Ryerson University

Digital Commons @ Ryerson

Theses and dissertations

1-1-2006

Subcarrier availability in OFDM systems with
imperfect carrier synchronization in deep fading
noisy doppler channels

Litifa S. Noor
Ryerson University

Follow this and additional works at: http://digitalcommons.ryerson.ca/dissertations

b Part of the Electrical and Computer Engineering Commons

Recommended Citation

Noor, Litifa S., "Subcarrier availability in OFDM systems with imperfect carrier synchronization in deep fading noisy doppler
channels” (2006). Theses and dissertations. Paper 427.

This Thesis is brought to you for free and open access by Digital Commons @ Ryerson. It has been accepted for inclusion in Theses and dissertations by

an authorized administrator of Digital Commons @ Ryerson. For more information, please contact bcameron@ryerson.ca.


http://digitalcommons.ryerson.ca?utm_source=digitalcommons.ryerson.ca%2Fdissertations%2F427&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.ryerson.ca/dissertations?utm_source=digitalcommons.ryerson.ca%2Fdissertations%2F427&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.ryerson.ca/dissertations?utm_source=digitalcommons.ryerson.ca%2Fdissertations%2F427&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=digitalcommons.ryerson.ca%2Fdissertations%2F427&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.ryerson.ca/dissertations/427?utm_source=digitalcommons.ryerson.ca%2Fdissertations%2F427&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:bcameron@ryerson.ca

I71) w957

SUBCARRIER AVAILABILITY IN OFDM

SYSTEMS WITH IMPERFECT CARRIER

SYNCHRONIZATION IN DEEP FADING
NOISY DOPPLER CHANNELS

by

Litifa S. Noor
B.Eng., Ryerson University, Toronto, Ontario, Canada, 2004

A thesis
presented to Ryerson University
in partial fulfilment of the
requirements for the degree of
Mater of Applied Science
in the program of

Electrical and Computer Engineering

Toronto, Ontario, Canada, 2006
(©Litifa Noor, 2006

PROPERTY OF
RYERSON UNIVERSITY LIBRARY

covam g o yommvel



UMI Number: EC53799

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform EC53799
Copyright2009 by ProQuest LLC
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



Author’s Declaration
T hereby declare the I am the sole au_thor of this thesis.

I authorized Ryerson University to lend this thesis to other institutions or individuals for
the purpose of scholarly research.

Author’s Signature: . g o |

I further authorize Ryerson University to reproduce this thesis by photocopying or other
means, in total or in part, at the request of other institutions or individuals for the purpose
of scholarly research.

Author’s Signature: = _

ii



Abstract

Subcarrier Availability in OFDM Systems with
Imperfect Carrier Synchronization in Deep Fading
Noisy Doppler Channels
(©Litifa Noor, 2006

Mater of Applied Science
Electrical and Computer Engineering
Ryerson University

In this thesis, we investigate the performance of a multi-user OFDM system under imperfect
synchronization which is caused due to noise, Doppler shift and frequency selective fades
in the channel. Analytical result indicates that the SNR degrades as the average power of
the channel impairments such as AWGN, carrier frequency offset due to Doppler frequency
and fading gain is increased. The SNR degradation leads to imperfect synchronization and
hence decreases the total nﬁmber of subcarriers available for allocation. Based on Monte
Carlo analysis, 22% loss in the number of allocatable subcarriers is noticed under imperfect
synchronization as compared to perfect synchronization. We utilize empirical modelling to
characterize the available number of subcarriers as a Poisson random variable. In addition,
we determine the percentage decrease in the total number of allocatable subcarriers under
varying channel parameters such as AWGN, Doppler frequency and fading gain. The results
indicate 19% decrease in the number of available subcarriers as average AWGN power is
increased by 10dB; 44% decrease as the Doppler frequency is varied between 10Hz to 100Hz;
and 56% decrease as the fading gain is varied between 0dB to —30dB. Furthermore, the
evaluation of an adaptive subcarrier allocation algorithm under imperfect synchronization
indicates improvement in the BER performance as compared to perfect synchronization.
Hence, radio resource allocation for multicarrier systems should consider the percentage loss

in the available subcarriers under imperfect synchronization.
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Chapter 1

Introduction

The growing demand for high-speed mobile wireless communications indicates that the future
mobile communications require implementation of protocols and systems that provide high
data rate services and utilize different radio access networks and resources to increase the
system capacity as well as efficiency. The broadband wireless technologies introduce a unique
opportunity for potential increase of the network usage and hence lead to development of
Fourth Generation (4G) systems. The goal of 4G systems will be provision of broadband
access and seamless global roaming.

Second Generation (2G) systems such as GSM and TDMA provide a throughput of
9.6 — 14.4 Kbps. The throughput of these systems has been improved to 171 — 384 Kbps
with the implementation of protocols such as GPRS and EDGE [1]. However, the data
rate supported by these systems fall short in meeting the requirements of applications such
as multimedia services. Hence, Third Generation (3G) systems such as CDMA2000 have
been developed to support the data rate requirements [2]. In addition, 3G systems are
designed to provide high spectral efficiency though adaptive transmission control. Although

3G systems support up to 2 Mbps data rate transmission, it is still far from meeting the



data requirements of multimedia services. Hence, 4G systems are developed to support
the demanding data requirements of such applications. 4G communication systems employ
sophisticated signaling formats such as Direct Sequence Spread Spectrum (DS/SS) signals
to provide Code Division Multiple Access (CDMA), Discrete Multitone (DMT') modulation,
and Orthogonal Frequency Division Multiplexing (OFDM) to combat selective fading; and
channel coding to provide a better quality of the link.

