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ABSTRACT

Future wireless communication systems are required to provide services to mobile users for
a variety of high data rate multimedia applications like VolP, interactive gaming, video
conferencing and web browsing in a wider coverage area. To support such diverse user
requirements, a communication system must meet the following minimum criteria namely
high data transfer rate, support for mobility, reliability and wider coverage area. In this work,
the enabling technologies that have the potential to meet the requirements of future
communication system either implemented individually or in unison with others are
identified. Further, Synchronization is identified as a major challenge to robust and cost
effective implementation and deployment of these technologies. Finally, synchronization
algorithms are proposed for a variety of such technologies and their performance is
evaluated using simulations and compared with other published algorithms.

OFDM is identified as pivotal technology for future wireless communication systems due to
its robustness in dispersive wireless channel with a comparatively lower design and
implementation complexity. However, OFDM alone cannot provide for enhanced
throughput, reliability and coverage area especially in a time variant channel. In this work,
OFDM is complemented with other technologies like MIMO, STBC, OFDMA and cooperative
diversity. OFDM can be combined with these technologies in a number of ways depending

on desired requirements in terms of throughput, reliability, mobility and coverage. The



OFDM combo considered in this work is referred as Cooperative Diversity Orthogonal
Frequency Division Multiplexing (CD-OFDM) system.

A lot of research work has already been done regarding synchronization of OFDM but this
work is unique because an effort is made to contribute synchronization algorithms for a
scenario where OFDM is combined with other technologies.

The contributions made by this work include a preamble for CD-OFDM system and three
variants of coarse timing synchronizer. Further, a low complexity carrier frequency offset
estimator and compensator is proposed which is also applicable to OFDMA uplink scenario.
A frame structure and protocol for implementing this CFO estimator is also presented.
Finally, a channel estimation based fine timing synchronization mechanism is devised for CD-
OFDM system. The performance of all proposed algorithms is evaluated using Monte Carlo

simulations and results are found comparatively better than reference algorithms.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

Most of the inventions in the human history were made possible by constantly evolving and
increasingly demanding life style of human race. As always, even today research effort is
overwhelmingly directed towards development of technologies that are likely to support our
agile and mobile life style. The telecommunications industry is no exception to this rule and
lot of research is being done to develop technologies that can support high data rate
transfer on the move. Future wireless communication systems are required to provide
services to mobile users for a variety of high data rate multimedia applications like VolP,
interactive gaming, video conferencing and web browsing in a wider coverage area [1]. To
support such diverse user requirements, a communication system must meet the following
minimum criteria namely high data transfer rate, support for mobility, reliability and wider
coverage area.

In an orderly fashion, this thesis first identifies a “problem area” and subsequently moves
toward its solution in interlinked steps. In this dissertation, firstly, the enabling technologies
that have the potential to meet the future-communication-system requirements
(implemented either individually or in unison with others) are described. Further,
Synchronization is identified as a major challenge to robust and cost effective

implementation and deployment of these technologies. Most importantly, in this work, an

Page |1



CHAPTER 1 INTRODUCTION

effort is made to look at the synchronization issue as a cross-technology problem and to
design wide range of synchronization algorithms encompassing these technologies.

As far as the data rate and reliability is concerned, wired communication systems using
optical fiber are upto the task but falters on the mobility issue. The mobility issue totally
changes the scenario because it forces system designers to shift from benign wired channel
to treacherous wireless channel. From throughput perspective, it is encouraging that
wireless communications has evolved over the years from narrowband systems to high-data-
rate broadband systems. However, it is very challenging to sustain a high data rate
transmission in a frequency selective and dispersive wireless channel.

The main problem with high data rate single carrier wireless systems is that as the data rate
increases, the symbol duration shrinks and becomes smaller than the maximum channel
delay spread (MCDS) thus making the channel frequency selective. Putting it in another way,
symbol rate of a system must be less than coherence BW of the channel for avoiding
frequency selective fading distortion. A frequency selective channel results in severe inter-
symbol-interference (ISI) and irreducible BER. For an ISI free system, its transmission rate is
upper-bounded by coherence time. The data rate in FDMA and GSM systems is limited
primarily due to this reason.

There are many ways to mitigate the effects of frequency selective channel including
equalization, spread spectrum and OFDM but each has its pros and cons. Equalization can
mitigate channel induced ISI but its complexity increases manifold with increase in channel

taps. Direct sequence spread spectrum (DSSS) can mitigate ISI due to its inherent ability to
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suppress multipath interference by using code-correlation or RAKE receiver. However, RAKE
receiver uses separate correlator for each arriving multipath that renders it computationally
complex and expensive to implement. On the other hand, Frequency Hopping Spread
Spectrum (FHSS) avoids ISI by shifting carrier frequency to a new band before the arrival of
multipath. Hop rate must be larger than or equal to the symbol rate for effective ISI
mitigation in a frequency selective channel. On the down side, hopping makes receiver
implementation somewhat complex and is not spectrally efficient.

OFDM uses a novel but simple idea to overcome this problem; it divides the signal band into
many narrowband signals with larger symbol duration as compared to the actual signal.
These low rate signals are transmitted simultaneously using orthogonal subcarriers. It makes
the symbol duration larger than MCDS thus transforming a frequency selective channel into
flat frequency channel without ISI. Yet another plus is that it is implemented using efficient
FFT algorithm and single tap FD equalizers thus making overall receiver design simple and
cost effective. Due to these reasons, OFDM is considered technically more suitable to
provide high data rates in a frequency selective wireless channel as compared to other
available options. OFDM is likely to be incorporated in IEEE 802.20a standard that will
provide large data rate for highly mobile users. IEEE 802.11a LAN and IEEE802.16a MAN
standards are already based on OFDM technology [2], [3], [4], and [5].

Simple OFDM can support substantially large data throughput by increasing the number of
subcarriers but a more feasible solution is to lend a hand from other technologies. In line

with this argument, to further increase the transmission rate, multiple transmit and receive
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antennas can be used to open up additional channels in spatial domain. The technology that
incorporates this concept is called multiple input multiple output (MIMO) system. IEEE
802.11n WLAN and IEEE802.20 MAN standards are based on MIMO technology. A MIMO
system can theoretically enhance the capacity for a flat fading channel by a factor equal to
the minimum number of transmit or receive antenna. Due to these reasons, the combination
of OFDM and MIMO is extensively used in numerous communication systems for supporting
high data rate for mobile users [6], [7], [8], [9]. Theoretical studies have shown that MIMO-
OFDM technology may result in highly bandwidth efficient systems to the extent of 10
bits/Hz.

The MIMO—-OFDM combination has a major limitation that in most of the cases it is not
feasible to use multiple antennas at the user end due to power, cost and size constraints
[10]. The solution to this problem is the use of distributed antenna nodes that cooperate
with each other to form a virtual antenna array in place of physical antennas thus providing
spatial diversity and array gain. Spatial diversity can be effectively used to mitigate fading in
a wireless channel. Such systems are known as “Cooperative Diversity (CD) Systems”.
Research has shown that benefits accruing from centralized MIMO systems are also
attainable by using CD system. CD systems using relays can also be used to increase the
coverage area. CD systems are widely used in relay, sensor and broadcast networks [11] [12]
[13], [14]. Owing to these reasons, beyond-third generation and fourth-generation systems
are likely to incorporate relay protocols like amplify-and-forward (AF) and decode-and-

forward (DnF). Most recently, IEEE LAN/MAN standard 802.16j has incorporated relays [15].
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In addition to frequency selectivity, another peril of mobile wireless channel is multipath
fading. The relative motion of receiver and transmitter renders a radio channel time variant
because propagation path changes. This time variant nature of mobile wireless channel
results in a phenomenon that is conventionally categorized as slow fading and fast fading. It
is pertinent to mention that if symbol duration is larger than the channel coherence time
then result is a fast fading channel that introduces irreducible BER loss. BER performance
suffers because fast fading distorts the baseband pulse shape thus impinging on the PLL and
matched filter performance. Fading can be mitigated in many ways. First, fast fading can be
avoided in OFDM by decreasing the symbol duration as compared to channel coherence
time. Second, diversity can be used to make a channel less fading and it plays a vital role in
adding reliability to a wireless communication system. However, an OFDM system practically
denies harnessing any frequency diversity present in frequency selective channel by
transforming it into a frequency flat channel. One way of adding diversity to an OFDM
system is to design for spatial diversity. It is at times the preferred type of diversity because
it does not incur any extra cost in terms of bandwidth and throughput. In an OFDM system,
Space-time block coding (STBC) may provides spatial diversity without requiring CSI at
transmitter side.

Finally, all communication systems less point-to-point and broadcast systems use one or
other multiple access schemes like FDMA, TDMA and CDMA. Multiple access schemes are
the hallmark of present day wireless communication system that enables the efficient use of

RF bandwidth, a precious resource. OFDMA is a multiple access scheme that suits best in
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case of OFDM because it is carved out of the OFDM signal structure. OFDMA may also
provide multi-user diversity by intelligent subcarrier allotment to different users based on
their respective SNR.

The crux of preceding discussion is that future wireless communication systems are likely to
be based on a mix and match of technologies like OFDM(A), MIMO, Cooperative Diversity

and STBC.

1.2 PROBLEM STATEMENT

A wireless communication system built upon a harmonized mix of OFDM(A), MIMO,
Cooperative Diversity and STBC technology is capable of supporting high-speed data transfer
between mobile terminals. A space-time encoded cooperative diversity OFDM system (CD-
OFDM) offers a number of benefits. First, OFDM makes it possible to design a simple
receiver that uses low complexity frequency domain (FD) equalization to mitigate frequency
selectivity by employing single multiplication per subcarrier. Second, cyclic prefix (CP) used
in an OFDM symbol will make the system less sensitive to channel delay spread. Third,
OFDM spreads the channel fade over multiple symbols thus making the system robust
against frequency selective fading and Doppler shift. Fourth, cooperative diversity system
using relays provides spatial diversity without using multiple antennas at the user end and
results in power savings. Fifth, STBC requires a simple maximum likelihood (ML) decoder due
to its orthogonal structure. Sixth, MIMO can increase the system capacity manifold by

exploiting spatial diversity.
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The preceding paragraph tends to imply that CD-OFDM or its variants have the potential to
meet all desired requirements in a wireless channel. Nevertheless, It is an over
simplification. Until this point in discussion, it is assumed that CD-OFDM system is perfectly
synchronized and all of the preceding performance claims are based on this assumption. In
order to harness all claimed benefits of a CD-OFDM system in a real world scenario, all
communicating nodes must be synchronized. However, synchronization does not come
cheap and is one of the most challenging tasks in any communication system.

In this dissertation, the synchronization issues related to CD-OFDM system will be
elaborated and solutions will be proposed. This research work focuses on the timing and
carrier frequency offset aspect of synchronization. In OFDM based systems, timing and
carrier frequency offset results in ISl and ICl respectively. It is pertinent to mention that
timing synchronization mechanism of an OFDM system is entirely different from single
carrier systems. Similarly, OFDM is more sensitive to CFO than any other single carrier
system and the problem worsens for high data rate designs because of reduction in carrier
spacing. When additional relays are incorporated in CD-OFDM system, the synchronization
problem becomes more complicated because all participating nodes need to be
synchronized. Even further, the presence of multiple relays transforms the synchronization
problem similar to that of OFDMA uplink. It is a multiple parameter estimation problem and
is highly complex. Furthermore, in case of STBC, the system becomes quite sensitive to

timing errors and accuracy of timing synchronizer becomes crucial.
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1.3 CONVENTIONS

In addition to thesis start, relevant notations are also listed in each chapter for a handy
reference. Similarly, for algorithm development, each chapter uses a slightly different
architecture of CD-OFDM system and the same is described in each chapter for better

understanding.

14 THESIS ORGANIZATION

Thesis structure is summarized below to serve as a handy reference.

Chapter 2 provides background information regarding technologies and concepts used in this
thesis. A general description of OFDM is provided with special emphasis on its merits and
demerits. An effort is made to explain the main reasons for selecting OFDM as the main
technology for analysis in this thesis. The benefits of integrating other technologies like
MIMO, Cooperative diversity (CD), OFDMA and STBC with OFDM are explored in detail. This
chapter lays the foundation of CD-OFDM system that is used throughout the thesis for
evaluating algorithms.

In Chapter 3, Synchronization is identified as the most crucial task to harness the boons of
CD-OFDM system. It is explained that a poorly synchronized CD-OFDM system erodes all
expected benefits. A mathematical model for wireless channel highlighting channel
dispersion and time dispersion is presented. Channel concepts like slow fading, fast fading
and frequency selectivity are explored. Models for OFDM system and for synchronization
errors are discussed and are used for synchronization algorithm development and evaluation

purpose in rest of the thesis.
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Chapter 4 formulates the symbol-timing problem in context of CD-OFDM system and
proposes a preamble and coarse timing algorithm. Literature review regarding OFDM symbol
timing algorithms and subsequently a model for analyzing timing errors is presented [16].

In Chapter 5, the detrimental effects of CFO are analyzed on system performance and an
overview of published CFO estimators for OFDM and OFDM based cooperative diversity
systems is presented. A cooperative diversity protocol is proposed. CFO estimator and
compensation mechanism is developed and evaluated. The proposed algorithms are also
applicable to OFDMA uplink scenario [17].

Chapter 6 describes a fine timing synchronizer based on channel estimation. The
performance of algorithm is evaluated in rigorous wireless channel [18].

Chapter 7 summarizes major contributions of this research endeavor and identifies venues

for future research.

1.5  PUBLICATIONS AND RESEARCH PAPERS

e M. |. Cheema and S. A. Khan, "A Low Complexity Fine Timing Offset and Channel
Estimation Algorithm for Cooperative Diversity OFDM System®, International
Conference on Communications and Information Technology (ICCIT-2011), Agaba,
March 2011 [18].

e M. I. Cheema and S. A. Khan, "A Robust Coarse Timing Synchronizer Design for
Cooperative  Diversity OFDM  System”, International Conference on
Communication and Electronics Information (ICCEl), Haikou, China, 22 February,
2011 [16].

e A Simple Carrier Frequency Offset Synchronization strategy for Multiple Relay
Cooperative Diversity OFDM System”, Pakistan Journal of Engineering and

Applied Sciences (PJEAS), Dec 2013, accepted for publication [17].
Page |9



CHAPTER 1 INTRODUCTION

M. I. Cheema and S. A. Khan, "A Robust Coarse Timing Synchronizer Design for
Cooperative Diversity OFDM System”, International Journal of Information and

Electronics Engineering (IJIEE), IACSIT Journal, Accepted and be published in

Vol.3, No.6, November 2013 [16].
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CHAPTER 2

COOPERATIVE DIVERSITY OFDM

SYSTEM

2.1 INTRODUCTION

Last decade saw birth and subsequent maturity of few technologies and concepts that
include OFDM (A), MIMO, STBC and cooperative diversity (CD). These technologies or their
combination has invariably crept in most of the emerging standards as shown in Table 1. In
following sections, these technologies are explored one by one to identify their desirable
features. These desired features are integrated to form a CD-OFDM system that has the
potential to meet most of the future-communication-system requirements. In the following
chapters, different system architectures of CD-OFDM are considered and synchronization
algorithms for the same are presented. Over here, the starting point is OFDM system that is
a well-established technology and above all favours seamless integration with other

technologies.

