Since W, is an additive white Gaussian noise with zero mean and variance of ¢°, the

above equation will reduce to
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— \VN-1 * j2nAfnTs ,—j2nAf (n+D)Ts
C= Xn=0Sn Snt+p€’ fnTs g=j2mAf (n+D)

N—-1
— ,—j2nAf(D)Ts *
=e ] f(D) OSn Sn+D
: :n—

c=e IO S5, @)
Hence, the maximum likelihood estimate gives us the frequency offset estimation as,

f= angle (c)
2nDTs

(3.8)
The ML estimation of frequency offset can also be derived after the discrete Fourier
Transform (DFT) processing (i.e., in frequency domain). The received signal during two

repeated symbols is (ignoring noise for convenience),

j2mn (k+fr)

rn:% [Zlk(=—1( X, He « , forn=0,1,........ ,2N-1, (3.9)

where X,’s are the transmitted data symbols, Hj, is the channel frequency response for
the k-th subcarrier, K is the total number of subcarriers, and f.is the relative frequency

offset to the subcarrier spacing. The DFT of the first symbol and for the k-th subcarrier is
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—j2mkn

Ry =XN3me v ,k=0,12,...... N-1, (3.10)

The DFT of the second symbol is derived as

IN—1 —j2mkn
Rpj=Yn=n e W

—j2mkn

=Ny ve v k=0,12,... N-1, (3.11)

But from equation (3.4) the received signal at the index n+N, which is rn.y, is given

as

_1fek [2m (M) et/ )
Tn4N = ﬁ[Zk=—KXk Hye N ]
1wk j2mn (k+fr) ot (ke +
= N[Z;;_,(Xk Hye v el2n( fr)],k=0,1,...N-1, (3.12)

But e/27(k+fr) = @i2mk oj2Tfr and e/27k = 1, for all integer values of k. Hence,

equation (3.11) can be rewritten as

1 [ek 2 Gerfr)
Tn+N‘ﬁ[2k=—KXk Hee v el?™h

j2nn (k+fy)

= % [Zlk(:—l( Xk erT] e/ 2l
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Toan=Ta€ 2™ 0=0,1,....2N-1, (3.13)

Substituting equation (3.12) into equation (3.10) yields,
—j2mkn

RZ,k: = g;&rn ejznfre N

. —j2mkn
Ry = e/ YNy =N k=0,1,2,.N-1

Ryj = Ry /2™, (3.14)

This, therefore, shows that every subcarrier experiences the same shift that is proportional
to the frequency offset. The cross-correlation of the two subcarriers is obtained as

follows:

C=Yk=—k Rix Ry
= Yk Rix (Rik ejznfr)*
=e 2 YKk Rip (Rik)

C = o 2nf S klRuil” (3.15)
Thus, the frequency offset estimator governing equation is

f.=angle(C), (3.16)

52



At="=angle(C), (3.17)

This is quite similar in form to the time domain version of the ML estimation obtained in

equation (3.7).

3.3 Cooperation Design

In this thesis it is set to obtain two-level (order-two) diversity through cooperative
communication, meaning the source node will only pair to one cooperating node at a
time. Hence, the sending node in the network is always paired to only one access node
(cooperating node) in the network. The cooperating node always performs measurements
on the link state between the message originating node and itself. If the link state allows
cooperation to take place then the cooperating node runs its amplify-and-forward (AAF)
protocol and performs signal conditioning on the information received from the
information originating node. After conditioning the signal depending on the procedures
of amplify-and-forward protocol the cooperating node retransmits it to its intended
destination. The reason for choosing this cooperation protocol over the others is its
simplicity; it does not consume much time to retransmit the received signal and its

performance when incorporated to cellular communication systems.
3.3.1 Communication Channels and Environments

The channel between the source access node and the receiver and as well the channel

between the cooperating access node and the receiver are assumed to have six
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independent fading paths, the worst case in wireless communication system simulation.
These channels are also assumed to be frequency selective and time selective fading
channels and have the characteristics of Rayleigh fading, figure 3.2 shows this. The
Doppler shift due to the relative movement of the cooperating access node to the base
station (the receiver) is assumed to be 20% less than that of the Doppler shift due to the
relative movement of the source access node to the base station (the receiver). This is
assumed because the source node is always forced to pair to a cooperating node with
slightly slow mobility relative to its speed. As the mobility of the cooperating node
approaches the speed of source node the link between the two nodes will get worse and

the noise level will raise.