Different modulation techniques, which meet the stringent demands for protocols that
are bandwidth efficient with minimal distortion and interference, have been suggested for
the 4G systems [3]. OFDM is considered as a promising candidate for 4G wireless systems
that support high data rate transmission. Although high data rate communication is subject
to Intersymbol Interference (ISI) due to dispersive nature of wireless channels, multicarrier
systems such as OFDM enables the radio network to support high data rate while reduc-
ing the effect of ISI [4,5]. In addition, radio resource allocation in 4G wireless networks
has to satisfy various requirements relating efficiency, ‘capacity and fairness. Efficiency im-
provement requires the exploitation of adaptive resource allocation techniques. Multicarrier
OFDM systems support flexible radio resource management in subcarrier assignment to
each subscriber, in data rate adaptation over each subcarrier, and in adaptive power alloca-
tion. Although adaptive subcarrier, bit and power allocation provide a significant measure
of flexibility in radio resource management, adaptive resource allocation algorithms notably
increase computational complexity in wireless networks.

However, OFDM based systems are sensitive to carrier frequency offset (CFO), which
leads to the loss of orthogonality between the subcarriers and thus introduction of Inter-
Carrier Interference (ICI). Since accurate frequency synchronization is very important for
reliable signal reception [6], OFDM systems utilize different synchronization schemes to

facilitate acquisition and tracking of carrier frequency. The inherent distortion in wireless



channels requires special design techniques and rather sophisticated adaptive coding and
modulation algorithms to achieve accurate synchronization. Different methods have been
suggested to reduce the effect of CFO, but obtaining perfect synchronization in wireless
channels is not an attainable task. Hence, in this work we investigate the performance of
multiuser OFDM under imperfect synchronization.

In the literature, various subcarrier allocation algorithms are presented for multiuser
OFDM systems. Many of these algorithms support high aggregate data rate and maximize
system capacity [7-13]. The performance improvement is achieved when the system is ana-
lyzed under the assumption of perfect synchronization and the utilization of instantaneous
channel information to adaptively allocate subcarriers. Given that the channel variation in
a frequency selective fading environment is independent of each other, adaptive subcarrier
allocation based on instantaneous channel information is an effective method to resource
allocation in multiuser OFDM systems. However, obtaining the instantaneous channel con-
ditions under hostile wireless channels is not achievable in practical systems. Hence, identi-
fying the subcarriers with relatively low SNR and avoiding allocation of such subcarriers is
a more practical approach to subcarrier allocation.

In this thesis, we determine the availability of subcarriers for reliable transmission under
imperfect synchronization. The purpose of evaluating the system performance under im-
perfect synchronization is to restrict allocation of the subcarriers that are not suitable for
transmission. By avoiding the assignment of subcarriers that are not suitable for allocation,
the BER performance of subcarrier allocation is improved. To the best of author’s knowledge
this is the first study of the availability of subcarrier under imperfect synchronization. The
frequency synchronization scheme used in our study is the open-loop maximum likelihood
(ML) estimator. The performance of synchronization depends on noise, Doppler frequency

and deep-fades in the channel that reduce the effective SNR associated with the subcarrier



which in turn degrades the allocatability of the subcarrier. Although the number of allo-
catable subcarriers as compared to perfect synchronization decreases which translates to a
decrease in the aggregate data rate for a given number of users, the BER performance of
the system is improved by avoiding allocation on subcarriers that are not suitable for trans-
mission. Hence, any subcarrier allocation algorithm can be utilized while considering the
variations in the total number of subcarriers.

The thesis is organized as follows. In Chapter 2, we discuss the theory behind OFDM
and synchronization in OFDM systems. We discuss the performance of OFDM in frequency
selective fading environments and the implications of CFO on OFDM systems. Following,
we briefly introduce the ML synchronization.

In Chapter 3 we provide a literature survey of subcarrier allocation algorithms that
are based on the assumption of perfect synchronization. The reviewed algorithms assume
perfect knowledge of the channel conditions and fail to realize the adverse effects of channel
impairments on the availability of subcarriers for transmission. Since, to the best of author’s
knowledge, performance of subcarrier allocation algorithms have not been assessed under
imperfect synchronization, a literature survey on this subject could not be provided.

Following, in Chapter 4, we discuss the OFDM system with imperfect synchronization
and the channel parameters such as AWGN, CFO and fading gain that lead to imperfect
synchronization. We analyze the effect of these channel impairments on the SNR and the
BER of the system. This is followed by discussing the number of available subcarriers under
imperfect synchronization and the utilization of empirical modelling to model the number
of available subcarriers as a Poisson random variable.

In Chapter 5, we provide analytical results of SNR and BER and discuss the varia-
tions in SNR as the average AWGN power, Doppler frequency and fading gain are changed.

This is followed by simulation results of number of available subcarriers under constant and



variable SNR. After that, we provide a comparison in terms of BER performance of subcar-
rier adaptive algorithm for multi-user OFDM under perfect synchronization and imperfect
synchronization.