2.2 OFDM COMMUNICATION SYSTEM

The concept of parallel transmission over dispersive channel emerged in 1957. In its early
years, OFDM was primarily used in military applications because it required bank of
sinusoidal subcarrier modulators and demodulators that was not commercially viable. After
1971, OFDM system became more practical after a major design breakthrough suggested by

Weinstein and Ebert that used DFT based modulator and demodulator [19] .
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OFDM is mainly preferred over single carrier systems due to its robustness against frequency
selective fading. Single carrier systems face severe inter symbol interference (ISI) whenever
maximum delay spread t,,,,, Of a channel exceeds the symbol duration T. Two solutions are
prevalent to mitigate ISl in such a channel. First, ISI mitigation is done by equalization that is
at times prohibitively complex. Other solution is to increase the symbol duration to make it
larger than the duration of CIR. OFDM system is designed on this simple principle.

An OFDM system divides the available bandwidth (BW) into a number of parallel
narrowband subchannels. The sequential input data stream is converted into a parallel low-
data-rate symbol stream that modulates different subcarriers of an OFDM system. The
subcarriers are made orthogonal by making the carrier spacing equal to the reciprocal of the
useful symbol period and thus the name orthogonal frequency division multiplexing was
coined. These subcarriers face flat fading thus easing the equalization task. OFDM is
spectrally efficient because subcarriers spectrally overlap and are not band limited as is done
in conventional frequency division multiplexing (FDM) systems.

The parallel transmission of data is superior to serial systems in a number of ways. First, it
spreads the frequency selective (FS) fade over many symbols thus allowing reconstruction of
most of these symbols even without forward-error-correction (FEC). Second, OFDM uses
efficient Fourier Transform (FT) for data modulation and demodulation. Third, it generates
sine functions at all subcarrier frequencies and does not require band limiting. Fourth, FDM
is achieved by baseband processing instead of bandpass filtering thus complexity is reduced

manifold.
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Table 1: Wireless Standards based on OFDM (A), MIMO, STBC and Relays.

STANDARD / YEAR

APPLICATION

TECHNOLOGY USED

SPECIFICATIONS

IEEE 802.11a /1999 WLAN/ Wi-Fi OFDM , WATM 54Mbps, 6GHz

IEEE 802.11b /1999 WLAN/ Wi-Fi OFDM 11Mbps, 2.4GHz

IEEE 802.11g /2003 WLAN/ Wi-Fi OFDM, WATM 20~54Mbps, 2.4GHz

IEEE 802.11n /2003 WLAN/ Wi-Fi OFDM, MIMO 100~200Mbps, CcpP

0.8usec

IEEE 802.16a /2003 WMAN/ WiMAX OFDM , OFDMA, | NLOS coverage
MIMO

IEEE 802.16e /2009 | WMAN/ WiMAX OFDM , OFDMA, | Adaptive modulation

draft

MIMO , HARQ,, STBC

and FFT size, NLOS

,SM coverage
IEEE 802.16j /2009 | WMAN/ WiMAX OFDM , OFDMA, | Improved coverage,
draft MIMO , multi-hop | NLOS coverage
Relays
DAB/ 2007 Broadcast OFDM BW 1.8MHz, CP
246usec , No
Equalizer
DVB/ 2009 Broadcast OFDM BW 8MHz , CP
224usec (8K)
2.2.1 Basic OFDM Design Parameters

An OFDM system has some basic design parameters that can be manipulated to meet a

variety of transmission requirements in a specific channel. These parameters include useful

symbol duration T;, , number of subcarriers N and modulation scheme. The duration of T, is

inversely related to subcarrier spacing fj. A system with small subcarrier spacing is more

sensitive to carrier frequency offsets whereas larger symbol duration makes a system robust

against time dispersive channel effects.
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Consider a scenario, when constellation size is not changed that is modulation is fixed. The
number of subcarriers N must be increased to support a specific data throughput if larger T,
is selected. Note that number of subcarriers is directly related to FFT size and thus to the
receiver complexity. In case of a mobile channel with substantial Doppler shift, a larger f, is
required to ensure subcarrier orthogonality. If T,, is made larger than channel coherence
time then channel will become fast fading. The number of sub carriers N depends on Ty, ,
data rate R and BW. High data rate applications require OFDM systems with thousands of
subcarriers. Spectral efficiency, power budget and channel condition are the controlling
factors in selection of a specific modulation scheme. OFDM allows different modulation
schemes to be used for different subcarriers. A case study explaining OFDM design

procedure is presented at Appendix A.

2.2.2  Merits of OFDM System

OFDM is capable of efficient transmission in a multipath channel at a comparatively lower
implementation cost as compared to single carrier systems that use complex equalizers. If
channel is slow-fading then OFDM allows capacity enhancement by adapting symbol
constellation per subcarrier (SC) to achieve a desired SNR. OFDM can also be efficiently used
for single frequency networks (SFN) used for broadcast services.

A guard interval or cyclic prefix (CP) is inserted between two OFDM blocks to avoid ISI. The
use of CP results in loss of SNR and capacity but is a well-accepted tradeoff. CP is simply the
replica of few leading subcarrier samples in time domain added on the trailing edge of OFDM

symbol. As long as the duration of CP is larger than t,,,, then no ISl occurs. CP converts the
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linear convolution of channel and signal to circular convolution thus easing the design
requirements for timing synchronization .

OFDM system is highly adaptable and scalable vis-a-vis transmission channel and available
resources. OFDM design allows independent selection of modulation, FFT size, CP size,
subcarrier-spacing and subcarrier power to optimize the resource utility. Now a day,
Cognitive radio is considered a viable solution to solve the spectrum-crowding problem and
scalability of OFDM makes it a strong candidate for adoption in such systems.

MIMO is a proven technology for achieving higher throughput and its combination with
OFDM technology results in simple implementations because OFDM only needs single tap

equalizer.

2.2.3  Challenges of OFDM System

The OFDM systems have some inherent demerits that include stringent criterion for
frequency offset synchronization, large PAPR and absence of diversity gain.

First, OFDM is sensitive to frequency offset because it disturbs the subcarrier orthogonality
that is the pillar of OFDM principle. The main sources of CFO are local oscillator (LO)
impairments and Doppler shift. Due to design improvements, LO impairments have been
reduced to minimal but doppler shift arising from mobility cannot be avoided. In time
domain, the relative movement of transmitter and receiver results in time variance of
channel that gives rise to fast fading. In FD, mobility results in Doppler spread that describes

the spreading of transmitted signal proportional to relative velocity and signal BW.
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Irrespective of the source of CFQ, it results in ICl that degrades SNR. The SNR loss in this case
is proportional to the normalized frequency offset.

The second drawback of OFDM systems is the large PAPR. OFDM has large number of
subcarriers and their superposition results in large fluctuations in Rayleigh distributed power
profile that in turn gives rise to higher PAPR. The increase in PAPR is proportional to the
number of subcarriers used in the system. Higher PAPR requires costly power amplifiers (PA)
with larger linear operational range. Beyond the linear region, lies the saturation region and
operating in this region results in signal distortion. PAPR mitigation is typically done using
techniques like clipping and pre-coding. Clipping limits the amplitude of the input signal to
lie within the linear region of amplifier. Pre-coding techniques rearrange or modify the
transmitted symbols in a way to reduce the PAPR. PAPR taming is a major concern to be
reckoned in OFDM design. PAPR for nt* OFDM symbol with signal sample s(n, k) of k"

subcarrier is defined as:

(PAPR)n =, pna,

l |s(n, k)| l 1)

E{ls(n, k)[?}

Thirdly, OFDM systems are generally devoid of diversity gain because OFDM system usually
mitigates the effect of multipath by increasing the symbol duration but doing so it is
deprived of diversity gain. However, single antenna OFDM systems can obtain frequency
diversity by employing coding and interleaving between subcarriers. In case of multipath
channel, if multipath diversity is properly exploited by using maximal-ratio-combining or

RAKE receiver then performance gain in terms of reduced BER is achievable.
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2.3 MuLTIPLE INPUT MULTIPLE OUuTPUT OFDM SYSTEM

MIMOs are a vital component of the next generation communication systems that are
capable of supporting high data rate. A MIMO based system uses multiple transmit and
receive antennas for transmission of parallel data streams. The transmission follows
different paths thus resulting in transmit and receive diversity. It significantly increases the
system capacity and spectral efficiency. The capacity increases linearly with number of
transmit or receive antenna whichever is minimum. The capacity is increased by using the
same bandwidth but total power proportional to the number of transmit-antennas. It is a
remarkable feat of performance because Shanon-Hartley law postulated a logarithmic
increase in power requirement for achieving capacity gain.

In design of a wireless communication system, it is very challenging to simultaneously
increase data transfer rate, increase range of transmission and reduce BER. However, OFDM
based MIMO systems are known to show remarkable performance by simultaneously
improving on these benchmarks. A MIMO system may provide capacity gain, diversity gain
and array gain. MIMO systems may be categorized in three groups based on the
implementation.

First group includes Space Time Block Codes (STBC), Delay Diversity and Space Time Trellis
Codes (STTC). These are designed to use spatial diversity for enhancing power efficiency.
Diversity increases link reliability by mitigating the channel fading and co-channel
interference. Diversity gain is achieved due to signal transmission over several independently

fading dimensions in space, time and frequency. Subsequently signals from multiple sources
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are combined at destination using appropriate combining techniques like maximal ratio
combining or RAKE receiver. Spatial diversity is preferred at times because no extra
bandwidth or time is required. Spatial diversity can be achieved by space-time coding using
multiple transmit antennas. The underlying idea of STC is to add redundancy in space and
time dimension to achieve spatial diversity gain without requiring CSI at transmitters.

Second group comprises of V-BLAST and similar system designs that use layered approach to
increase the capacity. It exploits channel state information (CSI) for maximizing the
throughput. Such systems especially BLAST uses the spatial multiplexing to send many
independent data streams over different antennas. The spatial multiplexing results in
capacity gain without requiring additional power. This capacity gain is only available in a rich
scattering channel. Receiver uses differences in spatial signature to separate different users
transmitting independent data streams. However, number of receive antennas must be
equal to or greater than the transmit antenna for getting a unique solution for inverse of
channel matrix.

The third group of MIMO systems provides array gain that results in improved SNR but

requires channel knowledge (CIR) for coherent combining of signals.

2.3.1 Challenges of MIMO

MIMO has so many attractive features but there is a price tag for these goodies. On the
down side, detection process of MIMO signal is complicated due to interference from
multiple inputs in addition to ISl and noise. Implementation complexity of a high throughput

MIMO system increases exponentially when ML detection is used. Similarly, channel
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estimation problem in MIMO requires the estimate of large number of channel links that
equals the product of transmit and receive-antennas. The training pilots required for channel

estimation in this case are also too large.

2.4 COOPERATIVE DIVERSITY OFDM SYSTEM

Multihop relaying has conventionally been used in satellite relays and microwave links. Now
multihop relaying is seriously researched for incorporation in wireless communication
systems. In wireless communications, the participating relays are primarily used to achieve
diversity gain during transmission of a signal from source to destination and this conceived
system is widely known as Cooperative Diversity (CD) system.

The foundation of CD concept lies on two features of wireless communications. First,
wireless medium is broadcasting in nature. Second, relaying nodes practically form a
distributed multiple antenna system. These two features combine the benefits of
conventional relaying and multiple antenna systems in a CD system. However, the price of
these advantages is requirement for additional resources like bandwidth and power for fixed
data rate.

In CD system, single-antenna source can use antennas of other cooperating relays to form a
distributed antenna array to transmit its data to destination. Cooperative diversity is a
nascent spatial diversity method that provides the benefits of spatial diversity to single

antenna systems.
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A CD system may comprise of a source, multiple relay nodes and a destination node. The
basic idea of a CD system is to transmit a signal from source to destination with active
cooperation of relay nodes. Such system may benefit from spatial, temporal and spectral
diversity depending on the design of CD system.

CD systems use three kinds of relaying strategies namely Amplify-and-Forward (AF), Decode-
and-Forward (DnF) and Compress-and-Forward (CF). In AF protocol, relays only amplify the
received signal and forward it to the destination without decoding. It is the simplest method
for cooperation. The source node broadcasts the signal that is received by cooperation node
(CN) and destination node (DN). The CN amplifies the received signal including noise and
forwards it to DN. DN combines the signals received from SN and CN. As two received signals
have travelled through independent fading channels so performance is improved due to
transmit diversity. AF is suitable for CNs that have limited transmission power, processing
capacity and foremost, system is time delay sensitive. AF mode requires CSI of all channels
and this information is used to control the power of different nodes. The relays using DnF
protocol decode all incoming signals arriving from source prior forwarding the same to the
destination node. DnF has an edge on AF that it prunes the noise at CN by decoding the
signal prior to forwarding. The relays using CF protocols compress the received signal before

forwarding it to the destination.

2.5 SPACE TIME BLOCK CODED SYSTEM

STBC is used to maximize the diversity gain by combined-encoding of same data over

different antennas. Alamouti code is a well-known case of STBC that uses two transmit
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antennas and achieves full diversity gain. It has low decoding complexity due to its
orthogonal design.

The concept of Alamouti coding is simple. The two consecutive symbols s; and s, that has to

S1 5

ok *) Now the symbols in first and
S22 51

be transmitted are mapped on a matrix G, = (

second column are simultaneously transmitted by two different transmit antenna in two
symbol periods consecutively. It is pertinent to mention that entries of G, are linear
combination of s;, s, and their conjugates. This orthogonality makes the decoding process
simple. The two consecutive transmitted symbols y; and y, at the single receive antenna
are:

Y1 =hisi +hps; +ny (2)

Y2 = —hys; + hysy +n, (3)
where h; and h, are channel impulse response for two transmit antenna paths. The channel

is assumed to remain constant for two symbol durations. The estimated received symbols §;

and §, are:
$1 = hiy: + hyy; (4)
$4 = hihysy + hih,s, + hiny — hyhis, + hyhss; + hyn; (5)
$1 = (Ihy]? + [h2|®)sy + hing + hyn (6)
similarly
$; = hyy1 — hyy; (7)
§2 - h;hlsl + h;thZ + h;nl + hlh;SZ - hlhzsl - thl; (8)
$3 = (|he|* + |hz]®)sy + hyng + hyn; (9)

Page |21



CHAPTER 2 Cooperative Diversity OFDM System

The inherent orthogonality of G, matrix cancels out the unwanted signal components.
Thereon, estimated symbols §; and §, are processed in ML detector.

STBC can be used in MIMO and cooperative diversity systems alike. In case of cooperative
system, harnessing diversity using STBC is more challenging because all participating nodes
are not fully synchronized. Moreover, time selectivity degrades the performance of STBC
because its design is based on assumption of quasi-static fading channel or slow fading
channel. STBC suits for a slow moving terminal when channel variations are slow in time
domain. In order to address these constraints, use of OFDM for STBC coded cooperative
system seems expedient because different channel paths from participating nodes are
treated as multipath. Moreover, Space-time coded OFDM system is also robust against
timing asynchronism because timing shift in the signal translates into phase offset in case

there is sufficient CP added.