The source access node is assumed to be paired with a cooperating access node that is
only a few wavelengths apart. And also the cooperating access node gets the line-of-sight
(LOS) signal from the source access node. Hence, from figure 3.2 below, the channel
between message originating node and the cooperating access node is assumed to be

Rician and flat and slow fading.
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Figure 3.2 Communication Environment

3.4 Integration of OFDM with Cooperation Communication

3.4.1 Overall System Model and Design

Consider a three node OFDM based cooperative communication network with source
node (SN), cooperating node (CN) and receiving node (RN). The SN broadcasts its signal
over the fading wireless communication channel and both the CN and RN receive the
signal. The CN amplifies and re-transmits the received signal depending on the link state
between its node and the SN and also if the cooperating switch is on ON state by the time
the signal arrives. Ideally it is assumed that the source and cooperating nodes are always
near to each other and the cooperating node gets the LOS signal from the source node.
Hence, the channel between the source node and the cooperating node assumed to have

Rician fading characteristics. The channels between the source node and the receiving
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node and between the cooperating node and the receiving node are assumed to be

frequency selective and Rayleigh fading.

Consider N OFDM subcarriers. In the first time slot, SN transmits one OFDM frame of
duration (N+Ng)Ts, where Ts is one sample duration and Ng is the cyclic prefix(CP)
length. The transmitted OFDM frame consisting of data symbols X[k], k=0,1,...,N-1, is

given by

jm 2nk

x[n] =<0l X[Kle &, -Ng<n<N-l, (3.18)

Let hsc[n], hsr[n] and hcr[n] denote the channel impulse response (CIR) of the source
node to cooperating node, the source node to the receiving node and the cooperating node
to the receiving node links, respectively. The received OFDM symbols at the cooperating

and receiving nodes, during the first phase (time slot) ,will be

Vsc [n] = x[n] * hSC[Tl] + N [Tl] (319)

Yor[n] = x[n] * hsrn] + ny [n] (3.20)

where * indicates linear convolution and ng.[n] is the white Gaussian noise signal at the
cooperating node and ng,[n] is the white Gaussian noise signal at the receiving node,
both white Gaussian noises with variance No. During the second time slot (or cooperation

phase), the cooperating node will amplify the received signal by gain § and re-transmits it
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to the receiving node. Hence, the received signal at the receiving node in this second

phase is

Yer [n] = BYsc[n] * her[n] + ne, (3.21)

= B(x[n] * hsc[n] + ny.[n]) * hcr[n] + n, (3.22)

where * denotes linear convolution and n. is the white Gaussian noise over the
cooperating and receiving nodes link with variance No. The magnitude of the amplifying
factor is determined based on the transmitted signal energy and the received signal

energy:

Let & =E[|x[n]|?], then the energy of the signal received at the cooperating node is

E[lysc[n]|?] = E[lhsc[n]|?]E[Ix[n]|?] + E[Inscn[n]|?],

= E[|hsc[n]|*]€ + 2No, (3.23)

To re-transmit the data with the same power as the source node did, the cooperating node

needs to amplify the received signal by a factor of

B= \/ E/E[Ihsc[n]IZ]E + 2No’ (3.24)
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The system is developed to support cooperation if and only if € > E[|hsc[n]|?]€ + 2No,

otherwise the cooperating node turns its cooperation mode switch to OFF state.

Therefore, the received signal at the receiving node in two time slots is

yInl = ys[n] + yer[n] (3.25)
= x[n] * hsr[n] + ng, [n]+ B(x[n] * hsc[n] + ng[n]) * her[n] + n,
= x[n] * hsr[n] + Bx[n] * hsc[n] * her[n] + Bng [n]* her[n]+ng, [n] + ng, [n]
Applying distributive property of convolution,
y[n] = x[n] * Chsr[n] + Bhsc[n] * her[n]) + win] (3.26)

Where, w[n]= Bng.[n]* her[n]+ng. [n] + n., [n]

The output on the k-th subcarrier is given by performing the discrete Fourier transform on
the above equation (3.26),
Define h,.[n] = hsr[n] + Bhsc[n] * hcr[n] , then equation (3.26) becomes
y[nl = x[n] * hy [n] + w[n] (3.27)
Then,
Y[K]=X[K]Hr[K] + WIK] (3.28)
Where, Hr[k] = Hsr[k] + BHsc[k]Hcr[k], where Hsr[k] and Hsc[k] being the N-point

DFTs of hsr[n] and hsc[n], respectively.
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Equation (3.28) shows the amplitude of the transmitted signal is attenuated by a factor of
Hr[k] and interfered by a signal W[k]. To reduce this attenuation of the signal amplitude
and mitigate the interference at the destination this thesis used different types of
combiners and analyzed the performance of each combiner. In the end MRC combiner
has showed better performance and all the simulations on this thesis were performed

using MRC combiner.