In Chapter 6, we conclude and summarize the advantages of considering imperfect
synchronization in subcarrier allocation algorithms in OFDM systems. Also, we provide a

brief discussion on future research.

Contributions

In this thesis, the contributions relate to determining the number of allocatable subcarriers
under imperfect synchronization, which can be utilized to provide a realistic performance
measure of subcarrier allocation algorithms in terms of total effective data rate supported

by the system. In particular we,

e determine the percentage loss in the number of available subcarriers under imperfect

synchronization,
e model the number of available subcarriers as a Poisson random variable,

e formulate the SNR of the system under imperfect synchronization and evaluate the

BER performance of the system under different SNR,

e determine the percentage decrease in the total number of subcarriers under different

channel conditions,

e evaluate the BER performance of an adaptive subcarrier allocation algorithm under

imperfect synchronization.



Chapter 2

Multicarrier OFDM

As mentioned in Chapter 1, the growing demand for high-speed mobile wireless communi:
cations has led to the investigation of multicarrier radio mobile systems that support high
data rate and spectral efficiency for downlink transmission in wireless networks. To support
the data rate requirements, multicarrier systems require a relatively large bandwidth. The
expected bandwidth requirements of the 4G system is 100 MHz for the downlink and 20
MHz for the uplink. As compared to 3G systems, 4G multicarrier systems allow high data
rate transmission by supporting simultaneous parallel data transmission and by increasing
the bandwidth. The increase in the bandwidth leads to decrease in bit duration which makes
the system susceptible to ISI. Although high data rate communication is subject to ISI due
to dispersive nature of wireless channels, multicarrier systems such as OFDM enables. the
radio network to support high data rate while reducing the effect of ISI. Multicarrier OFDM
systems enable the network to provide high data rate communication by supporting adaptive
resource allocation techniques.

In multiuser frequency selective fading channels, a subcarrier which is in deep fade for

one subscriber may not be in deep fade for the other. Since fading parameters for various



users are mutually independent, it is less probable for a subcarrier to be in deep fade for all
users. Also, in a multiuser rich scattering environment the channel variations are generally
independent of each other. Thus, multiuser OFDM that accommodates adaptive subcarrier
allocation effectively increases the system capacity. Also, multicarrier systems such as OFDM
systems are considered an effective technique in digital transmission in frequency selective
multipath fading environment. A parallel approach offers the advantage of spreading the
frequency selective fade over many symbols which effectively randomizes burst errors caused
by fading. In addition, dividing the channel bandwidth into many narrow sub-bands result
in relatively flat fading over the individual sub-bands.

This chapter is organized as follows. In section 2.1, a detailed discussion of OFDM is
provided. In section 2.2, synchronization in OFDM systems is disused. In section 2.3, we
illustrate the performance of OFDM in frequency selective fading environments and the effect
of CFO on OFDM systems. Following, the ML synchronization for OFDM is discussed in

section 2.4.

2.1 Orthogonal Frequency Division Multiplexing (OFDM)

OFDM is a combination of modulation and multiple-access scheme which enables many users
to utilize the same frequency band. As a multicarrier modulation technique, OFDM trans-
mits several constellation symbols simultaneously on different subcarriers. OFDM modulates
the data onto the subcarriers by varying the subcarriers’ phase and/or amplitude accord-
ingly. Since the subcarriers are orthogonal in an OFDM based system, the spectrum of the
subcarriers overlap without causing interference. Conversely, OFDM can also be considered
as a multiple-access technique since a single subcarrier or a group of subcarriers can be

assigned to various users.



In OFDM systems, the data stream is divided into N sub-streams of lower data rate
that are generally transmitted on adjacent subcarriers. Each subcarrier has a transmission
bandwidth of B/N where B is the total bandwidth. The utilizing of narrowband subcarriers
increases robustness of OFDM to frequeﬁcy selective multipath fading and hence combats -

ISI. Figure 2.1 illustrates the spectrum of an OFDM signal with five subcarriers. Each

. LN,
NN NN NANSNTN S

Figure 2.1: OFDM Spectrum.

OFDM subcarrier is spaced by 1/T, where T is the OFDM symbol duration. The subcarrier
spacing leads to maintaining orthogonality between the subcarriers by ensuring that the
peak of each subcarrier corresponds to the null of the adjacent subcarrier. In addition, the
overlapping of the orthogonal subcarriers also leads to efficient utilization of radio spectrum
while avoiding ICI.

In OFDM signal transmission, increasing the number of subcarriers in the allocated band-
width results in each subcarrier experiencing frequency flat rather than frequency selective
fading. Also, in the case where the subcarrier bandwidth is less than the channel’s coher-
ence bandwidth, each subcarrier experiences flat fading. This can also be viewed as selecting
the bit duration to be larger then the RMS delay spread of the channel which minimizes

ISI. Although high data rate transmission, which requires small symbol periods, contributes

to ISI in a multipath environment, OFDM based systems support high data rates with a
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long symbol duration which effectively eliminates ISI. In the following section, OFDM signal

representation is discussed.

2.1.1 Signal Representation of OFDM

OFDM based systems are designed to support high data rate transmission by combining
multiple low data rate subcarriers. Each subcarrier in an OFDM system is a sinusoid with
a carrier frequency that is an integer multiple of the fundamental sinusoid frequency. The
orthogonal carriers are like Fourier series components that form the composite signal. Hence,
the time-limited complex exponentials of the Fourier series are time-limited orthogonal pulses
that are utilized as the base pulses for OFDM transmission.