2.6 OFDM/OFDMA SYSTEM

OFDMA is multiple access technique used to support more than one user per OFDM symbol.
In OFDMA, each user is allotted only a portion of the available subcarriers. OFDMA may
provide multiuser diversity by intelligent subcarrier allocation because a subchannel facing
severe fading may turn out to be a high gain channel for another user at some different
spatial position. An OFDMA system allots several mutually exclusive bands of OFDM
subcarriers to different users for simultaneous use. Underlying structure of OFDM system
mitigates multiple access interference (MAI) due to inherent orthogonality among all

subcarriers.
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OFDMA inherits all merits and demerits of OFDM system. OFDMA can also benefit from
simple frequency domain equalization to compensate channel distortions. OFDMA also
favours simple subcarrier management. However, OFDMA is very sensitive to timing and
frequency offsets. Insufficient frequency offset correction destroys the orthogonality of
subcarriers and results in ICl and MAI. Similarly, timing errors results in high BER due to
resultant ISI.

A typical OFDMA system comprises of a base node (BN) and several user nodes (UNs). The
transmission from BN to UN is termed downlink and from UN to BN is called uplink. OFDMA
downlink transmission is similar to conventional OFDM where each UN synchronizes
independently and retrieves subcarriers assigned to it. Whereas in OFDMA uplink, several
UNs independently transmit their respective information on pre-assigned subcarriers which
traverse through different channels to simultaneously (ideally) arrive at BN. BN antenna
implicitly combines all these UN signals and subsequently synchronization is carried out for
each user separately.

An OFDMA block transmits information simultaneously from many UNs while an OFDM
block only carries information from a single user. Consider a scenario, where M UNs
communicate with BN by using N available subcarriers. Assume that there are Q UNs. The
available subcarrier can be equally distributed among UNs. The number of assigned

subcarriers may depend on data rate requirement of a specific UN. In case of equal
subcarrier distribution, each UN is assigned V' = " subcarriers. The subcarrier index set N,,

ranges from [0, N — 1]. Each user is assigned a unique set of sub carriers such that the index
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set for two users is unique. V subcarriers are grouped together and there are total P
subcarrier groups such that M < P thus forming P subcarrier index sets {N,,;:m =
1,2,..,P}.

Three subcarrier assignment schemes (CAS) are prevalent for OFDMA. First, Subband CAS
assigns adjacent subcarriers to a user and consequently is not capable of exploiting the
frequency diversity because band assigned to a user is likely to face the same fade. Second,
Interleaved CAS assigns uniformed spaced subcarriers to a UN and it results in frequency
diversity gain. Third, Dynamic CAS assigns subcarriers to users based on data rate

requirement and SNR for each user.

2.7 AN ANALOGY - OFDMA AND CD-OFDM SYNCHRONIZATION

The synchronization process of OFDMA is purposely explained here in detail due to its
semblance with CD-OFDM system synchronization. This analogy will also help in
understanding the challenges faced in CD-OFDM synchronization. Timing and frequency
synchronization in an OFDMA system is completed in three phases.

First, during downlink transmission all UNs independently carry out timing and frequency
estimation using the training preamble broadcast by BN. Conventional OFDM
synchronization algorithms are used for OFDMA downlink synchronization because
subcarriers allotted to a specific user face same timing and frequency offset. After acquiring
synchronization, each UN can detect its downlink data stream. The timing and frequency-

offset estimates so acquired are also used as reference for uplink transmission.
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Nevertheless, residual timing and frequency offsets persist due to different propagation
delays and Doppler shifts.

The second synchronization step is uplink timing and frequency offset estimation. This is a
multi-parameter estimation problem because BN receives a combined signal from all UNs
having distinct carrier and timing offset. The user separation at BN depends on the
subcarrier assignment scheme. After user separation, offset is seperately estimated for each
UN.

Third step in OFDMA synchronization is timing and frequency offset correction for each UN.
Offset compensation is quiet challenging due to inherent structure of OFDMA signal. The
offset compensation of one user will introduce even more offset for other UNs. Typically
offset compensation is carried out by feeding back the offset to respective UN for offset
correction. Nevertheless, feedback method is not feasible in channels facing severe Doppler
spread. Recently, complex signal processing algorithms are also used at BN to carry out
offset compensation for all UN subcarriers.

Multiuser OFDMA time synchronization is different and difficult as compared to downlink or
conventional OFDM. The main reason is that subcarriers of a single OFDM symbol are
assigned to different users and timing offset estimation at BS requires a prior user
separation. The problem does not end here; even after estimating timing offset, its
correction cannot be accomplished at BN because correction to one user will misalign other

users.
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2.8 CHAPTER SUMMARY

CD-OFDM is an OFDM based communication system that may incorporate other
technologies and concepts like MIMO, cooperative diversity, STBC and OFDMA to meet
some specific user requirement. In this chapter, the concept of CD-OFDM is explored by

describing advantages and disadvantages of different technologies used in it.
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CHAPTER 3

MATHEMATICAL MODELS OF

WIRELESS CHANNEL AND SYSTEM

3.1 INTRODUCTION

Mathematical modeling of a system is the first step to study the dynamics of an understudy
system. It helps in algorithm development and subsequent simulations to analyze the
performance of algorithm at system level. In this chapter, mathematical model for wireless
channel, OFDM system and synchronization errors are described for use in following

chapters

3.2 WIRELESS CHANNEL

Designing of almost any communication system follows the modeling of intended wireless or
wired channel. The characteristics of a wired channel are generally fixed in time and
frequency domain whereas wireless channel tends to vary simultaneously in both domains.
The wireless transmission between two points may take a line-of-sight path or it may follow
multiple paths obstructed by natural and manmade structures.

Different channel models with varied complexity have been proposed in literature to
simulate the actual channel. However irrespective of model complexity, all channel models
possess a basic virtue of facilitating the analysis and simulation of under design
communication system. A channel model may be as simple as “free space model” that is

based on inverse square law. This model is inadequate to mimic the characteristics of a
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practical wireless channel. In a typical wireless channel for mobile communication systems,
the LOS and multiple reflections of the transmitted signal follow different paths to reach the
receiver. This results in fluctuating amplitudes, phases and angle of arrival (AOA) for the
received signal as shown in figure 3.1 . This phenomenon is called “multipath fading” and is
characterized by large scale and small scale fading models. Large-scale fading is related to
the average signal power at some location and is explained in terms of path loss and
shadowing phenomenon. Path loss relates the average power of signal to the distance
between receiver and transmitter. Shadowing describes the fluctuations in signal due to

prominent terrain structures like buildings and hills.

Faded signal

-

) ) LOS sighal
Multipath signal

Figure 3.1: A typical outcome of destructive addition of multipath signals results in reduced magnitude.
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Small-scale fading model characterizes rapid variations in signal phase and amplitude for
small changes in spatial location mainly due to multipath interference. Multipath, in a
wireless channel, manifests itself in three different ways namely rapid amplitude
fluctuations, random frequency modulation (FM) due to varying Doppler shifts and time
dispersion. In context of mobile wireless communications, small-scale fading model is the

most relevant phenomenon.

3.2.1 Channel Model

In a multipath environment, the received signal is an aggregate of multiple time-delayed,
phase-shifted and attenuated replicas. Channel Impulse response (CIR) is the time domain
(TD) channel description that carries all necessary information to characterize a practical

channel adequately. The baseband CIR of a time variant channel is:

h(T O = ) Iz Ole T4 06 — ,(6) (10)

where |h;(z,t)|, T;(t) , and 6;(t, t) are amplitude , excess delay and cumulative phase shift
of i*" multipath at time t. Note that 0;(t, t) is:

0;(z7,t) = 2nf.7i(8) + ¢i (7, 1) (11)
where f. and ¢;(t,t) are carrier frequency and phase shift of i®" multipath. Delay for first
arriving multipath is taken as zero i.e. 7,(t) = 0 . Excess delay T; is the relative delay of it"
multipath as compared to 7.

If channel is assumed time invariant then CIR is:
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h(©) = ) Ile %6 (z — 1) (12)

L

The Power Delay Profile p(t) (PDP) of a multipath fading channel describes the relationship

between specific multipath power versus time delay. PDP for a time invariant channel is:

P = ) Inf?6( — ) (13)

Similarly, the normalized power Py is the cumulative of power of all multipath signals.

Py = Zlhil2 (14)

The K-factor is the ratio of the power of first path to other multipath. It is assumed that first
arriving path is the dominant path. The value of K-factor is inversely proportional to the
depth of fades. Root mean square delay spread t,,,s, characterizes the extent of frequency
selectivity because it determines bandwidth of the fades.

The channel transfer function for a time variant channel is:

H(f,t) = j Z|hi(r, t)|e 9@ (r — 1;(t)) e /2™ dr (15)

H(f,t) = Z| hy(£)] e~I (@TFri(+6,(6) (16)
i

H(f,t) varies with spatial and temporal changes and is determined by accumulating

incoming multipath magnitudes and phases. 6;(t) changes with change in location or time
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and results in rapid fluctuations in |H(f,t) |. Similarly, frequency selectivity is introduced

due to varying 7;(t) values at different frequencies.

Symbol
Source R | S/P | IFFT R CP
Mapping
\ 4
I
AWGN
Recovered Remove
_ | Decision P P/S | FFT |,
Data P

Figure 3.2: A generic baseband OFDM System

H(f,t) has a complex Gaussian distribution because it is the sum of large number of
random variables (RVs) with amplitude |h;(t)| and uniformly distributed phase over [0,27].
H(f,t) is zero mean in absence of a LOS component and non-zero mean otherwise. Thus
|H(f,t)| has a rician probability density function (pdf). In absence of LOS component, pdf of
|[H(f,t)| reduces to Rayleigh distribution. A sampled version of CIR is used for computer

simulations. The band limited CTF is:

Hp(f,t) = H(f,t) Wp(f) (17)
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where Wg(f) is rectangular window to limit the signal duration in TD to [—Ti,Ti] Ts is the
s IS

sampling interval.

Similarly, equivalent band limited CIR is found by convolution with a sinc function.

he(m D) = ) I (0)] e sine 710 (19)

- S
i

3.3 OFDM SYsSTEM MODEL

An OFDM system using N point Inverse Fast Fourier Transform (IFFT) is used. Each OFDM
symbol is composed of N, (N, < N) modulated subcarrier symbols A,, , where n denotes

OFDM symbol time index and k denotes subcarrier frequency index. The output of IFFT is
discrete time with sampling period T; = %‘ = % where the bandwidth (B) of OFDM signal is
B = Nf,. The subcarriers at both ends of the transmission band are left unused as guard

bands. Subsequently, transmitted signal is band limited to less than < bandwidth by using a
N

transmit filter G (w) thus making it simpler to design a Ty-spaced receiver [20]. The complex

baseband transmitted signal can be described as:

Su(t) = = Z Z A () * 97 () (19)

n——oo _Nu

Each subcarrier symbol is shaped by a rectangular pulse of length T,, and modulated on a
baseband subcarrier with frequency f;, = —. A cyclic prefix (CP) of duration T; = G. T is
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added to signal to reduce ISI. Hence, complete OFDM symbol length becomes T, =T, + T} .

Note that G is the number of CP samples and T is the duration of CP. Now the subcarrier

pulses are:
ok
P () = /T Ty g (20)
(1, 0<t< TC}
where u(t) = {O ’ olse (21)

The equivalent representation for the k;, sample of transmitted baseband n;, OFDM

symbol s(n, k) including CP is as:

Ny—1

1 . (km
s(ink)=— ) A, 2 (557)
VN mz ¢ 22

~N;<k<N-1

where

Now OFDM symbol length in a sample spaced system is N, = N,, + N . First, assume that
signal passes through an ideal channel without suffering any distortion or attenuation.
Moreover, if orthogonality condition T, fy = 1 is satisfied then receiver can detect the

transmitted symbols A, , . In this case, there is no ISl and ICI.

Tu
1 .
Apy = T—f s, (t)e 2k atqe (23)

u
0

Now assume a time variant CIR h(7,t) in a multipath environment that also incorporates

effect of transmit filter:
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h(@6) = ) (@018 = 1(t) (24)

L

The channel is treated as WSS process based on the assumption of uncorrelated channel
taps. The signal is received by using a flat-response receive filter in transmission frequency

range.

r(t) = h(t,t) *s(t) + w(t) (25)

r© = ) Ih(Ols(t =)+ wo) (26)

The channel does not change during transmission of one OFDM symbol thus fixing delay t;
for this duration. The received signal is sampled at rate T, = T (assume) and N, samples of

nt" OFDM symbol are:

r(n k) = ) I (RTDIS (KT, = ) + w(kT,)
i 27)

where —N;<k<N-1

Assuming perfect synchronization, the CP samples are removed and remaining samples are

demodulated using FFT operation that is equivalent to matched filtering.
1Nt _iom(km
R(n k) = —Z r(n,m)e jen(5) (28)
N m=0

where r(n,m) = {rno 1 Tz - Tan-1} (29)
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The demodulated nt* OFDM symbol is:

R(Tl, k) = Hn,kAn,k + W(nl k) (30)

and CTFis  Hnk = Z'hi(nﬂe_jznfkri (31)
i

3.4 SYNCHRONIZATION ERROR MODEL

Multicarrier systems are notoriously sensitive to synchronization errors. OFDM is not an
exception and system performance substantially degrades in case symbol timing and carrier
offset are not sufficiently compensated.

The transmitter sampling time T, and receiver sampling time Ty cannot be same because
separate clocks are used. The sampling frequency offset T, is measured in parts per million
(ppm) and is defined as:

T, — T
TA: ST N
N

(32)

The transmitter and receiver use two different local oscillators and frequency difference
between two oscillators is called carrier frequency offset v,. Combining CFO and SFO results
in a time dependent phase offset (t) = 6(kT;) . Similarly, receiver is not aware of
transmitter time scale thus start of OFDM symbol is not known exactly at receiver and may
have a timing offset of {4 = {T5. It is customary to embed the fractional part of TO in the

CIR.
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h{(T) t) = h(T, t) * 6(T - (A) (33)

Finally, incorporating all synchronization imperfections the signal is:
r(t") = es2m0(t") Z he (') s(t' — 1) + w(t’) (34)
1

where t’ is the receiver time scale. The sampled version of received signal in a multipath

channel is:

rn k) = €200 N (KT s(TY = 7) + w(KTY) (35)
l

where
O(kT,) = (1 + Ta)UpkT, (36)
Assuming a sample spaced system, the received signal encompassing CFO and TO effects can

be alternatively described as:

r(nk +¢5) = sCn,k + e/ () (37)

h V= Y 38

whnhere = fA ( )
_ niNg n(k +{,)

¢ = 2mnv + 2m— v+ 2 —— v (39)

v is CFO normalized to carrier spacing f, .