The schematic diagram below shows the overall system followed by its description.
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Destination node
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Figure 3.3 OFDM Based Cooperative Communication System

The transmitting node should always perform signal modulation whenever it has a signal
to transmit. Hence the bit stream will be converted into symbols. Then the source node
performs serial to parallel conversion. The number of parallel symbols should coincide

with the number of available subcarriers. After the conversion, IFFT is performed to
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obtain OFDM symbol. The cyclic prefix (CP) is lastly added before transmission to
completely avert inter-symbol interference (ISI) and minimize Inter Carrier Interference
(IC) at the receiving end. CFO estimation is also based on the CP added to the signal.
Then the transmitter in the source node converts the parallel data into serial data and
transmits it over the air link to the cooperating node and the receiving node. In this first
phase, the cooperating node performs amplification of the received signal for re-
transmission if the received signal passes the threshold quality for re-transmission. The
cooperating node decides to cooperate depending on the state of the channel between the
source and cooperating nodes. In the second phase, the receiver receives another copy of
the signal from the cooperating node and combines it with the signal received from the
source node directly. In this thesis different combiners were checked and tested under
different conditions. And the MRC combiner is found to be better for the developed
system structure. After obtaining the received signal by combining the direct signal and
the signal from the cooperating node, the process that was undertaken in the main
transmitting node is reversed to obtain the decoded data. The CP is removed to obtain the
data in the discrete time domain and then processed using the FFT for data recovery.
Since the wireless channel is known to be fading and to introduce Doppler shift, the ML
estimator that comes immediately after the FFT block in the system is used to perform
CFO estimation and compensation. Then using the estimated values of CFO, ICI that
occurs during transmission will be compensated. Finally the symbols pass through the

demapper (demodulation) in order to generate the received bit stream.
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3.4.2 ML Estimator at the Receiver

In this thesis we assumed that the source node and the cooperating node to be separated
only few meters apart (up to 10 meters maximum) and the cooperating node gets the LOS
signal from the source node. This is due to the fact that the cooperating nodes need to be
a few wavelengths apart in order to create a virtual MIMO system through spatial
diversity [5]. In most cases, if the distance between the source and cooperating nodes is
longer than 10 meter the level of the noise added to the transmitted signal will become
pronounced and eventually surpass the threshold value. In addition to this, by limiting the
distance between the two cooperating nodes to 10 meter, the channel characteristics of
source node to destination and cooperating node to destination will be nearly the same.
Hence, the carrier frequency offset estimated at the receiver upon the arrival of a signal
from the source node will be used to compensate for the effects of CFO on both channels,
the channel between the source node and the destination and the channel between the
cooperating node and the destination. Meaning, there is no need to estimate the CFO that
occurs over the cooperating node to destination channel. This minimizes computational

time and complexity at the receiver side.

Moreover, when the distance between the cooperating nodes is limited to 10 meter range,
there will be no need to deal with the issue of imperfect timing synchronization.
Therefore, in these types of cooperative communication systems, perfect timing
synchronization can be assumed between the cooperating nodes. And also, because the

cooperating node is located far enough from the source node, there will be no spatial
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fading correlation between the channels from the source to the destination and from
cooperating node to the destination. These reduce computational complexity at the

cooperating node and at the intended destination.
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CHAPTER FOUR

Simulation Results and Discussion

4.1 Simulation Results and Discussions

For simulation using MATLAB application software package, M-Quadrature Amplitude
Modulation (M-QAM) scheme with M=4, where log, (M) is the number of bits per
symbol, is chosen and the total number of subcarriers is set to 64. These parameters are
chosen because the current wireless communication systems, 3G and beyond, are based
on them. The fading channel between the source node and the receiver and the fading
channel between the cooperating node and the receiver are set to have six different signal
propagation paths with 100Hz and 80Hz Doppler frequency, respectively. The 100Hz
Doppler shift between the source node and the base station is the worst case in wireless
communication system. The reason we chose 80Hz Doppler frequency between the
cooperating node and the base station is that the source node is always assumed to select
a cooperating node with relatively lower speed. Figure 4.1 below shows the transmitted

and the received signal when there is no cooperation.
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Magnitude