OFDM system utilizes digital signal processing techniques such as FFT to generate or-
thogonal subcarriers. IFFT is a linear transformation that basically maps data symbols

[ag, a1, ....,an—1] to OFDM symbols [bo, b1, ...., by—1] such that:
N-1o
b= ane®™¥. (2.1)
=0
The linear mapping can be represented in matrix form as:
b=Wa, (2.2)

where W is a symmetric and orthogonal matrix. The W is represented as follows:



1 WL, wh
W=|1 w2 ... w-D |, (2:3)

1 WN—I WN(N-—l)

where

W =¢él¥. (2.4)

2.1.2 OFDM with Cyclic Prefix

Transmission of OFDM signals over frequency selective multipath fading channel contribute
to the loss of orthogonality between the OFDM subcarriers which leads to ISI. To maintain
the orthogonality of OFDM subcarriers, the ISI introduced by transmission channel has
to be avoided. Since the spectra of an OFDM signal is not strictly band-limited, channel
distortion such as multipath causes each subchannel to spread energy into adjacent channels
and consequently cause ISI. To maintain orthogonality under hostile channel conditions such
as multipath fading, a cyclic prefix, which is a copy of the last part of the OFDM symbol, is
appended to the transmit symbol. To ensure that ISI is eliminated, the cyclic prefix should
be longer than the channel impulse response or the multipath delay spread experienced by
the system. An increase in the size of the cyclic prefix leads to the enlargement of the
required overhead. Hence, a trade off exists between the amount of delay spread and the
Doppler shift e)_cperienced by the system. Although the addition of cyclic prefix mitigates the
effect of fading and ISI, it increases the bandwidth. In addition, cyclic prefix is also utilized

in the synchronization at the receiver by identifying the beginning of an OFDM symbol.
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2.1.3 FFT based OFDM Implementation

Figure 2.2 illustrates the process of typical FFT based OFDM system [14]. An OFDM system

Input Bit Serial Add Cvelic RFU
Steam | . | IFFT M bre M Comvers

Parallel i refix nverter

Y
Channel

Output Bit | pyraiie] Re
Seam |y ; FFT Cyclic ﬁx“;’;

Serial i Prefix

Figure 2.2: FFT based OFDM System.

splits the data stream into N parallel data streams, each at a rate 1/N of the original rate.
Following, the IFFT is used to modulate the complex symbols to the corresponding carriers
at unique frequencies. After that, the signal is converted to serial stream and a cyclic prefix
is added. Since OFDM signals are not generated at RF rates, they require up-conversion in
order to be transmitted.

The IFFT is performed on the complex data symbols ax; for k= 0,1,..., N — 1 to pro-
duce the OFDM samples b, ; for n =0,1,..., N — 1 as follows:

N-1 ‘
bog = = 3 e T i 0<n < N+ Ng— 1 (2.5)
, N k=0 ’

where N and N, are the data samples and cyclic prefix samples respectively.
The received OFDM signal is down-converted and passed though an A/D converter.

Following, the cyclic prefix which was appended at the transmitter is removed. Then, the

11



combined signal is divided into individual symbol periods. After that, FF'T of each symbol
period is taken. This step is followed by the demodulator block which generates the original

bit stream.

Under the assumption of AWGN channel, the received signal with the frequency offset

and the fading gain is given as:

N-1
Y=Y e F 4. (2.6)

n=0

The received signal on the kth subcarrier and in the ith symbol period can be written

where ay; is the transmitted data on the kth subcarrier in the ith symbol period and 7y is
the AWGN component.

The received signal after FFT is expressed as:

N-1

20 km
Zmi = Z Yri€ TN + 1y (2.8)

k=0
N-1
ok _iomkm
= E ak,,-e’z"Ne 25N 4 .
k=0

The number of subcarriers in OFDM systems relates to the number of complex points
being processed in FF'T. The relation between the IFFT size and the number of subcarriers

in a complex-valued time signal is given as:
Ncarriers S IFFTsize -1 (29)

To generate a real value time signal, OFDM carriers are defined in complex conjugate pairs.

12



The real-valued time signal is given as:

Ncarriers S Ii'l;% -2 (210)

Hence, the size of the FFT imposes limitation on the maximum number of subcarriers used
by OFDM. In practical systems, the number of required subcarriers is determined based on
the channel bandwidth and data throughput. To provide higher throughput within a certain
bandwidth, longer symbol duration results in an increase in the number of subcarriers and
thus the FF'T size.

Multi-carrier OFDM systems support the utilization of different modulation scheme on
different subcarriers. The selection of a modulation scheme can be based on power require-
ment or spectrum efliciency. In general, the selection of a modulation scheme creates a

compromise between the data rate requirement and transmission robustness.

2.2 Synchronization in OFDM System

Communication systems require synchronization for reliable data transmission and to main-
tain an acceptable level of system efficiency. Most communication systems require symbol,
frame, phase, frequency and network synchronization. Synchronization algorithms play an
important function in digital transmission as their accuracy directly affects the system per-
formance. Since a significant portion of the receiver’s hardware and software consists of
synchronization algorithms, they impose a considerable weight in the overall receiver cost
and design effort. Hence, utilization of different synchronization levels lead to trade-offs
between system complexity and error performance [15].