3.5 CHAPTER SUMMARY

In this chapter, mathematical models for wireless channel, OFDM system and

synchronization errors are presented which are subsequently used to develop, analyze and
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evaluate synchronization algorithms. Further, some of the channel related phenomena are

also elaborated. This chapter also lists various assumptions made regarding channel and

synchronization errors that make the analysis tractable.
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CHAPTER 4

COARSE TIMING OFFSET

SYNCHRONIZATION FOR CD-OFDM

SYSTEM

4.1 INTRODUCTION

OFDM and MIMO are the technologies of choice to enable high data rate wireless
communications. Commercial manifestations of these technologies include IEEE 802.11 a/n,
802.16e, 3GPP Long Term Evolution (LTE), Digital Video Broadcast for terrestrial and
handheld (DVB-T/H) and DVB-T2. OFDM is capable of converting a single frequency selective
channel into a frequency flat channel by dividing the available spectrum into a number of
overlapping but orthogonal narrowband subchannels. Moreover, intersymbol interference
(IS1) is avoided by adding cyclic prefix (CP) to each OFDM symbol. On the other hand, MIMO
employs multiple antennas at the transmitter and receiver sides to open up additional
parallel subchannels in spatial domain over the same frequency and time thus providing high
data rates for a fixed bandwidth. The OFDM and MIMO technologies have been successfully
used in a number of standards to provide high data rates in a multipath fading environment.
However, in mobile communications, it is not feasible to have multiple antennas at the user
end. In such scenario, cooperative diversity systems may be considered as an attractive

alternative.
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4.2 MOTIVATION

The combination of MIMO and OFDM is technically very promising for high data rate
wireless communication systems but the requirement of more than one transmitter antenna
is not feasible for portable terminal devices due to cost , size and power constraints.
Cooperative Diversity techniques can be used to relieve the Source and Destination side
from multiple antennas that are otherwise required to harness spatial diversity benefits to

mitigate signal fading [13].

An OFDM system based on this idea may be described as Cooperative Diversity OFDM
system (CD-OFDM). In CD-OFDM, distributed multiple nodes (relays) form a virtual multiple
antenna array thus replacing the requirement for multiple physical antennas. Figure 4.1
shows a CD-OFDM system comprising of a Source and a Relay that provide transmit diversity
similar to an open loop MIMO system (3x1). It is assumed that only one relay participates

but it can be extended to any number of relays by incorporating necessary modifications.

In this chapter, a new preamble and coarse timing synchronization method is proposed for
CD-OFDM system. For any OFDM based system, coarse timing estimation is required to
determine the start of frame and Fast Fourier Transform (FFT) window for each OFDM

symbol.

4.3 CHAPTER ORGANIZATION

This chapter is organized in various sections and the major sections are as follows. Section
4.5 presents literature review regarding timing synchronization in OFDM systems. Section

4.10 introduces the CD-OFDM system and proposed preamble structure for Decode and
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Forward (DnF) mode. Synchronization (coarse timing) algorithms are developed in section
4.11. Section 4.12 presents the simulation results to validate the proposed preamble and

timing algorithms.

4.4 TIMING SYNCHRONIZATION

Timing offset synchronization process is required in any OFDM receiver to acquire the start
of an OFDM symbol from the complex baseband samples. The primary aim of a timing
algorithm is to provide correct data samples to the FFT module. If incorrect samples are
provided, it degrades FFT output and results in ISl and ICI. Timing synchronization of OFDM is
conceptually different from a single carrier system. Single carrier systems use the criterion of
maximum “eye opening” to find the accurate sampling time but an OFDM signal does not
have anything like eye opening. An OFDM symbol comprises of hundreds of samples
depending on the FFT size and timing estimate practically identifies the start of the OFDM

symbol.

In OFDM, the impact of timing offset (TO) is dependent on CP length. If CP is larger than TO
then result is a simple phase shift of 2k fye at k" subcarrier sample. However, when TO is
larger than CP then ICI results in addition to phase shift. The TO generally has a fractional
part in addition to an integral part and their effect and compensation differs. The integral
part is multiple of sample time and determines the placement of FFT window. The fractional
part results in phase offset that is indistinguishable from the channel-induced phase offset. It
is common practice to leave the fractional offset unattended at this stage and address the

same as part of channel estimation problem.
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Timing synchronization is conventionally carried out in three phases namely signal detection,
coarse timing synchronization and fine timing synchronization. During signal detection
phase, presence or absence of signal is established by comparing the received power to a
threshold value. In second phase, Coarse timing synchronizer finds out the most likely start
of the OFDM symbol. Correlation is generally used to establish timing with a half symbol
tolerance. Coarse synchronization is not acceptable for desired receiver performance but
serves to relax the design criteria for fine timing synchronizer or any other tracking algorithm
that follows it. Moreover, coarse synchronization also ensures that timing point lies in the ISI
free region of the CP. In final stage, fine timing synchronization further narrows the range

and locks to dominant component of the signal.

channel
channel
channel

Figure 4.1: Cooperative Diversity System comprising of a Source(S), Destination (D) and multiple Relays(R)
provides transmit diversity without multiple antennas at Source.
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4.5 LITERATURE REVIEW

Timing algorithms can be divided into post-FFT and pre-FFT categories. Pre-FFT timing
algorithms mostly exploit structure of the OFDM symbol by either using CP or a repeated

training sequence.

Another classification broadly divides timing synchronization algorithms in “training based”
and “correlation based” groups. The training based algorithms rely on the transmission of
repeated OFDM symbols at the start of frame. These algorithms perform well and are
preferred for burst transmission due to fast acquisition [21]. However, adding training is
considered wasteful especially in a time variant channel because frequent training
transmission is required to ensure reliable symbol alignment. Correlation based timing
synchronization does not require any specialized training sequence and exploits the
structure of OFDM symbol. It uses repeated pattern of CP to identify the frame start but
performance is compromised in a dispersive channel.

A number of methods have been published in literature for timing synchronization in OFDM
systems. The CD-OFDM systems are much more sensitive to synchronization errors as
compared to simple OFDM system due to multi-user interference [22] and [12]. However,
only few papers explored synchronization of OFDM based Cooperative diversity systems
[23]. Most existing estimators use a preamble with repetitive structure in FD. This structure
results in a robust estimator that is based on peak search of correlation among repeating

preamble.
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Warner proposed a three-phase symbol timing synchronizer. Phase-| detects the presence of
OFDM symbol by using power detector. Phase-Il uses a correlator in FD to synchronize the
symbol within half sample range. Phase-lll accurately identify the peak of correlator output.
Finally, known training pilots are used on pre-assigned sub carriers for fine timing acquisition
[24].

Nogami and Nagashima used a preamble with null symbols in their timing estimator. It
detected the frame start by measuring received power. This post FFT CFO estimator uses
Hanning window. It uses null symbols as preamble and is not suitable for burst
communication because no way is available to distinguish between a null and intermittent
burst silence. Furthermore, it performs poorly in a dispersive wireless channel [25].

Schmidl and Cox pioneered a new idea of using repetitive TD preamble and searching for
peak of correlation for this preamble. It used one time domain OFDM symbol as preamble
with identical halves in each frame to estimate symbol timing. The preamble can be easily
formed by assigning a PN sequence at even subcarriers and keeping the odd ones empty in
FD. This algorithm is robust and simple to implement. However, the timing metric has a
plateau and reduces the timing accuracy [26].

Shi and Serpedin designed a novel preamble structure that sharpened the timing metric
peak [27]. Their Algorithm used a repetitive training preamble with four equal length
patterns like [A A -A A] . Numerous other estimators exist that concentrated on

preamble structure to get an even sharper timing metric peak [28], [29].
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Van de Beek based his symbol-timing algorithm on correlation of CP. However, the problem
of finding frame start remains unaddressed [30].

The ML estimator timing synchronization algorithm proposed by Yang used non-coherent
delay locked loop in an AWGN channel. It turns out to be a biased estimator in frequency
selective channel [31].

Coulson proposed a ML estimator that used phase of subchannel pilots for timing offset

estimation. However, estimator performs poorly in a frequency selective channel [32].

R RF Zﬁ
Data IFFT CP Insertion

A 4

wmv
—|
o
(@]
v

7y Front

Synchronization Sequence

Coarse Timing Synchronization

Data

STB ! RF
— < IFFT «— CP Removal |

Front

Decoding

Figure 4.2: Block Diagram of Transmitter and Receiver used in a CD-OFDM System of Source, Relay and
Destination nodes.

4.6 EFFECT OF OFFSET IN TIMING SYNCHRONIZATION

In order to analyze the effect of TO, ideal CFO estimation (vy = 0) is assumed. First
considering a non dispersive channel with 7,,,, = 0, the received signal vector including CP

is:
Page |44



CHAPTER 4 Coarse Timing Offset Synchronization for CD-OFDM System

r(n) ={r(n,—Ng; + {4),r(n,—N; + 1
+y), e ,7(M,04), een e ,r(n, N—1+4+,)

(40)
where r(nk +3,) = r(k + {4 + Ng + nN)Ts
Now describing the received signal in terms of transmitted signal, we have:
r(nk+ ) =s(nk+3)+wmk+{,) (41)
After removing CP and demodulation using FFT, we get:
N-1
_j2mlk
z(n, k) = Z r(nk+ (e’ N (42)
=0
N-1
_2mlk
z(n, k) = Z{s(n,k + ) +wnk+3)}e’ N (43)
=0

In first case, assume that TO lies within the CP region (—N; < {4, < 0). The received signal

becomes:

r(n) ={r(n,—Ng + (), r(n,—N; + 1

S ) T ,r(n, ), e o , vy, N -1+ ,) (44)

In this case, it is evident that only samples belonging to nt® OFDM symbol are used for

demodulation so the result is:

N-1, N-1
1 2mem(k+,4)
z(n, k) = Z {N Z a(nm)e’~ N

=0 m=0
2mlk (45)
+wnk+3)ie’ N
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.2mk(
z(n k) =a(n, k)e! N ‘ + W,k +,) (46)
N-1
21lk
where W(n,k +¢,) = z wn k +{) e N (47)
=0

It is evident now that in case of a non-dispersive channel, whenever TO {, falls within the
range [—Ng, 0] then the demodulated signal only suffers phase rotation that is constant in
time. This type of phase offset does not affect the performance of coherent and
differentially modulated systems that use time direction for detection.

In case-ll, assume that {, € {—N; — X, —N;} which depicts a scenario where samples of two

different OFDM symbols are fed to FFT module for demodulation. The demodulated samples

are:
N — 2T
z(n k) = — 8 4 (n, ke W

N-1-{4 X N-1 X

+% Z eI z a(n, m)ejan(H(“)
R (42)
—Ng- _

1 G ¢ .2nlk ety 27T !
+ z e N z a(n — 1, m)e/ WM+
=_NG m=0
+Wnk+ )

The resultant demodulated signal comprises of AWGN noise (fourth term), ICI (third term) ,
and ISI (second term) in addition to desired signal( first term).The desired signal has suffered
attenuation and phase rotation proportional to {4, and subcarrier index k .Firstly, these

deteriorating effects are fixed in time. Secondly, the subcarriers are no more orthogonal and

Page | 46



CHAPTER 4 Coarse Timing Offset Synchronization for CD-OFDM System

system has incurred ICI. Thirdly, preceding OFDM symbol is interfering with current symbol
and ISl is taking its toll.

In third case, a multipath channel is considered. The received signal is:

Tmax

r(n k) = Z h (s k — 1 —24) + wn k + 4, (49)
=0

where 7,4 is the MCDS. The demodulated signal is:

2(n, k) = W% lz G0 2 0o, 1O 0 (50)
=0
+Wnk+3)+I(nk+,)
where  alkt) = Y Il 5 (51
=0

Note that a(k, {4) is an attenuation factor approximation and is negligible for systems using
larger FFT size. A constant time phase rotation is also introduced. I(n, k + {,) accounts for
combined effect of ISI and ICI. I(n, k + {,) can be modeled as zero mean RV with power
67({,). Moreover, ISI can be avoided if timing estimate meets the condition that:
—Ng + Kipax < {4 < 0. In this region, only phase rotation and attenuation effect exists
which can be compensated easily. One important point to note at this stage is that actual
value of {4, does not give any reliable indication about the accuracy of timing estimate. In
literature, most of the time, loss in SNR of the system is used to determine the accuracy of

symbol timing estimator.
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4.7 CONTRIBUTION

A robust coarse symbol timing offset synchronizer design for cooperative diversity OFDM
system is proposed. Further, a preamble format suitable for Decode and Forward (DnF)
cooperative diversity scenario is presented. One-half of the proposed preamble for Relay
and Source is orthogonal and the other half is independent in time domain due to presence
of null portion. This null portion also provides sufficient delay required for DnF process. The
frame structure and cooperative protocol for Source and Relay is also elaborated in context
of deployment of proposed timing algorithm. Furthermore, two low complexity versions for
coarse timing metric estimator are also described. The performance of these algorithms is
evaluated for orthogonal, independent and proposed preamble using Monte Carlo
simulations. The proposed timing algorithm and preamble combination shows better
probability of synch detection and timing variance even in a Rayleigh fading channel. The

work in this chapter is also reported in [16] .

4.8 CRITERIA FOR PERFORMANCE EVALUATION OF TIMING SYNCHRONIZER

The primary aim of a timing synchronizer is to identify the start of frame or OFDM symbol. In
doing so, the performance of a timing estimator may suffer because of two phenomenon
namely “false alarm” and “missed detection”. In false alarm, estimator declares that synch
or frame start is found but actually, no frame exists at that instant. In missed detection case,
as name implies, the estimator fails to identify an existing frame start. The probability of

missed detection and false alarm is a reliable performance measure for evaluating timing
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synchronizer. In this work, these metrics are mostly used for performance evaluation of
timing synchronizer.

In addition, two other synchronizer states are also frequently used in literature. First, “false
synchronization” means that synchronization estimate given by estimator is not accurate
enough for reliable synchronization. Second, “Good synchronization” means that algorithm

has locked correctly on the synchronization point.

4.9 CHAPTER SPECIFIC NOTATIONS

Small letters are used for time domain signals and capital letters are used for frequency
domain signals. The node (x) represents Source(S), Relay(R) or Destination(D). The
transmission phase (y) represents the Listening phase(L) or Cooperation phase(C) .The link
(1) from Source to Relay, Source to Destination and Relay to Destination are denoted by

SR, SD and RD respectively.

4.10 SYSTEM DESCRIPTION

A brief description of CD-OFDM system, protocol, signal and channel is presented before

attacking the timing synchronization problem.

4.10.1 CD-OFDM Signal and Channel Model

A simplified block diagram for transmitter and receiver is shown in figure 4.2 that only shows
system components necessary for explaining the proposed algorithms. Source, Destination
and Relay are OFDM based systems. In figure 4.2, dotted blocks are used only during

Cooperative Phase and shaded blocks represent proposed preamble and timing algorithm.
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An OFDM system using N point Inverse Fast Fourier Transform (IFFT) is considered where
each OFDM symbol is composed of N, (N,, < N) modulated subcarrier symbols a,, , where

n denotes OFDM symbol time index and k denotes subcarrier frequency index.

4.10.2 Frame Structure and Proposed Preamble

CD-OFDM frame comprises of two subframes: Broadcast (Listening) subframe and
Cooperation subframe. Each subframe comprises of data and a time domain preamble.

Figure 4.3 shows the complete frame structure and preamble.

Complete Frame

A
v

Broadcast Sub-Frame Cooperation Sub-Frame

Preamble Payload Preamble Payload

Broadcast Preamble Cooperative Preamble

A
v

A
N

Ps Ps Pr,1 Pr,1

Pr,2 Pr,2

Figure 4.3: Frame Structure of CD-OFDM comprising broadcast and cooperative subframes. TD preamble for
source and two relay nodes are also shown

The preamble sequence {ps[n]: 0<n< Npre}, {rr[n]:0 < n < N,,..} defines Ny, samples
for Source (§) and Relay (R) preamble respectively with L. = 1 periods. In Cooperative
Phase of CD-OFDM, the received signal is a superposition of transmitted signals from Source

and Relay. Py, represents the preamble transmitted by x =S5 or R during y = CorlL
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phase.Thus, the preamble of Source and Relay need to be constituted and transmitted in
such a way that mutual interference is least and accurate synchronization is possible.
Orthogonal and Independent preamble formats are mostly used for multi-user systems.
Figure 4.4 shows these patterns alongwith their half-length counterparts. Orthogonal
preamble transmits (nearly) orthogonal patterns simultaneously from Source and Relay.
Independent preamble transmits from either Source or Relay at one time thus ensuring

orthogonality in time domain.