Figure 4.1 Transmitted and Received OFDM Signal, when there is no
cooperation

Figure 4.2 shows the performance of the system when there is no cooperation, meaning,
when there is no diversity. The broken curve in red color shows the system performance
when there is no CFO. But, the broken curve in green color shows the effect of CFO with
value of 0.2 in the system performance. This normalized value of CFO is chosen because
most OFDM based wireless communication systems are simulated using 0.2 CFO value
[8]. [8] Also shows that in most cases OFDM systems are affected by CFO that ranges in
the interval [0, 0.5]. The system performance, for instance, at 40dB SNR is less that 10™
when the system is CFO free. But, the system performance deteriorates to nearly 10 for

the CFO value of 0.2.
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Figure 4.2 System Performance of OFDM System with no Cooperation.

This figure 4.2 shows the BER deteriorating as the system introduces more carrier
frequency offset. However, the system performance should improve when carrier
frequency estimation technique is incorporated at the receiver side of the system. Figure
4.3a shows the signal received at the cooperating node from the source node and figure
4.3b shows the performance of an ideal OFDM based cooperative communication
system. For the case of an ideal cooperative communication system there is no need of
mitigating the effects of mobility and frequency synchronization error as there is no inter

carrier interference.
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Figure 4.3b OFDM Based Cooperative Communication System Performance

The curve in red color in figure 4.3b shows the system performance when there is no
cooperation, meaning when there is no copy of the message signal reaching the base
station indirectly through other access node in the network. But the curve in black color
in figure 4.3b shows how the system performance improves as cooperation is

incorporated in the system.

From the simulation result in figure 4.3b, the BER of the system with cooperation

improves as the SNR increases starting from 5dB. Hence, it can be concluded that at
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higher level of SNR cooperation results in a very improved system performance in terms

of BER.

Figure 4.4 shows the effects of CFO deteriorating the performance of OFDM based
second-order diversity cooperative communication system. Therefore, maximum
likelihood estimation developed in the above session in chapter three to mitigate the
effects of CFO is used to soothe the severity of CFO in the system. The simulation result

shows how the system performance deteriorates for CFO =0.2.
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Figure 4.4 OFDM Based Cooperative System with CFO Effects for CFO=0.2
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Figure 4.5 shows how the integration of ML estimation into the system improved the
system performance. The simulation result compares the performance of the system with
and without cooperation for CFO values of 0 and 0.2. The performance of the system
with AAF cooperation in the environment where 0.2 carrier frequency offset introduced
to the system has nearly the same performance with the system without cooperation and
carrier frequency offset value of 0. This result shows how cooperation in wireless
communication systems can significantly improve the performance in terms of BER

against SNR.
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No cooperation, cfo=0.2
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Figure 4.5 ML Estimation of CFO in Cooperative Communication System
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4.2  Validation of the Simulation Results

The following simulation results from figure 4.6 to 4.8 show how the performance of
cooperative communication system with ML estimation technique overrides the
performance obtained from cooperative communication system with self-cancellation

(SC) estimation technique.

The comparison between the ML estimation technique and the SC estimation technique is
made for CFO values of 0.15, and 0.3 and for modulation types of QAM-4, QAM-16 and
BPSK. In all of the simulation scenarios ML estimation and compensation technique has
showed better performance. Especially, in the presence of small frequency offset and
binary alphabet size, self cancellation does not offer much increase in performance. The
maximum likelihood method gives the best overall results. This can also be seen in the

work [22].
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Figure 4.6 Comparison of ML with SC for CFO= 0.15 and 4-QAM
Figure 4.6 above shows simulation result of the cooperative communication system
comparing ML and SC methods for carrier frequency offset value of 0.15 and 4-QAM
modulation. The purple colored curve represents the performance curve of SC method
and the green colored curve represents the performance of ML method. For this carrier
frequency offset value and modulation type, the two methods showed nearly the same
performance for SNR values of up to 10dB. But, thence the performance obtained from

the ML method showed better performance in terms of BER.

Figure 4.7 shows that as the carrier frequency offset increases the overall result of ML

method overrides the performance obtained from the SC method. Hence, it can be
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concluded that no matter how the modulation scheme is changed to the advance level, the
ML estimation method shows better performance than the SC method in terms of BER as
the carrier frequency offset increases. Performance of the ML method is represented by

the black colored curve and the performance of the SC method is represented by the

green color.