In multicarrier systems such as OFDM that support high data rate communication pre-

ventive measures have to be taken to mitigate the effects of multipath propagation. OFDM

13



based systems utilize diversity techniques, advanced signal processing algorithms, and suit-
able modulation schemes to minimize the implications of multipath propagation. Although
OFDM signaling is proven to be an éffective way to combat the undesirable implications
of fading by dividing the frequency selective fading channel into a number of flat fading
subchannels corresponding to the OFDM subcarrier frequencies, OFDM systems are highly
sensitive to carrier frequency errors and transmission impairments such as frequency offset.

To attain carrier synchronization, the oscillator must acquire the same frequency and fbr
coherent detection the same phase as the carrier signal. Also, information about the arrival
times of the data symbols is required, so that the received waveform can be sampled at
the right times with minimum ISI. Since parallel data transmission results in longer symbol

duration, multi-carrier systems such as OFDM is less sensitive to timing offset.

2.2.1 Timing and Frequency Offset in OFDM

Transmitted signals are associated with timing, frequency and phase reference parameters.
Proper detection at the receiver requires a knowledge of these parameters. The receiver
processes the received waveforms and tries to identify a stream of signal samples. Apparently,
first task of the receiver is to decide the symbol boundaries. If the receiver could not clearly
identify the symbols then ISI occurs. Commonly, a sequence of known symbol preamble is
used and the receiver seeks for the preamble. Following the symbol detection, the receiver
is designed to estimate the frequency offset, which occurs due to the unmatched oscillai;ors
at both ends of the communication link. Due to the frequency offset, the received signal has

an extra factor of ef27AfT

where Af is the Doppler frequency and T is the symbol period.
Hence, subcarriers could be shifted from its original position and receiver experiences non-
orthogonal signal which leads to ICI. In the following section, we briefly analyze the timing

and frequency offset in OFDM.
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Timing Offset

The received OFDM signal on the kth subcarrier with perfect carrier phase synchronization

is expressed as:

N-1
Yo=Y  ane’NE, (2.11)

n=0

For t = k/fs, where fs = 1/T, the received signal can be written as:

N-1
Y=Y ane?? WEE, (2.12)

n=0

Assuming that the OFDM sampling time is subject to a relative offset of 7 that is constant

during an OFDM symbol, the sampled received signal is formulated as:

N-1
Y = Z arelPel? i ot =i (2.13)
n=0 °

where ¢ is the delay distortion. After the FFT, the received signal is

N-1N-1
o L n —io-m
Zm= ) Y ape Wkt —i2n ik (2.14)
=0 n=0
N-1 N-1
— § :anej(zp+21r%1') E :e—j21r§(n—m)
n=0 k=0

In other words,

2m@@TTRT | p=m
Zm = (2.15)

0, n#m.

As illustrated in equation 2.15, timing offset introduces phase rotation in OFDM systems.
The phase rotation experienced by the subcarriers is proportional to the subcarriers’ fre-

quencies and the timing offset.
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Frequency Offset

An OFDM signal is extremely sensitive to possible uncompensated frequency offsets, between
the received carrier and the local oscillator, due to Doppler shifts or the inherent instabilities
of the transmitter and receiver references. To avoid severe system performance degradation
in terms of BER, it is required that the uncompensated frequency offset does not exceed a
small fraction of the subcarrier spacing.

Frequency offset leads to loss of orthogonality between the subcarriers and hence subjects

the system to ICI. The received signal with the frequency offset can be modelled as:

N-1
Yp = Z a2 R It (2.16)

n=0 fs

plnts P
iom( 2
= E ape T Wk,

n=0

where J f is the frequency offset.
After the FFT, the received signal is

ei2mAfT-1 N-1 N-1 -, ArT
o = (ez_é,vﬂ—i) +D_an ) RO 4y (2.17)
n=0 k=0

where Af =ndf and AfT is the normalized frequency offset. As indicated in equation 2.17,

the frequency offset introduces ICI and attenuates the desired signal.

2.2.2 Timing and Frequency Offset Estimation and Synchroniza-
tion in OFDM Systems

The performance of OFDM systems is highly susceptible to non-ideal synchronization pa-

rameters [16]. Specifically, symbol timing and carrier frequency offset have become an in-
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creasingly important concern for OFDM systems. Sensitivity to time offset is higher in
multicarrier systems as compared to single carrier systems [17,18]. In addition, the un-
compensated frequency offset deteriorates performance of OFDM system by introducing ICI
and degrading the bit error rate performance of the system. To resolve these imperfections,
various compensation methods for estimation and correction of synchronization parameters
have been proposed in the literature.

In general, frame synchronization scheme is required to detect the frame starting point.
This is usually achieved by correlating the incoming signal with a known preamble. Given
that timing offset does not violate orthogonality of the carriers, it can be compensated after
the FFT block. Then, a frequency correction prior to FFT is implemented to reduce the
effect of ICI. OFDM systems with a large number of subcarriers utilize the periodic insertion
of synchronization sequence, which facilitates acquisition and tracking of a frequency offset.
Following, further stages of fine timing and frequency offset are implemented. Estimation
of frame timing and frequency correction are relatively complicated and hence require the
utilization of various methodology.