(a) Psc Psc
Prc Prc
(aa) Psc-HaLr Pschatr [Psc-HALr Psc-HaLr
PRrc-HALF Prc-HALF Prc-HALF Prc-HALF
(b) Psc Null
NU” PRC
(bb) Psc-HaLr Psc-HaLr Null Null
Null Null Prc-HALF Prc-HALF
(c) Psc Psc
Null PRC
(cc) Psc-HaLr Psc-HaLr Psc-HaLr Psc-HaLr
Null Null Prc-HaLF Prc-HaLF

Preamble Cooperative Sub-Frame

<
<«

[
»

<+—OFDM Symbol Length —»<«—OFDM Symbol Length —»

Figure 4.4: Preamble Patterns (a), (b), (c), (aa), (bb) and (cc) type.
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(a) Orthogonal preamble pattern. (b) Independent preamble pattern. (c) Proposed CD-Hybrid preamble
pattern for Cooperative Phase. (aa), (bb) and (cc) are the preambles with repetitive half OFDM symbol length
gold sequences.

A novel preamble format is proposed that combines the best properties of orthogonal and
independent preamble. It has N,,, equal to one OFDM symbol length and L. = 2 . It is
named CD-Hybrid (Cooperative Diversity — Hybrid) preamble because it suites best to
cooperative diversity scenario. It has a null in first half of Relay preamble that permits
sufficient time for decoding at Relay (DnF type) prior to retransmission. The preferred paired
gold sequences of OFDM symbol length are used in this model [23], [13] and [33]. A
preamble with N,,.. equal to half OFDM symbol length and L. = 4 can also be used that
will improve the resolution of frequency offset estimator. Two important features of
preamble are:

--First, time domain preamble is used because it simplifies the time synchronization
especially in burst mode transmission.

--Second, preferred pair gold sequence is used for Source(S) and Relay(R) due to its better
peak-to-average-power-ratio (PAPR), autocorrelation and cross correlation properties in

multiuser environment [33].

4.10.3 Space Time Cooperation Architecture

Transmission of a single frame is completed in two phases: the listening phase and
cooperation phase as described in [23]. In the listening phase, only Source broadcasts to

Relay and Destination without any space-time coding. During the Cooperation phase, the
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behavior of Relay and Destination is dictated by successful decoding at respective nodes. If
Destination successfully decodes during Listening phase then it ignores all transmissions in
Cooperation phase. In case of decoding failure, Destination receives the space-time coded
transmission from Source and Relay for retrying decoding. Source always retransmits its
space-time coded frame during Cooperation phase. Relay transmits a space-time coded
frame during Cooperation phase if decoding is successful during Listening phase otherwise
remains silent. The space-time coded sub frames of Source and Relay during cooperation
phase are constituent half portions of the complete Listening phase space-time coded frame.
There could be different ways of capitalizing from this space-time diversity setup but are out

of scope of this thesis work as it focuses on timing synchronization only.

4.11 PROPOSED SYNCHRONIZATION METHOD

The purpose of coarse symbol timing synchronization is to identify the start of frame so that
cyclic prefix could be removed and set of samples for subsequent FFT operation is flagged
correctly. Timing synchronization during Listening phase is similar to any other OFDM
system. However, in Cooperation phase, synchronization becomes a bit different due to
multi-user scenario. Taking symbol timing offset and carrier frequency offset into
consideration, the k received signal samples 7, ,,(k) at node (x = R or D) for Listening

Phase(y = L) become:

T, (k) = exp(jo,) exp (j

277,'le =
N ) Z hyisi(k — 1) + w(k) (52)
i=0

and k received signal samples for Cooperation phase (y = C) at destination (D) are:
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K-1

. 2mkvsp
rD,C(k) = exp(josp) exp (j N ) Z hsp,iSsp (k - TSD,i)
i=0

2kvgp (53)

N

K-1
+ exp(jogrp) exp (j ) Z hgp,iSrp (k — TRrp,i — P)
i=0

+ w(k)

where v; is the carrier frequency normalized by the subcarrier spacing , ¢; is an arbitrary
carrier phase factor , h;; is iy, channel impulse response tap , 7;; is timing offset and p is
timing offset between received signal from Source and Relay and is assumed to be less than

cyclic prefix..

4.11.1 Coarse Timing Estimation

For derivation of timing algorithm, it is assumed that target signal is preceded by channel
noise. This algorithm uses difference between squared distances of two parts of M samples
each separated by Q samples for calculating timing metric. Three different versions of the
algorithm are presented below with decreasing order of complexity. Type-3 algorithm is

specially suited for burst transmission.

O (r(d+Q +il2 — [r(d +i?)

T -1 = 54
ype Vcoarse(d) L (Ir(d + Q + llz + |T(d + l|2) ( )

11_ M-1

ycoarse(d) = Z (|T‘(d + Q + ilz - |T'(d + ilz)
a(d) Ly
i=
where
Type-2 M—1 (55)
a(d) = z Ir(d + Q + i|? + |r(d + i|?
i=0
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M-1
1
Type-3 Vooarse(d) =5 ) (Ir(d+Q + il = Ir(d + i) (56)
i=0

where [ is a scaling factor that is dependent on SNR but for sake of simplicity it may be

fixed. This thesisuses M = f§ = Q = %

The coarse timing estimator flags the largest amplitude of the timing metric as the start of

frame (do) such that it is greater than coarse timing metric threshold ;.

020 = argrr:iax Weoarse (D Veoarse(d) = ven 3
N (57)
=0,1 L=
d O’ ) ) 2

Estimated start of frame (cio) is pre-advanced by d 4, samples to make the estimator robust

in case of multipath channel so that it remains in the ISl free region.

Czcoarse = dO — dgay (58)

4.12 PERFORMANCE EVALUATION, SIMULATION RESULTS AND DISCUSSION

The performance of proposed algorithms is evaluated through computer simulations. The
CD-Hybrid preamble with N,,,, equal to one OFDM symbol length and L,,, = 2 is used. The
proposed preamble exhibits good PAPR, autocorrelation and cross correlation properties
that can also be capitalized in development of frequency offset and channel estimation

algorithm [33].
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Figure 4.5: Synchronization detection performance of Coarse Timing Synchronizer (Type-3) during Listening
phase.

The Cooperative Diversity network comprises of one Source node, one Relay node and one
Destination node. Geometric gain G; of 0dB is used for all considered cases for fair
comparison. All nodes are OFDM based systems using QPSK modulation. All simulations are
run in baseband and no pulse shaping or frequency up-conversion is done. The Rayleigh,
Rician and static ISI channels are used that have 16 taps with four taps spacing. Rayleigh
fading channel has exponential power delay profile with first-to-last tap ratio of 20 dB. K-
factor for Rician channel is four.

In Figure 4.5, Coarse timing method (type-3) is used for different SNR scenario during
Listening phase. This figure shows results for SD link using 1024 subcarrier OFDM system
with 10% guard interval. Transmitted Frame includes “time domain preamble” and

Page | 56



CHAPTER 4 Coarse Timing Offset Synchronization for CD-OFDM System

“information samples” of two OFDM symbol lengths each. Frame is prefixed and suffixed by
“noise only samples”. In order to evaluate the probability of missed detection(P,,isseq) and
probability of false detection(Pfalse),105 simulation runs are performed for a Rayleigh
channel. Simulation shows that Pp,;sseq and Prqse curves are distinctively separated which

results in good synch detection probability.
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Figure 4.6: Variance (sample)2 of Coarse Timing Metric (Type-1, Type-2, Type-3) for Cooperation Phase.

In Figure 4.6, variance of timing metric for Type-1, Type-2 and Type-3 algorithm for
cooperative phase in Rayleigh channel is compared for orthogonal, independent and CD-
Hybrid preamble using 10* simulation runs. For Type-1 algorithm, CD-Hybrid preamble
performs better for low SNR but Independent preamble leads marginally on high SNR. For
Type-2 algorithm, all three preambles perform equally well on high SNR but are overall

inferior to Type-1. For Type-3 algorithm, Independent preamble performs better than CD-
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hybrid. It can be safely inferred that CD-Hybrid preamble performs better than orthogonal
preamble in all cases. Independent preamble performs marginally better than CD-Hybrid for

Type-3 algorithm but is less robust than proposed preamble.

|| ——Cox-Rayleigh

|| ——Minn-Rayleigh

——#1-Rayleigh

1| —#2-Rayleigh

——#3-Rayleigh

][~ Cox-AWGN
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Figure 4.7: Variance of proposed Coarse Timing Metric (Type-1, Type-2, and Type-3) compared with other
algorithms during cooperation phase.

In Figure 4.7, a comparison of proposed algorithms using CD-Hybrid preamble is shown with
other existing algorithms like Cox [34] and Minn [28]. The AWGN, static ISI, Rician and
Rayleigh channels are used for 10* simulation runs. For AWGN and Rician channel,
proposed and Minn’s algorithm give (near) zero variance so these are not shown. In case of
ISI channel, Minn performs marginally better than Type-2 (#2) and Type-3 (#3) but Type-1

(#1) gives a superior performance. For Rayleigh channel, proposed Type-1 algorithm
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performs better than Minn and Cox. More importantly, in this case, variance remains

constant for different SNR values.

4.13 CHAPTER SUMMARY

CD-OFDM systems may be widely adopted in future mobile communication systems due to
their favorable features. In a step towards that direction, this chapter presents and evaluates
performance of a preamble that especially suites DnF based CD-OFDM system. Moreover, a
coarse timing algorithm and its low complexity versions were also described and their
performance is compared with already existing algorithms. Simulation results show that
performance of proposed algorithms using CD-Hybrid preamble is better than reference

algorithms in multi-user environment.
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CHAPTER 5

CARRIER FREQUENCY OFFSET

SYNCHRONIZATION FOR CD-OFDM

SYSTEM

5.1 INTRODUCTION

Cooperative Diversity Orthogonal Frequency Division Modulation (CD-OFDM) systems are
very sensitive to synchronization errors. In CD-OFDM, synchronization is more complex
because all cooperative nodes (CNs) have their own frequency oscillator and different
channel path which results in different timing and carrier frequency offset (CFO) for each
node. Consequently, each node has to be synchronized separately without affecting the
synchronization process of other nodes. All CNs transmit simultaneously during cooperation
phase (C-phase) and their aggregate signal is received at the destination node. CD-OFDM
systems pose a challenging synchronization problem but are ideal for accruing diversity in
small mobile units that cannot afford multiple transmit antennas like MIMOs. Figure 5.1
shows a comparative depiction of MIMO and CD-OFDM system.

Synchronization is a tedious job and various design parameters are interlinked that makes
harmonizing the tradeoffs even more complicated. Timing asynchronism problem in a
multiuser environment is eased by using OFDM because it is quite robust to small timing
errors due to presence of CP and longer symbol duration. The main reason is that; in OFDM,

small residual timing offset (TO) results in phase shift in FD channel that is conveniently
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addressed by channel estimator. It is pertinent to mention that longer symbol duration in
OFDM relaxes the timing synchronization problem but makes the system vulnerable to CFO.
Further, inaccurate frequency synchronization results in residual frequency offset thus
making the channel time variant. It results in inter carrier interference (ICl).

In CD-OFDM like OFDMA, the choice of CFO estimation and correction scheme is largely
dependent on the type of carrier assignment scheme (CAS). In sub-band CAS, cooperating
nodes (CNs) are allotted contiguous chunks of subcarriers. The interleaved CAS assigns
equally spaced subcarriers to each cooperating node (CN). Interleaved CAS benefits from
frequency diversity offered by multipath. The most widely used solution to resolve CFO
problem in OFDMA is to feedback the estimated CFO back to the CNs for correction because
correction of CFO at destination requires user separation. This scheme requires additional
bandwidth and power. However, in case of sub-band CAS, user separation is possible by
using filter bank thus conventional CFO estimation and correction methods can be used. In
case of interleaved CAS, iterative interference cancellation schemes are typically used but

these schemes are prohibitively complex.

5.2 CONTRIBUTION

A unique frequency domain (FD) preamble is proposed for each CN during C-phase that will
allow simple separation of cooperative nodes. These FD multiplexed preambles make the
synchronization problem identical to OFDMA uplink. OFDMA system typically uses highly
complex iterative CFO estimators for uplink synchronization like ESPIRIT. ESPRIT exploits the

shift invariance property of signals and requires Eigen decomposition of the covariance
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matrix. The high computational complexity renders ESPRIT less feasible in a real-time
application. However, a simple single-shot CFO estimator is proposed that uses repeated
preamble of two OFDM symbols duration. The proposed method is computationally efficient
because it relies on FFT operation for user separation and interference mitigation.
Subsequently, time domain (TD) multiplication is used for CFO correction of each CN.
Furthermore, a CD-OFDM protocol for data transmission is presented that suites the
proposed estimator and harnesses spatial diversity. The proposed estimator shows good
statistical results during simulations in AWGN and Rayleigh environments. During evaluation,
estimator variance, mean square error and symbol error rate are used as performance

measure. The results in this chapter are also reported in [17].

5.3 CHAPTER ORGANIZATION

This chapter is organized as follows. Section 5.4 presents the literature review of various CFO
estimation algorithms and section 5.5 describes the effects of CFO on OFDM system
performance. Section 5.6 introduces the CD-OFDM system for DnF mode. CFO estimation
and correction are developed in section 5.7. Section 5.8 presents the simulation results to

validate the proposed algorithms.

Page | 62



CHAPTER 5 Carrier Frequency Offset Synchronization for CD-OFDM System

Antenna Channel 1

(a)
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(b) Channell ,

Channel 2

Figure 5.1: (a) MIMO (2x1) (b) Cooperative relay system can also provide transmit diversity similar to
MIMO.

5.4 LITERATURE REVIEW

The carrier frequency offset estimation problem in a CD-OFDM system has many similarities
with OFDMA uplink. In this section, literature review is presented in a way to highlight
interconnect between published research work for OFDM, OFDMA and CD-OFDM systems.
CFO problem for single user OFDM system has been extensively explored in literature and
similarly many methods have been presented for OFDMA [35]. In most of the modern
communication systems, timing recovery precedes carrier recovery and both estimators
share same training preamble for offset estimation. However, in some cases dedicated
training may also be used based on design. Timing Offset imparts a phase rotation that is
dependent on the index of subcarrier in FD and at times, this property is exploited for

estimation purpose.
Page | 63



CHAPTER 5 Carrier Frequency Offset Synchronization for CD-OFDM System

Moose proposed a post FFT CFO estimator that was based on ML estimation. The algorithm
is based on comparison of phases of two repeated received training OFDM symbols. The
phase shift of subcarrier pair of repeated received symbols is due to the frequency offset
because modulation phase values and channel impact are identical for both training
symbols. This estimator has an acquisition range of half subcarrier spacing and timing
synchronization is assumed to be already achieved. Moose further explained that shortening
the period of repeated training pattern increases the acquisition range of algorithm.
Nevertheless, shortening of training period deteriorates the performance of estimator. More
importantly, training period needs to be larger than the CP otherwise ICI will distort the sub
carrier phases used for CFO estimation [36].