Bit emorrate(BER)

Figure 4.7 Comparison of ML with SC for CFO=0.3 and 64-QAM
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CHAPTER FIVE

Conclusions and Recommendations

5.1 Conclusions

In cooperative systems, a group of single-antenna nodes transmit together as a “virtual
antenna array”, obtaining diversity gain without requiring multiple antennas at individual
nodes. Research has been carried out in diverse aspects of cooperative systems, such as
OFDM integration in the cooperative system, novel cooperative protocols, and pairing of
the cooperating nodes. The engagement of cooperative systems with OFDM
transmission, which has been extensively used in many advanced wireless
communications systems, however, has received little attention. In particular, the
application of OFDM-based cooperative transmission to facilitate the cooperation among
multiple sources and multiple relays needs further investigations. This thesis tried to
address some important aspects of cooperative OFDM systems and have presented useful

analysis and methods

The thesis work considered the most practical scenarios in cooperative communication
systems where the cooperating node gets line-of-sight signal from the source node. It has
also investigated the effects of carrier frequency offset in amplify and forward
cooperative communication system and how these effects are mitigated by using multi-

carrier transmission along with maximume-likelihood estimation of CFO. The simulation
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results of the developed structure have also proved that better BER can be achieved if the

cooperating node is restricted to be in a limited range of distance from the source node.

The links between the source node and the base station as well between the cooperating
node and the base station are assumed to have six different propagation paths. The link
between the source node and the base station is assumed to be Rayleigh fading. As well,
the link between the cooperating node and the base station is assumed to be Rayleigh
fading. But, the link between the cooperating nodes is assumed to have Rician fading for
a reason that the cooperating node gets the line-of-sight signal from the source node.
Simulation results showed that with these assumptions the performance of the

cooperation system superseded the BER obtained from a system with no cooperation.

Furthermore, a significant bit error rate reduction was obtained by integrating maximum
likelihood estimator into the cooperative communication system. And it is also proved
that maximum likelihood estimation has better capability than self cancellation technique
in dealing with the effects of carrier frequency offset. The comparison between the ML

and SC was made in terms of BER.

5.2 Future Work
The work presented here constitutes only a small portion of what can be done in this
fruitful area. Some of the problems that might be of interest for future research are as

follows:
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» Multiple-source multihop transmissions with co-channel interference

Realistic wireless networks could involve a large number of nodes with simultaneous
transmissions from multiple sources. This could result in significant reductions in spectral
efficiency as the nodes attempt to minimize interference during transmission. An
essential element of the design of such networks is an efficient multiple access protocol
in conjunction with the physical-layer cooperative strategies. One promising solution for
efficient multiple access is to transmit a multicarrier signal with different users’ data on
different sub channels, implementing an OFDMA enabled interference avoidance
protocol. Nodes can selectively decode and retransmit sub channels to create a natural
reuse pattern of frequencies in a distributed fashion. Many interesting issues arise
including determining a local assignment strategy for sub channels and an effective
combining strategy at the destination with the consideration of co-channel interference. A
very important consideration is the minimization of interference among the transmissions

of the sources, as well as the transmissions of the relays.

» Synchronization for cooperative OFDM systems

Most of the previous research work in cooperative systems assumes ideal frequency and
time synchronization among nodes. In a large-scale network without a fixed
infrastructure, perfect synchronization among all the nodes might be difficult to achieve.

Frequency offset and time offset can deteriorate the performance, especially in an OFDM

76



system. When multiple distributed relay nodes transmit simultaneously to the destination,
different transmission delays occur because of the different distances from the relay
nodes to the destination. To avoid ISI, the time duration of the cyclic prefix of OFDM
signals should be long enough to tolerate these transmission delays; the spectral
efficiency, however, will decrease with the increase in the time duration of cyclic prefix.
Achieving good performance with high spectral efficiency is very challenging, especially
with decentralized control. Also, each relay node has a different frequency offset with the
destination. The multiple frequency offsets must be compensated to eliminate their
detrimental effects. How to minimize these synchronization errors is also a challenging

problem.

> Realistic evaluation of cooperation in a networking context

Cooperative communications may involve multiple relay nodes transmitting
simultaneously to a receiver. To facilitate such simultaneous transmissions and
receptions, many different overheads, for example, overheads incurred in real
implementations of the cooperative techniques at the physical layer and their interactions

with higher layer protocols in a networking context, are incurred.

The application of OFDM based cooperation for routing and as an efficient multiple

access schemes have been demonstrated in this work. The engagement of cooperative
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OFDM transmission with realistic cross-layer interactions is an interesting subject for

further investigations.
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