Timing and frequency offset estimates are obtained at the receiver with the utilization of
pilot symbols known to the receiver, or by maximizing the average log-likelihood function.
In addition, redundancy in the transmitted OFDM signal also offers the opportunity for
synchronization. Such an approach is found in [19,20] for time offset and in [21-23] for time
as well as frequency offset.

In [19], the synchronization information is transmitted on certain subcarriers in the
OFDM system. The receiver utilizes a correlation detector, which is implemented in the
frequency domain, to extract the synchronization information from the received signal and
| to accurately acquire synchronization to the sample period. In [20], it is proposed that trans-

mission data contains sufficient information to perform satisfactory synchronization. In this

17



work; it is shown that the cyclic extension of OFDM frames can be utilized to generate a
frame clock at the receiver. Hence, the use of pilot symbols is avoided and frame synchro-
nization is based on the utilization of the cyclic extension preceding OFDM frames. The
proposed method derives the ML function based on the sign bits of the in-phase and quadra-
ture coxhponents of the received OFDM signal. The suggested ML estimator is complex and
hence may not be suitable for practical systems. The method consists of a correlator, a
moving sum and a peak detector. The performance of the generated frame clock is improved
significantly by averaging over several OFDM frames.

In [21], retransmission technique is utilized to determine the frequency offset parameter
in the likelihood function of the received signal. The redundancy introduced by repeating
the data block leads to a decrease in the data rate efficiency of the system. Conversely, in [22]
a ML estimator based on cyclic prefix is introduced. In this approach, the information pro-
vided by the cyclic prefix is employed to obtain the likelihood function for joint estimation
of symbol timing error and frequency offset in OFDM systems. This methodology effectively
avoids the imperfections associated with using the retransmission technique to determine
the frequency offset parameter in the likelihood function. However, as argued in [23], the
proposed likelihood function fails to globally characterize the estimation problem. As a re-
sult, the ML estimator based on the likelihood function leads to considerable performance
loss over a finite range of timing offset interval. Hence, in [23], a globally optimum ML esti-
mator for carrier frequency and timing synchronization, which is an extension of the method
suggested in [22], is proposed. The obtained probabilistic measure is used in derivation of
an unbiased ML estimator. In addition, a moment estimator for carrier frequency offset esti-
mation under uncertain symbol timing is proposed and stdtistical property of this estimator
is analyzed. In comparison to the previously proposed methods, the proposed estifnator is

computationally and statistically efficient which makes the estimator more attractive for real
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time applications.

In our work, the utilization of algorithms that compensate for CFO due to Doppler
frequency is avoided to determine the variation in the total number of subcarriers under
imperfect synchronization. In the following section, the ML synchronization utilized for the

OFDM system is briefly discussed.

2.3 Maximum Likelihood Synchronization for OFDM

Systems

In this section, we briefly discuss the ML frequency estimator and its performance. The
derivation of the estimator is for an additive Gaussian channel, which is then used in a deep-
fading environment. Consider the following complex envelope of the received single-tone

discrete signal given by,
r[n] = Aexp{j(2rfTsn + 0)} + 7, (2.18)

where A is a constant, f is the frequency to be estimated, T}, is the sampling period, 6 is an

arbitrary phase offset, and 7 is the complex Gaussian noise process given by,
N =N+ jng, (2.19)

where n. and ny are two independent zero mean Gaussian random processes with variance
02 and a double-sided power spectral density of N,. Then the ML frequency estimator for

received signal 7[n] is given by [24—27]:

f = arg max [T, (R/f:)], (2.20)
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where the likelihood function T', is given by:

N,

> rinls’[n, fi]‘ : | (2.21)

n=1

Lo (R/f) =T,

where N is the number of samples used per estimate and s[n] is the received signal r[n]
minus the noise component 7. The received signal is correlated with a set of locally gener-
ated signals s[n] with varying frequencies f; and the frequency corresponding to the energy
maximizing the output of the correlators is chosen to be the best estimate of the frequency.
The block diagram of the estimator is depicted in Figure 2.3. The received signal r[n] is
passed through the correlator bank and a search is made for the maximum energy at the
output of the correlator bank. The correlation process is performed in parallel to improve the

estimation time of the estimator. The output of the correlator v has a Ricean distribution

=0 =
SMnf)
- (x) ISOT 2 Choose £,
frequency ;[T
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) e
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Figure 2.3: The Correlator based Frequency Estimator.
[28] conditioned on the local frequency f; at the receiver is given by:

7y (v +m?) my
Ayg = U_%GXP {———'—"20_% I, o_f ) (2.22)
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where

m = Aysinc[NT(f — f)]- (2.23)

In equations (2.22) and (2.23), 02 = N,NTs, A, is a constant and I,(.) is the zeroth order
Bessel function of the first kind. In this design, the limit is performed based on the correlator
output value ; that corresponds to the threshold limit -, on the obtainable frequency jitter.