Classen and Meyr proposed a two-stage CFO estimation algorithm that used variable
number of uniformly spaced frequency domain pilots in atleast two OFDM symbols. The
structure of this estimator is especially suitable for high order modulation systems operating
in frequency selective environment. The acquisition phase has a range of multiple subcarrier
spacing and offset is reduced to half carrier spacing. The acquisition is carried by FD
correlation of received pilots with known pattern. The tracking phase further reduces the
CFO error. This iterative algorithm is computationally demanding [37].

Sari used equally spaced FD pilots embedded into the data symbol as training. The remaining
subcarriers are used for data transmission. Moreover, null sub carriers are used at both ends

to OFDM symbol to help identify the shifted pilot positions [38].
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Schmidl and Cox (S&C) modified the algorithm proposed by Moose and Classen. Their
algorithm reduced the complexity substantially and enlarged the CFO estimation range to
the multiple of subcarrier spacing. It also uses two OFDM symbols as preamble. The first
OFDM symbol has two identical halves and is used for timing estimation and fractional CFO
estimation. The second training symbol has a PN sequence that is differentially encoded on
the odd frequencies and another PN sequence at even frequencies. The second training
symbol is used for estimation of integral CFO part. The fractional CFO estimation is done by
exploiting the difference in identical halves of the first received training symbol. Its working
principle is that the two identical halves are affected similarly by channel and the only
difference is that of CFO. This design is based on an assumption that MCDS is less than CP
and prior acquisition of timing. The integral CFO estimation is done post FFT by using the PN
sequence to resolve the frequency ambiguity [26].

Morelli and Mengali (M&M) extended the S&C algorithm by using L repeated parts (L > 2)

in single OFDM training symbol. It has an acquisition range of =+ - and reduced training

N |~

overhead [39].

Beek proposed a CFO tracking algorithm for different users in the multiuser uplink of an
OFDM-based system. This algorithm is applicable to OFDM uplink where users are separated
in sub-bands of adjacent subcarriers. CFO estimation and correction is done in steps. First,
CFOs for all users are estimated at the BS. The estimation at BS is done by exploiting CP
redundancy and does not need additional pilots. Second, estimated CFOs are fed back to
respective users for coarse LO adjustment. However, in a non-coherent system, this
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estimator incurs a 0.7 dB penalty as compared to ideal CFO estimation. Further,
performance suffers as the number of subcarriers in a sub-band decreases and SNR for each
user is different [30].

Barbarossa proposed a CFO estimation method for sub-band CAS OFDMA uplink with quasi-
synchronous and asynchronous user nodes. This CFO estimator does not require known
preamble and its performance is not affected by presence of channel nulls. It exploits null
subcarriers inserted in subband of each user. This iterative method updates CFO estimates
until the energy of the DFT outputs corresponding to null subcarriers becomes minimum.
However, the claim of not using known preamble is not justifiable because use of null
subcarriers is similar to the use of known preamble except that null symbols may save some
power. Further, it is quite complicated because estimation requires a 2-D grid search [40].
Cao proposed a method for estimating the CFOs of all users simultaneously in OFDMA uplink
using interleaved CAS. This structure-based deterministic estimation algorithm exploits the
inner algebraic structure of the uplink signals for CFO estimation. Its working is based on
basic fact that signal from each user has a special periodic structure in an interleaved
OFDMA block. In first step, this algorithm arranges the received signals into a matrix form to
reduce the number of unknown CFOs to the number of users. In second step, a high-
resolution signal-processing technique like MUSIC [41] is used to estimate deterministically
the CFOs of all users. More importantly, this algorithm is computationally efficient because it
uses one OFDMA block for estimation and the number of unknown parameters equals the

number of users instead of total number of subcarriers. It does not require any training block
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or pilot sequence for CFO estimation. However, efficient working of algorithm requires that
CFOs of all users must be within half the subcarrier spacing and uplink signals are quasi-
synchronous. Further, estimation accuracy degrades as the number of active users
approaches the number of available subchannels [42].

Morelli proposed a CFO estimation method for OFDMA uplink using generalized CAS. In
generalized CAS, BS exploits CSI to assign the most suitable subcarriers to each user .This
dynamic resource allocation scheme is more flexible than the subband or interleaved CAS.
Generalized CAS can provide multiuser diversity because subcarriers are dynamically
allocated such that a deep fade subcarrier for one user is immediately assigned to some
other user where it happens to be high gain subcarrier. Nevertheless, dynamic allocation
policy makes the synchronization task formidable. CFO estimation uses the ad hoc reasoning
to compute estimates of frequency offsets of a new user entering the network. It uses
feedforward estimation and allows synchronization in only two OFDM blocks using
repetition of fixed pilot symbols. Its major limitation is the assumption that CFO estimation
and correction for other users have already been done [43].

The exact ML solution of multiple parameter estimation problem turns out to be too
complex in OFDMA uplink using generalized CAS so alternative schemes are extensively
explored by researchers. SAGE algorithms [44] are recursive approximation to the ML
estimator in which previous estimates of desired parameters are exploited to weed out the
MAI. Pun proposed an iterative scheme that jointly performs CFO estimation and channel

estimation. In each iteration, the superimposed signals arriving at the BS are separated by
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using SAGE algorithm. These separated signals are subsequently processed by an
Expectation conditional maximization (ECM) algorithm that updates CFO estimates and
channel estimation for each user. Above all, CFO compensation is done at BS and results in
overhead reduction. This feature makes it suitable for high mobility environments that
require frequent updates of estimates and solves the parameter-aging problem due to
feedback delays. It can estimate larger CFOs but computational requirements are too much
for a practical system [45].

CFO estimation for CD-OFDM system is still open for research and is drawing attention of
researchers. The estimation of CFO in cooperative environment turns out to be a multiple
parameter estimation problem and its maximum likelihood (ML) solution requires a
multidimensional (M-D) space search. It makes the exact ML solution extremely complex and
researchers resorted to transforming M-D search problem into a series of single dimension
searches [46] , [45] and [47].These iterative CFO estimation algorithms are still
computationally complex and require proper initialization for convergence.

Choi proposed a reduced complexity, post FFT scheme for CFO correction in multiple-user
environment that used circular convolution [48]. However, this scheme cannot be used for
timing correction and suffers due to multiple access interference (MAI).

The MAI issue in Choi algorithm was addressed by incorporating an iterative interference
cancellation scheme [49] but complexity was substantially increased. Some non-iterative
methods were also proposed for CFO estimation and mitigation. One such CFO mitigation

algorithm used long CP mitigation but required complex matrix inversion for each FFT block
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[50]. Similarly, an algorithm [51] used virtual subcarriers and subspace decomposition for
CFO estimation. Another method is proposed in [52] that pre-corrects respective CFOs at
relays instead of destination but this algorithm is based on assumption that relay knows CFO

between it’s receive and transmit paths.

5.5 EFFECT OF OFFSET IN CARRIER FREQUENCY SYNCHRONIZATION

In OFDM system, subcarriers lose their mutual orthogonality due to shift of received signal in
FD and the phenomenon is generally termed as Carrier Frequency Offset (CFO). In order to
study the effects of CFO on system performance, ideal timing synchronization ({, = 0) is
assumed.

In first case, whenever normalized CFO v is an integral multiple of carrier spacing, the result
is shift of modulated subcarriers by v units. In this case, subcarriers remain mutually
orthogonal; however, received symbol position at DFT output is altered.

The second case, when v is not an integral multiple is more troublesome and is studied in

detail.In an AWGN channel, the received signal is:

2mv(k+nN.)
r(nk) = s(mk)e’ N +w(n k) (59)

Taking FFT of received signal for demodulation purpose, we get:

2nv(l+nN,) _.2mkl
z(n, k) = {s(n, D/~ 8 +w(n, k)}e TN (60)
1=0
N—1N-1
1 2mim  2nv(l+nNg)  .2mkl
z(n, k) =Nz Z anm)e N e/7 N e /N (61)
=0 m=0
+W(n, k)
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z(n, k) = a(n, k) (1 +e’ (@) +e/" N

-1N
an(m k+v) (62)
+ Z an,m)e’" N  +Wnk)

1=0 m=0
m#k

sin(my) ]ny(N 1)

where @) =——< N 63
Nsin (7;\%1) (63)
2mvn(N + Ng

N

I 2 anv

= an(m k+v)
+ z an,m)e’ 8 L+W(n,k)
R

2T vnNc) vanNc

2

Il
o

using o(nk,v) = (64)

1 .
z(n, k) = Nef"’

——

(65)

2
,_;

l

I
o

1 .
z(n, k) = Nef"’a(n, k) fy()

N-1
1 .
+ Ne”’ z aln,m)fy(w+m—k) + W(n,k)
m=0

m=*k

(66)

The demodulated signal comprises of noise (n, k) , the desired signal a(n, k) and ICI (second

term).The desired signal is attenuated and rotated.

5.6 SYSTEM DESCRIPTION

A brief description of CD-OFDM system, protocol, signal and channel is presented before

attacking the CFO estimation and compensation problem.

5.6.1 Cooperative Diversity Protocol

We use two-phase cooperative system comprising: broadcast phase (B-phase) and

cooperation phase (C-phase) as described in [18] [51] [23]. Figure 5.2 shows the system that
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comprises of a destination node (DN), a source node (SN) and M relay nodes (RNs). All RNs
operate in DnF mode.

In the B-phase, only SN broadcasts preamble followed by information blocks using all OFDM
subcarriers. The RNs and DN attempt to decode it and failure or success in decoding is
determined by computing the frame check sum (FCS). The DN transmits acknowledgment
(ACK) or no-acknowledgement (NAK) signal based on result of decoding. The ACK/NAK signal
is used for RN selection in next phase and for coarse timing and frequency synchronization at
SN and RNs. This arrangement ensures synchronous arrival of data at DN and synchronous
detection.

During the C-phase, if an ACK is transmitted by DN then SN and RNs do not transmit.
However if DN transmits a NAK then M RNs that have successfully decoded the SN
transmission and received NAK from DN start transmission simultaneously. Each RN
transmits its unique FD preamble and data block on CAS mapped subcarriers. Any number of
RNs can participate in C-phase but this work used two RNs (i.e. M = 2).

During C-phase, DN receives a signal that is aggregate of all signals transmitted from RNs.
Consequently, DN faces multiple-parameter estimation problem because each RN operates
independently with its separate oscillator and channel path. It results in independent CFO
and TO for each RN. It makes the synchronization problem in C-phase identical to that of

uplink OFDMA.
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(a) Broadcast

(b) Cooperation Phase
Figure 5.2: Schematic of Cooperative Diversity protocol (a) Broadcast and (b) Cooperation phase

(a)In Broadcast phase only source node transmits. Solid and dashed link lines indicate successful and failed
decoding respectively at a nodes. Nodes are shaded to indicate the successful receipt of NAK signal from
destination. (b) In Cooperation phase, only those nodes participate that have successfully decoded the source
transmission and have also received the NAK from destination.

B-phase synchronization is similar to single user OFDM synchronization and any of the
known method can be used for synchronization [33], [31], [28], [53] and [54]. In this thesis,

we have only tackled the C-phase CFO synchronization problem being more challenging

5.6.2 Frame Structure and Preamble

The transmission of a single frame is completed in two phases. Transmitted frame comprises
of two subframes: broadcast subframe and cooperation subframe that are transmitted using

OFDM [23]. Frame structure and preamble are shown in figure 5.3. Each subframe comprises
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of data and a FD broadcast preamble (FDBP) or cooperation preamble (FDCP) that is used for

CFO estimation.

Combplete Frame

v

A

Broadcast Sub-Frame Cooperation Sub-Frame
Preamble Payload Preamble Payload
<«—Broadcast Preamble <«Cooperative Preamble
Ps Ps Pr1 Pr1
Pr.2 Pr2
Prm Prm

Figure 5.3: Frame Structure of CD-OFDM comprising broadcast and cooperative subframes. FD preamble for
source and M relay nodes are also shown.

In B-phase, FDBP is composed of N4 repeated FD training symbols {Ps[n]:0<n<N,—1}
from complementary golay (CG) sequence [33] . The index set of subcarriers assigned to Ps is
“Nu

P C{ ” ,_TM‘+ 1, ... .. ,%} The cardinality of this set is |Pg| = N,. CAS mapped data

block follows the FDBP.
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< FD Preamble Cooperation Sub-Frame

[
»

<+—0FDM Symbol—><—QFDM Symbol—>

(@) reiavr (LTI LTI

Relav-2

reiavr (L] LTI

Relav-2

(b) Relav-3 f/ﬁ "'?'fj
Relav-4 q:\\\\ k\\\b

Null |:| User-ﬂ]m] User-@
User—@ User—@

Figure 5.4: Frequency domain preamble patterns for two and four relays

(a) Two cooperating relays. (b) Four cooperating relays. Cyclic prefix is not shown here but actually used with
every OFDM symbol.

In C-phase, index set of subcarriers assigned for g, RN is P, and depends on CAS. The
FDCP of g;;, node is unique and is formed by placing null on all subcarriers except those

included in Pg,. Assuming M active nodes, the cardinality of index set for g, RN is

N. -
|IPR,q| = Hu Note that only those values of M are allowed that result in integer values for

|IPR | In case of sub-band CAS with M = 2, index set for first relay is Pr; = _—N”,ﬂ +
q ’ 2 2

1,..... ,—1} and index set for second relay is Py, = {1,2, ...... ,%} . The FD training symbol

of a specific RN (i.e. Py ) is formed by placing null at all subcarriers excluded from respective

subset and placing respective CG sequence value on remaining active subcarriers.

Ps (D), | € Pp,
0, else

PeD) = | (67)
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where

N, N,

Lot

2 2
Then IFFT operation is performed on this FD training symbol to get respective TD OFDM
training symbol. Then N, periods of this TD OFDM training symbol constitute the complete
TD preamble that is followed by data block. Each RN transmits its data on its pre-assigned
subcarriers. Figure 5.4 shows FD preamble for two and four RN cooperating system.
The received signal during C-phase is a superposition of transmitted signals from all RNs. The

unique preamble for each RN will allow us to separate the cooperating nodes at the

destination end for CFO estimation and correction

5.6.3 CD-OFDM signal and Channel Model

A simplified block diagram for transmitter and receiver is shown in figure 5.5 that only shows
system components necessary for explaining the proposed algorithm. In figure, dotted
blocks are used only during cooperative phase. Whereas, shaded blocks show the CFO
estimation and correction modules. In our model, we will consider the C-phase, where
multiple RNs are transmitting simultaneously and this aggregate signal is received at DN.

All nodes are OFDM system using N point inverse fast fourier transform (IFFT). There are M
RNs and each node transmits its signal independently on CAS mapped subcarriers. ay  is
null for non-assigned subcarriers. The complex baseband signal transmitted by xt* RN is

described as:
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Ny
o0 7_1
1
Sx(t) == Z Z Apk lpn,k(t) * gT(T) (68)

\/?u n=-—oo k=ﬁ

2

where x = {1,2, ..., M}. The OFDM symbol length in a sample spaced system is N, = N, +

N,

;- Finally, the equivalent representation for the k samples of transmitted baseband

Ny, OFDM symbol s, (k) is as:

1 okl
Sx(k) =— Z Ank e’Z”(N) (69)

—Ny<k<N-1

Consider a frequency selective multipath fading channel h,.(t,t) that combines the effect of

actual channel impulse response (CIR) and transmit filter g(7).

hx ) = hxi 6(t— i
D) Z (D8 - 1) -

Note that h, ;(t) and t; are the complex path gain and delay at time t for link from x" RN

to DN. The maximum channel delay spread (MCDS) is Tpnax,x = Ti=k,—1 and Ky is the length

of channel impulse response for link from x‘* RN to DN. For sample spaced channel, 7; = i
and h; represents path delays and discrete-time channel impulse response respectively.

Assuming a flat receive filter, the receiver input signal at DN (D) from single x* RN is:

Poa(8) = ) by ()56 = 1) + w(®) 71)
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The equivalent representation for the k samples of received baseband n;;, OFDM symbol is:

Ky—1

Poa) = ) hegse(k =) + w(k) (72)
i=0

where w(k) is the sample of zero mean complex Gaussian noise process with variance o;2.
The geometric gain G, ,, for xt" RN to SN or DN is as under [23]. SD indicates link from SN

to DN.

Kyy—1

o EE el
B e [i]12)

(73)

5.7 PROPOSED CARRIER FREQUENCY SYNCHRONIZATION METHOD

The CFO synchronization in a cooperative scenario is different from a single user case. First,
all RNs are spatially separated and have separate oscillators with independent oscillator
drifts. Second, all RNs have an independent channel path with different path delays. Third,
all RNs transmit asynchronously unless there is a mechanism to ensure synchronous
transmission. This problem is further exaggerated due to different path lengths for each RN
to DN link. Fourth, all RNs transmit simultaneously by sharing time and frequency domain so
user separation at destination is quite challenging. User separation is required for CFO
estimation of each RN. Finally, even if somehow CFO estimation for each RN is successfully
carried out then CFO correction at DN for one RN will introduce CFO in other RN signals. The

proposed CFO estimation and correction method will take care of all these issues.

Page |77



CHAPTER 5 Carrier Frequency Offset Synchronization for CD-OFDM System

Data — f
— CAS IFFT * CP Insertion -
Data ‘Synchronization }—T
: RF ’
— CAS “=— IFFT |~ CPRemoval [— |
— —
CFO Estimation ,|CFO Correction |,

Figure 5.5: Block diagram of CD-OFDM transmitter and receiver.

In order to address the asynchronism problem, TO and CFO information from DN is fed back
to SN and RNs for local synchronization. It eases the asynchronism and synchronization
problem a bit. To further relieve the timing synchronization at DN, the CP length is
extended to the extent that it accommodates the combined effect of the MCDS and
maximum two-way propagation delay pq = max {p,: x = 1,2, ..., M}. It is accomplished
by making Ny = Tpax + Pmax - Also, note that 7,4, = max {Trgx i X = 1,2,...,M}. Such a
system is known as quasi-synchronous and timing errors can be handled as part of channel

response.

5.7.1  Carrier Frequency Offset Estimation

At the DN, receiving antenna superimposes all RN signals to produce an aggregate signal that

is represented in baseband as:

M

(k) = ) 1. 0k) + w(k) (74)

x=1
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Taking symbol timing offset and carrier frequency offset into consideration, the received

signal 1, (k) for C-phase from x*"* RN becomes:

Ky—1

21tkv
) Z hy iy (K = T — 6) (75)
i=0

(k) = exp(joy) .exp (j

where v, is the carrier frequency normalized by the subcarrier spacing, 0, is the integer
timing error, ¢, is an arbitrary carrier phase factor , h,; is a specific channel impulse
response tap , T,; is timing offset for xt™" RN. Note that ¢, cannot be distinguished from
phase shift introduced by channel and therefore is assumed to be absorbed in channel effect
and subsequently compensated by channel estimation module.

We are only dealing with CFO synchronization problem so it is assumed that system is

already time synchronized.

Ky—1
2rkv
rD,x(k) =exp (j N x) Z hx,i-sx(k - Tx,i) (76)
i=0

Note that noise contribution from each RN is already incorporated in 1p (k). The CFO
estimation is based on a N,,; times repeated FD preamble that is unique for each RN.

It is assumed that channel remains constant for N,; OFDM symbol duration. For sake of
brevity, Npq = 2 is used but can be extended to any length by incorporating minor changes
in derivations that follow. Increasing Ny will increase the overhead but will improve the

estimation because of averaging effect. Due to extended CP, the received samples placed in
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the DFT window are free from ICl and two repeated training symbols rlg,ox)(k) and rD(,lx)(k)

received for x" RN are:

Ky—1

2mkv
00 = exp (J55) D b0 (77)
i=0
2rtkv 2N v e
T
TR0 = exp (T T ) D s (78)
i=0

After FFT, for AWGN channel, aggregate received repeated symbols Rl()o)(k) and Rl()l)(k)

are:

R (1) = AO(D) (79)

2N v
RSP(D = RO W.exp —) (80)

Note that after FFT, the subcarrier index [ is used instead of k. Now FD training subcarriers

for each RN can be easily separated, as their respective subcarrier index sets are known.

PS(O)(I) and PS(I)(l) are received repeated composite preamble symbols with added noise

and in case of noise free channel both are equal.

Rgg(l) = PR(,Ox) () + noise (81)

2nN.v
Rl()l’))c(l) = PR(;)(Z). exp (j c X

N ) + noise (82)

Now first and second received training symbol of a specific RN (i.e. PR(,O;(Z) and PR(;) )are

separated from the composite preamble as:

Page | 80



CHAPTER 5 Carrier Frequency Offset Synchronization for CD-OFDM System

(0)
PO = {PS D, 1€ Py, (83)
’ 0, else
P(l)(l) _ {P_S(l)(l)' [ € Ppy
. 0, else (84)
where _& <l< &
2 2
Ny

All null values are excluded and m subcarrier values from each repeated training symbol
(i.e. ﬁR(gc)(i) and ﬁR(;) (i) ) are used for CFO estimation. For a specific RN, it is evident that
two repeated portions are affected in a same way by channel and the only difference
between their respective values is zmlvv_cvx . This difference expression is further simplified

when N, = N . This fact makes it possible to estimate the CFO of each RN in cooperative
scenario in a way similar to single user estimation [36]. The estimated CFO v, for each RN

can be calculated as:

Nu
1 M Tml|Q, ;
Ve = tan™? l,gl—[Qxl] (85)
N, Ny
2n N iﬂil iRe[Qx,i]
Qui = B, conj{B% (D)}
where Ny, (86)
1<i<—
M

5.7.2  Carrier Frequency Offset Correction
CFO estimate V,, for each RN is obtained by using the proposed method but CFO correction
cannot be directly applied to the aggregate signal. Let Rg:z(l) be the n'® received

information symbol in FD that is formed by placing null at the subcarriers not included in
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index set of x® RN. Placement of nulls on non-member subcarriers results in noise
suppression because originally no information was transmitted on those subcarriers by x"

RN.

RM () = {Cg? D, L € Pgy
Rx 0, else (87)
2 <n < data block size

where

Now take IFFT of PR(n)

X

(1) and then apply CFO correction using V,. to this TD signal ré:? (D) as:

Same procedure is repeated in parallel for all RNs.

2ilv,

V() = IFFT(R{Y (D} exp (—j ~

) (88)

5.8  PERFORMANCE EVALUATION, SIMULATION RESULTS AND DISCUSSION

The performance of proposed algorithms is evaluated through computer simulations. The FD
preamble is composed of two (i.e. N,q = 2) repeated OFDM symbols. GC sequence of length
N is used for forming training symbol. The proposed preamble exhibits good peak to average

power ratio (PAPR).
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Figure 5.6: Average CFO estimate using proposed estimator versus actual CFO.

The cooperative diversity network comprises of one SN, two RNs (i.e. M = 2) and one DN.
Geometric gain G; of 0dB is used for all considered cases for fair comparison. All nodes are
OFDM based systems with 1024 subcarrier and 10% guard interval. QPSK is used for
baseband modulation. All simulations are run atleast 10,000 times in baseband and no pulse
shaping or frequency up-conversion is done. The normalized CFO is restricted to less than
half of the carrier spacing. The AWGN and Rayleigh channel with three taps is used for
simulation. For performance comparison (figure 5.11) with other well-known algorithms,

some of the parameters were modified for tractable and fair comparison.
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Figure 5.7: Standard deviation of estimated CFO versus SNR

In figure 5.6, average of estimated CFO E{V,} calculated by using the proposed estimator is
plotted against actual relative CFO for 20dB SNR in AWGN channel. Plot shows that
proposed estimator accurately estimates the actual CFO and there is no ambiguity in half
carrier spacing range.

In figure 5.7, standard deviation (STD) of estimated CFO v, is plotted versus SNR for AWGN
and multipath channel. STD hits a floor in case of multipath due to dispersive nature of the
channel. Note that proposed estimator was actually derived for AWGN but has shown
comparable performance for multipath in practical SNR range.

In figure 5.8, variance of estimated CFO is plotted against different values of actual CFO.
Results show that variance remains constant for different CFO values for single user and
two-user case. Variance only shoots up when we approach the half carrier spacing limit.
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Figure 5.8: Variance of estimated CFO versus actual CFO for single user and two cooperating relay nodes in
AWGN environment (20 dB).
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Figure 5.9: Variance of estimated CFO versus increasing number of cooperating relay nodes in AWGN
environment (20 dB).
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Figure 5.9 shows the effect of increasing number of RNs on estimator variance. Remarkably,
variance almost remains constant when number of RNs in a cooperating environment is

increased from one to eight.

T T T

L S e R R

T

T LTI

T T I

[ [
0 10 20 30 40 50 60 70
Number of Users

Figure 5.10: Mean square error of estimator versus different number of cooperating RNs in AWGN channel.

Figure 5.10 shows the effect of change in total number of cooperating RNs on mean squared
error (mse) of proposed estimator. Mean squared error increases as the number of RNs is
increased from one to twenty RNs but thereon becomes steady. Similarly, mse increases

with decrease in SNR value.
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Figure 5.11: Symbol error rate versus SNR for different carrier frequency offset estimators in cooperative
environment.

In figure 5.11, the performance of proposed algorithm (i.e. “New”) is compared with “HL”
[55], “LFH” [50] and “CLJL” [47] in terms of symbol error rate (SER). The FFT size of 64 is used
and accurate time synchronization is assumed where applicable for concentrating on
performance of CFO algorithms. All algorithms were modified to exclude convolutional
coding and incorporate Alamouti STBC. For fair comparison, the HL algorithm was
constrained to single iteration only. Reason being that HL algorithm takes its initial estimate
from CLIL algorithm for iteration so increasing number of iterations may favour it out of
proportion. Moreover, even single iteration HL is computationally more costly as compared
to other algorithms. However, for sake of completeness, HL algorithm was run for four

iterations (result not shown in figure 5.11) and significant observation was an improvement
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in performance for HL(0.4) and it converged towards HL(0.1). Increase in iterations resulted
in slight improvement for HL(0.1). Moreover, different bandwidth efficiency of these
algorithms was compensated by altering the transmission power. Figure 5.11 shows that
proposed algorithm “New(0.1)” performs better than other algorithms in the practical SNR
values (i.e. 12~18 dB) for average normalized CFO value of 0.1. Even for the case of higher
CFO value of 0.4, the “New(0.4)” algorithm performs better than “HL” and “CLIL” , specially
at large SNR values. The performance of “LFH” is understandably better for higher SNR and
especially for high CFO values owing to larger CP and computational complexity. However, it

is included in comparison for the purpose of completeness.

5.9 CHAPTER SUMMARY

The OFDM and MIMO technologies have been successfully used in a number of wireless
standards to provide high data rate in a multipath fading environment. However, in mobile
communications, it is not feasible to have multiple antennas at the user end. In such
scenario, cooperative diversity systems may be considered as an attractive alternative. CD-
OFDM systems may be widely adopted in future mobile communication systems due to their
favorable features. In a step towards that direction, this paper presented and evaluated
performance of a FD preamble that especially suites CD-OFDM systems using DnF relay
protocol. Moreover, CFO estimation algorithm and CFO correction method are also
described and performance evaluated. Simulations verify that proposed estimation

algorithm shows good results in terms of mean square error, variance of estimator and
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symbol error rate. Proposed algorithm effectively uses separate training for each relay and is
bandwidth efficient as compared to [50] and much less computationally intensive as

compared to [47], [48], [49], [50], [51] and [52].
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CHAPTER 6

FINE TIMING SYNCHRONIZATION

FOR CD-OFDM SYSTEM

6.1 INTRODUCTION

Many papers have shown that performance benefits attributed to MIMO are realizable by
using cooperative diversity systems but mostly same timing and carrier frequency offset for
participating nodes are assumed for such studies [12]. However, these assumptions are not
valid in practical scenario because nodes do not share the same channel and oscillator. CD-
OFDM system using space-time coding is more vulnerable to timing and channel estimation
errors. In case of synchronization errors, CD-OFDM system gets a performance degradation

penalty instead of performance improvement [13], [14], [22] and [51].

6.2 CONTRIBUTION

This chapter develops a general framework for estimating fine timing alongwith CIR for DnF
mode cooperative relay system that is published in [18]. All synchronization and estimation
processing is done in time domain (TD) to circumvent multiple FFT operations. It results in a
low complexity algorithm because same TD correlation is utilized to estimate timing and CIR
[54] and [53]. The proposed algorithms do not assume any synchronism between
participating nodes and is equally good for asynchronous cooperative nodes. A Block

diagram of the system used for algorithm development is shown in figure 6.1.
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Data | stc J IFFT | CP Insertion AR
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‘ T End
‘Synchronization Sequence |
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Data ;—' RF
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Received = g7 | IFFT | CPExtraction |1 o
- decoding i I
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Figure 6.1: Block diagram of CD-OFDM transmitter and receiver. STBC/STB decoding modules are used only
during cooperative phase.

6.3 CHAPTER ORGANIZATION

The chapter is organized in separate sections for clarity. Section 6.4 introduces the CD-OFDM
system for DnF mode. Fine timing synchronization and channel estimation method are
elaborated in section 6.5 and section 6.6 respectively. Section 6.7 presents the simulation
results to validate the proposed algorithms.

--Notations: Small letters represent TD signals and capital letters shows the frequency
domain (FD) signals. The node (x) represents source(S), relay(R) or destination(D). The
transmission phase (y) represents the listening (L) or cooperation (C) phase. Link (1) from
source to relay, source to destination and relay to destination are shown by SR,SD and RD

symbols, respectively. * denotes convolution operation.
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6.4 SYSTEM MODEL AND DESCRIPTION

6.4.1  Frame Structure, Preamble and Space Time Cooperation Architecture

CD-OFDM frame comprises of two subframes: listening subframe and cooperation subframe
[23], [11]. The length of these subframes does not need to be equal. Each subframe
comprises of data and a FD preamble. Frame structure, preamble and space-time coding
architecture are the same as explained in previous chapters and reported in [16]. The
preamble for source and relay during C- phase is shown in Figure 6.2. First preamble symbol

is independent and second is orthogonal.

Preamble Cooperative Sub-Frame

: OFDM Symbol Length __ OFDM Symbol Length :
Ps,c Ps,c
Null Pr,c

Figure 6.2: psc and pgc are preferred pair gold sequences for cooperative phase preamble of source and
relay respectively.