In our work, the frequency estimator introduces some jitter in the estimated frequency,
which increases with decreasing SNR. Consequently, the channel impairments such as noise,
Doppler frequency and fading gain degrades the SNR, which then increases the frequency
jitter. The decrease in the SNR deteriorates the BER performance. To minimize the degra-
dation in the BER performance, we set a threshold limit on the synchronizer to ensure that
the frequency jitter does not exceed the limit. In our simulation, the threshold is set such
that the frequency jitter does not exceed a value of 10H 2. In the case where the synchronizer
is unable to lock to the subcarrier with this threshold limit, we identify the subcarrier as not

_suitable for transmission and hence the assignment of the subcarrier is restricted.
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Chapter 3

Review of Subcarrier Allocation

Algorithms in Multi-user OFDM

Systems

Given that efficient allocation of subcarriers is one of the primary issues in multiuser OFDM,
considerable research has been performed addressing adaptive subcarrier allocation methods
for OFDM systems. The proposed subcarrier allocation schemes have been designed to
maximize the data rate and minimize the BER by assigning users to the subcarriers that
offer comparatively better transmission characteristics.

In multiuser frequency selective fading channels, different subcarriers assigned to- each
user are subject to different noise and attenuation levels. Thus, in multiuser OFDM sys-
tems the utilization of instantaneous channel information to adaptively allocate subcarriers
significantly improves the BER experienced by the system; and it is an effective method to

resource allocation.

However, the adaptive subcarrier allocation algorithms assume perfect synchronization
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which means that all the subcarriers is available for allocation. The lack of acknowledgment
of synchronization issues leads to overstatement of the achievable data rate by the system.
Since the subcarrier allocation algorithms are based on perfect synchronization, it restricts
us-from providing a literature survey of subcarrier allocation algorithms under imperfect
synchronization.

In this chapter, we provide a literature survey of several subcarrier allocation method-
ologies. The reviewed papers study the downlink transmission of a multiuser OFDM based
wireless network where the transmitter has instantaneous knowledge of the wireless channel.
In the reviewed papers adaptive resource allocation algorithms are based on constraints such
as maximizing total transmit power, network utility, and aggregate data rate.

In [7], a multiuser subcarrier, bit and power allocation scheme is considered based on the
knowledge of the instantaneous channel gains for all users. The proposed algorithm is based
on minimizing the total transmit power and improving the BER. This is achieved by adaptive
subcarrier assignment to the users along with the number of bits and power levels to each
subcarrier. The paper assumes a given set of data rates and attempts to minimize the total
transmit power under a fixed performance requirement. The proposed multiuser adaptive
subcarrier and bit allocation algorithm is evaluated in a multiuser frequency selective fading
environment. Based on the instantaneous channel information, the developed algorithm
performs suboptimal subcarrier allocation followed by bit allocation on each subcarrier.
According to the developed algorithm, the requirements for the total transmit power have
been decreased by approximately 7dB in comparison with the conventional OFDM without
adaptive modulation. Likewise, the transmit power can be reduced by 4dB as compared to
the conventional OFDM with adaptive bit allocation and modulation, but without adaptive
éubcarrier allocation.

In [8], adaptive transmit power allocation is based on maximizing the aggregate data rate.
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The problem of adaptive transmit power allocation has been formulated based on subcarrier
assignment to users followed by power allocation to each subcarrier. Although to maximize
the data rate, the proposed algorithm allows subcarrier sharing by multiple subscribers, the
work further determines that total data rate is maximized when each subcarrier is allocated
to only one user.

To obtain the transmit power allocation to subcarriers that provide optimal data rate,
the Lagrang multipliér technique has been utilized. Following, the power is allocated based
on the water-filling algorithm. In order to simplify the complexity of power allocation, the
transmit power is equally distributed among the subcarriers that are assigned to users with
the best channel gain. The obtained results indicate that total data rate increases as the
number of subscribers increases. In addition, the proposed algorithm provides relatively
higher data rate compared to conventional OFDM systems.

In [9], a proportional rate adaptive resource allocation that achieves proportional fair-
ness by maximizing the overall users’ capacity has been proposed. In order to reduce the
computational com;;lexity, the subcarrier and power allocation are performed sequentially.
The subcarrier allocation is performed based on the algorithm proposed in [10]. Following
the subcarrier allocation, power allocation is performed. Power allocation, which is based on
channel gain, is derived for a single user and extended to multiuser scenario. The results of
optimal power allocation algorithm to a determined subcarrier scheme indicate that propor-
tional fairness can be achieved. In addition, the simulation results show that the proposed
optimal power allocation notébly improves the capacity as compared to non-adaptive TDMA
systems.

In [10], dynamic multiuser subchannel allocation in the downlink of OFDM systems
is investigated. In this work a multiuser convex optimization problem to find the optimal

allocation of subchannels is derived and a suboptimal adaptive subchannel allocation algo-
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rithm is proposed. The algorithm is evaluated under the assumptions of quasi-static channel
model and that the base-station has knowledge of the channel conditions. Based on the
simulation results, the suboptimal adaptive subcarrier allocation algorithm with constant
power assignment to all subcarriers performs very close in comparison to optimal power
and subcarrier allocation schemes while offering low computational complexity. The algo-
rithm achieves a 50 — 130% capacity increase as compared to non-adaptive TDMA resource
allocation schemes.

In [11], adaptive subcarrier and bit allocation given that there is one priority user that
requires a fixed data rate is considered. In this paper an optimum subcarrier and bit al-
location algorithm based on integer programming is developed. The developed optimum
subcarrier and bit allocation scheme minimizes total transmission power. To reduce the
computational complexity, a two-step suboptimum algorithm which performs the subcarrier
and bit allocation sequentially is proposed. Based on the suboptimal approach, the subcar-
riers-are allocated to the priority user and other users considering the channel gain of each
subcarrier. Following, the bit allocation is performed based on the Levin-Campello algo-
rithm, which is performed separately according to the subcarrier allocation of the priority
user and the other users.