6.5 PROPOSED SYNCHRONIZATION METHOD

Timing synchronization is completed in two steps: coarse timing [16] and fine timing because
it allows early signal acquisition in burst mode transmission [56]. Timing synchronization
during listening phase is similar to any other OFDM system. However, in C- phase,
synchronization becomes a bit different due to inter node interference. It is considered that
signal of interest is deteriorated by timing and frequency offset. Thus, signal rxy(k) received

at node (x = R or D) for listening phase(y = L) becomes:
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e (k) = exp(jo,) .exp (j

2mkv, <«
YD sk ) +wl)  (89)
i=0

and received signal for cooperation phase at destination is:

K-1
) 2mkvgp
Tpc(k) = exp(josp) exp (j N )Z hsp ;- Ssp (k - TSD,i)
i=0
. 2mkvgp < (90)
+ exp(jorp)-exp (Jj N ) Z hrp.i-SrD (k
i=0

— Tgp,i —P) T w(k)

where v, is the carrier frequency normalized by the subcarrier spacing , ¢; is an arbitrary
carrier phase factor , h;; is a specific CIR tap , 7;; is timing offset and p is timing offset
between received signal from source and relay. It is assumed that CP is larger than the

combined length of 7,,,, and p.

6.5.1  Fine Timing Synchronization Algorithm

Fine timing synchronization utilizes the TD correlation of received signal and the known
preamble to identify the first channel tap. It is assumed that correlation start always includes
the exact frame start so that first channel tap is not missed in correlation result. This
assumption is justifiable because coarse timing is advanced to ensure it. Note that
correlation operation starting from time-advanced coarse timing will result in preceding
nulls (near zero correlation values) followed by CIR taps. The channel taps will shift on time

axis due to time varying nature of channel and same shift will be depicted in correlation
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results. Thus accurate symbol timing estimation even in time varying channel is possible. This
shift in channel taps is used to fine-tune the coarse timing estimate.

Many methods are described in the literature for finding the location of first actual channel
tap [31], [28] but in this chapter a simple method based on finding maximum energy tap is
used. This method takes advantage of the fact that in OFDM systems due to the presence of
CP, a timing estimate that lies in ISI (Inter Symbol Interference) free region of CP will not

degrade the performance. The correlation Rrxy.pxy of received signal with known TD

preamble is:

Npre—1
1
Rrxy,ny d) =+ Z rxy(d)-p;y(d — i) (91)

N <
=0
In order to limit the search length, correlation is computed from d = dygpse. During
cooperation phase, CD-hybrid (as described in chapter 2) frame is used so a special timing
metric is proposed that fully exploits the structure of this preamble. Fine timing metric for

SD and RD link during cooperation phase are:

Yrinesp = Rrpepsc(deoarse ) (92)
Yfine,RD = RrD(;,pR(;(acoarse + N) (93)
dfinesp = arg™™ {Vrme.sp| Yrinesp(d) = Yen fine } (94)
dfinerp = arg"s™ {Vrinero| Venero(d) = Yen fine } (95)
dfine = Afinesp + Arinerp — N — dfineaav (96)

where Yip rine and dfine qqp are fine timing threshold and fine timing pre-advance. In this
work, same Yy, rine is used for SD and RD link but it is possible to use different threshold for

each link depending on channel characteristics. It is assumed that first channel tap is the
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maximum energy tap. CD-hybrid preamble allows determining the frame start for SD (i.e.
Yfine,sp) and RD (i.e. Yrine rp) Separately that is subsequently used to determine the frame
start for combined signal

Fine timing metric for listening phase is simple because of the repetitive structure of

preamble used in listening phase. In this case, correlation Rrxy,pxyis averaged over two

periods. It results in an improved performance due to the quasi-static channel assumption.
The averaged correlation result is then used to form the timing metric and subsequently fine

timing is determined independently at relay and destination.

6.6 CHANNEL ESTIMATION ALGORITHM

The wireless CIR of each link is modeled as tapped delay line with sample spaced tap delays.
In order to model channel as a wide sense stationary process (WSS) the channel taps are
assumed to be uncorrelated with each other. Further, average energy of the total channel is
normalized to one and delays 7; are assumed constant for time of interest (i.e. two OFDM
symbols). The received signal at destination during cooperation phase is superposition of SD
and RD link signals. It is assumed that CIR for SD and RD links is statistically uncorrelated
thus enabling the system to harness diversity gain. Thus complex CIR for SD and SR links

during listening phase is:

hsp (D) = Z hsp,i6(t —7;) (97)

hRD (l) = Zl hRD,iS(t - Ti) (98)
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It is assumed that channel length for all links is equal i.e. K;=Ks, = Kgp. The TD preamble
and correlation result used for fine timing synchronization can also be used for calculating
the CIR. The received signal during listening phase at destination (D) and relay(R) are:

1p, (k) = ss(k) * hsp (i) + noise (99)

TR (k) = ss(k) * hsg (i) + noise (100)

The samples of first preamble symbol rD(f)C)(k) and second preamble symbol rD('lC)(k)

received during cooperation phase at destination (D) are:
(k) = s5(k) * hsp (i) + noise (101)
12 (k) = s5(k) * hep (i) + sg (k) * hgp (i) + noise (102)
Note that structure of CD-Hybrid preamble during cooperation phase can be used to

estimate rlg,zc)(k) that is the samples of second preamble symbol in absence of interference

from source. The estimation of TD(,ZC) (k) is valid based on the assumption of linear
superimposition of relay and source signals in a quasi-static channel.
rD(JZC) (k) = rD(JIC) (k) — TD(,OC) (k) + noise
i=01, .. K —1 (103)
where 0<k<N-1
In listening phase, estimated CIR for SD and SR links can be found by taking cross correlation
of received signal 1 ; (k) and 1z (k) respectively with known TD preamble and averaging

the same over two periods because of repetitive pattern of preamble. In order to reduce

complexity, correlation results of fine timing module are used for CIR estimation so coarse
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symbol start is used for initiating cross correlation operation. Finally estimated CIR for SD

and SR link in listening phase is:

t .
R runchy.ny (l)

h () =
= ax QREme, @)D (104)
where i=01,.......K, -1

Note that R"uncrx‘ylpxy is the truncated version of R,  in accordance with maximum
channel length.

In cooperation phase, correlation of rD(f)C) (k) and rD(IZC)(k) with respective preamble is used to
estimate the SD and RD CIR by using (104). In order to evaluate performance of CIR
estimator during C- phase, Normalized Mean Square Error (NMSE) is defined as:

K;—-1
NMSE = z
i=0

2 2

hep () — hgp (D)
hep ()

hsp () — hep (i)

105
0 (105)

6.7  PERFORMANCE EVALUATION, SIMULATION RESULTS AND DISCUSSION

The performance of proposed algorithms is evaluated through computer simulations. The
cooperative diversity network comprises of one source, relay and destination node each. All
nodes are OFDM based systems using QPSK modulation. All simulations are run in baseband
and no pulse shaping or frequency up-conversion is done. For fair comparison, a 1024

subcarrier OFDM system with 10% guard interval is used.
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Figure 6.3: Channel Impulse Response estimated using time domain preamble for SD Link during listening phase
(20 dB).

In Figure 6.3, CIR for a five taps Rayleigh channel is estimated. Note that an exact Impulse
response value lies at the middle of box while a crosshair (+) shows the estimated impulse

response value. It is evident that channel estimator reliably estimates the impulse response
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Figure 6.4: NMSE for channel estimate in cooperation phase.

Figure 6.4 shows normalized mean square error (NMSE) of channel estimate in C- phase

compared with Shin [23]. The proposed algorithm performs better than Shin primarily at

low SNR due to two reasons. First, it is based on orthogonal and independent structure of

preamble. Second, Shin uses interpolation for estimating intermediate taps and error margin

is larger at low SNR.
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Figure 6.5: Fine Timing Metric (Normalized) for listening phase (20 dB) in AWGN channel.

Figure 6.5 shows the fine timing metric for SD link of listening phase as recovered from CIR
estimate in case of AWGN channel. Exact Frame start is recovered. Effect of coarse timing
advance results in leading nulls which will be taken into consideration while determining the
exact start of frame.

Finally, Figure 6.6 compares the mean square error (mse) performance of fine timing
synchronizer with other published estimators like Minn [28], Czylwink [57] and Park [58]. It
can be seen that proposed method gives almost constant mse after 7 dB. A constant mse for

different SNR values makes synchronization process robust.
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Figure 6.6: Mean square error comparison for fine timing synchronizer.

6.8 CHAPTER SUMMARY

In this chapter, two estimators are proposed for calculating fine timing and channel impulse
response (CIR) of a CD-OFDM based communication system. The proposed low complexity
algorithms are designed to operate with asynchronous nodes having independent timing
and carrier frequency offsets. These algorithms fully exploit the specially designed structure
of time domain preamble used for cooperative communications. For the sake of reducing
complexity, both estimators use the correlation results of the same preamble. Moreover, CIR
is estimated in time domain thus making multiple FFT operations redundant. Further, fine
timing estimator is based on a simple but robust idea of first channel tap identification in
cooperative communications scenario. The performance of these algorithms is evaluated in
Rayleigh fading environment using Monte Carlo simulations and performance is found better

than other comparable algorithms.
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The proposed channel estimation algorithm performs better than Shin at low SNR. Similarly,

proposed fine timing estimator is robust and gives better performance than [28], [57] and

[58].
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CHAPTER 7

CONCLUSION

7.1 INTRODUCTION

This research endeavor has two main objectives. First aim was to identify a research problem
and contribute towards its solution. Second aim was to stimulate further research by
exposing new research directions. A focused effort was made to achieve these objectives

and the research work reported in this dissertation substantiates this claim.

7.2 THESIS SUMMARY

The research and development of communications technology is primarily driven by needs
of military and commercial users. In general, both communities desired for higher
throughput and mobility. In this work, OFDM is identified as pivotal technology for future
wireless communication systems owing to its simple implementation in multipath channel.
Integration of OFDM with other technologies is considered to further enhance the
robustness, reliability, throughput and coverage area. In this context, technologies and
concepts like MIMO, OFDMA, STBC and cooperative diversity are explored to develop an
improved communication system that is referred as CD-OFDM in this dissertation.

It was observed that performance of CD-OFDM is heavily dependent on the quality of
synchronization. Thereon, the synchronization problem of CD-OFDM is attacked and
solutions proposed. This work is unique in its scope because instead of looking OFDM
synchronization in isolation, an effort is made to address the synchronization issue in a

scenario where OFDM is integrated with other technologies.
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The CD-OFDM system, considered in this work, is a conglomerate of technologies like
OFDMA, STBC and relays. The constituent technologies may vary depending on user
requirement but all combinations are OFDM centric.

In chapter 4, CD-OFDM system uses relays and STBC. DnF Relays are used to incorporate
cooperative diversity concepts and harness its inherent advantages like increased coverage
area. STBC accrues diversity gain but requires accurate timing synchronization to use simple
ML decoder. A preamble is presented that is tailor made to suite the requirements of this
cooperative diversity system. Further, a coarse timing offset estimation algorithm is
proposed for this scenario. Two low complexity variants are also described. Performance of
these algorithms is evaluated and found to surpass some of the reference algorithms in
literature.

In chapter 5, CD-OFDM system similar to OFDMA uplink was considered. Transmission
protocol and frame structure for this system was developed and elaborated. Synchronization
problem of OFDMA uplink transforms into a multiple parameter estimation problem and
highly complex iterative algorithms are generally used to solve it. It is pertinent to mention
that CFO estimation and compensation in OFDMA uplink requires user separation. Without
user separation, CFO can neither be estimated nor compensated accurately. A simple CFO
estimation algorithm and CFO compensation algorithm is proposed and evaluated.

Chapter 6 describes a fine-timing estimation algorithm for CD-OFDM scenario. Channel

estimation is generally required for most of the modern communication systems. The
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proposed fine-timing algorithm utilizes the same channel estimate to determine the

dominant channel path in a CD-OFDM system.

7.3 FUTURE WORK

In case of cooperative diversity systems including CD-OFDM, there is an inherent timing
asynchronism in signals arriving from participating nodes due to diverse channel between
any two nodes. The timing synchronization problem is the most challenging one and is
addressed in case of CD-OFDM by increasing the CP to make the channel quasi-synchronous.
However, increasing CP increases overhead and this loss becomes too costly when inter
node distance is increased beyond 20km because CP almost becomes equal to frame length.
In published literature, no efficient and practical method other than “quasi-synchronous
assumption” exists. The asynchronism of cooperating nodes is a challenging research
problem and warrants a novel and ingenious solution that may provide impetus to new
more efficient MAN standards.

Moreover, during this research initiative different training preambles and cooperative
diversity protocols were presented during evaluation of timing and CFO estimation
algorithms. These preamble structures and transmission protocols have a definite impact on
system throughput however; emphasis was deliberately focused on evaluation of
performance of proposed estimators to keep the research problem manageable. It is felt
that elaborate capacity analysis must be carried out in future to substantiate the case for

practical utility of proposed system and estimators.
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Furthermore, performance of proposed estimators is compared with numerous published
estimators of same kind based on mean square error, variance and bit error rate. In general,
comments were made regarding scale of complexity of these estimators but it would be a

good idea to carry out detailed complexity analysis of these estimators.
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APPENDIX-A

CASE STUDY - OFDM DESIGN

PROCEDURE

In this case study, detailed procedure of OFDM design is discussed. First, user requirements
are mentioned and then an appropriate design is gradually developed. The user wants to
transmit 30 voice channels in hilly terrain. Assuming PCM quantization and A-law codec,
single voice channel requires 64Kbps. The hilly terrain will have maximum path loss and will
reduce the coverage area for a given transmission power. In this design as we are not
concentrating on transmission power, so path loss factor of terrain will have no impact. SUI-
5 channel model is used as true representation of our channel [59]. According to SUI-5
model, the expected maximum channel delay spread is : 7,4, = 10usec .

In order to mitigate the dispersive nature of channel, CP must be greater than t,,,,. We
choose CP length: T; = 12usec . All multipath will fall within same bin so we do not need to
resolve the multipath.

Overall transmission rate is 1.92Mbps. However, channel is frequency selective and channel
coherence BW is 12KHz. It can support maximum 20Kbps in case of single carrier system.
When data rate will increase beyond 20Kbps, ISI will result and complex equalization
process will be required. Therefore, it is advisable to use OFDM system in this case.

In OFDM design, it is assumed that CP is one eighth of the OFDM symbol duration T. Now

the OFDM symbol durationis: T = 96usec .
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Carrier spacing f, is related to symbol duration as: fy = % . It makes f) = 10KHz which is

within the coherence bandwidth. Assuming that available BW = 1.5MHz. The number of

__ BW _ 1.5MHz
T fA  10KHz

subcarriersis: N = 150 . For the sake of design simplicity , the FFT size is

selected as: N = 128. Using 4 subcarriers as virtual carriers on both sides to ease the
filtering process, we are left with useful subcarriers N, = 120 for data transmission.
Using QPSK as baseband modulation and modulation constant M = 2 bits per symbol ,

we get the raw data transfer rate:

R N, M (100)(2bits per symbol)
=T +T,) 108usec

= 2.22Mbps

Achievable data rate of 2.22Mbps is well above the required data rate and will take care of

overhead in form of CP.
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