Numerical results indicate that the proposed optimum and suboptimal algorithms_ de-
creases the total transmission power compared to fixed resource allocation. In addition, the
transmission power difference between the optimum and suboptimum algorithms is 0.5dB
when the total number of subcarriers is 64 and the required data rate of the priority user is
identical to the average data rate of each user. Also, the performance gap decreases when the
average power ratio of channel approaches to 1 and the ratio between the data rate required
By the priority user and other users becomes smaller.

In [12], the authors propose an adaptive subcarrier, bit, and power allocation under the
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constraints of bit rate and BER. This paper investigates the problem of joint subcarrier and
bit allocation. In this paper the subcarrier and bit allocation is performed in two steps. In
the first step, a simple subcarrier allocation which satisfies the users’ daﬁa rate requirements
is formulated. Following, the subcarrier allocation the bits are allocated based on the greedy
algorithm, which assigns one bit at a time to the subcarrier that requires the least power.
After that, an iterative method of subcarrier and bit allocation that is based on reducing
the total transmit power is developed.

The proposed two-step approach is based on the tradeoff between the total transmit power
and computational complexity. The comparison of the obtained results to other proposed
suboptimal approach indicates that the developed algorithm provides better coverage area R
and lower transmit power while reducing the computational complexity.

In [13], adaptive subcarrier, bit, and power allocation based on minimizing the required
transmit power given the rate requirements and BER constraint is considered. In this paper,
a real time suboptimal algorithm to minimize the required transmit power while satisfying
the rate requirements and BER constraints is developed. The proposed algorithm assigns
subcarriers to each user based on data rate requirements. Following, the subcarriers that are
assigned to the ith user is reallocated to the jth user based on power reduction constraint.
This increases the number of subcarriers assigned to the jth user and decreases the number
of subcarriers allocated to the ith user. This operation is performed based on data rate
requirements of the users. The adaptive allocation of subcarriers result in a decrease in the
total transmit power. The subcarrier reallocation is followed by required adjustments in bit
and power loading algorithms.

The proposed algorithm satisfies the data rate and BER requirements of [7] while offering
relatively same computational complexity. In addition, the results indicate that the proposed

algorithm provides better performance in terms of transmit power compared to [7). The
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transmit power gain increases as the maximum SNR difference between users become larger
and the number of users increases.

In [29], adaptive subcarrier and bit allocation under the constraint of total transmit
power has been investigated. The proposed subcarrier allocation method consists of ini-
tial and residual subcarrier allocation schemes. In the initial subcarrier allocation the fixed
number of bits for all users is calculated and subcarriers are reordered randomly. Following,
subcarriers are allocated to the user with the best channel gain. Subcarriers are assigned
based on the initial subcarrier allocation algorithm until the number of subcarriers is larger
than the minimum required number of subcarriers for the kth user. The residual subcar-
rier allocation allocates the remaining of the subcarriers. The proposed algorithm reduces
computational complexity compared to other adaptive subcarrier allocation algorithms. In
addition, it provides a near optimal solution to minimize the total transmit power.

In [30], a dynamic subcarrier allocation to improve the system throughput has been
proposed. The algorithm is based on the Minimum Rate Request (MRR) algorithm to satisfy
each user’s minimum required rate while maximizing fairness and efficiency of the system.

\‘The proposed MRR algorithm is based on Proportional Fairness (PF) algorithm [31]. The
‘MRR scheduling further develops the PF algorithm by providing each user with minimum
reduired data rate. Analysis indicates that system capacity is improved by the addition of the
parameter that results in different converging strength of the MRR. In addition, the variation
in the MRR algorithm allows the system to meet different quality of service requirements
given that a trade off exists between fairness and efficiency.

The reviewed papers utilize different approaches to formulate the problem of adaptive
subcarrier, bit, and power allocation under various constraints. Despite the distinct ap-
i)roaches, it has been determined that adaptive resource allocation in multiuser OFDM

significantly improves the system capacity. Based on the suggested algorithms, it can be
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stated that subcarrier allocation is the primary issue in multiuser OFDM systems. It is ob-
vious that following the subcarrier allocation, the system can be optimized based on utilizing
different algorithms for power and bit allocation.

The above discussed algorithms assume perfect channel estimation and do not consider
issues related to imperfect implementation, such as imperfect synchronization. As channel
estimation in wireless fading channels is not very accurate in general, the effect of non
ideal channel information on the performance of the proposed algorithms is an important
issue. In our work, we determine the percentage loss in the available subcarriers under
imperfect synchronization. Hence, the proposed subcarrier allocation algorithms can utilize
our results to provide a more realistic assessment of the system capacity which is an important

performance measure in wireless networks.
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Chapter 4

Available Subcarriers with Imperfect

Synchronization

In Chapter 3, various subcarrier allocation algorithms are presented for multiuser OFDM
systems. Many of these algorithms are able to support high aggregate data rate and maxi-
mize system capacity. The performance improvement is achieved when the system is based
on perfect synchronization and the utilization of instantaneous channel information to adap-
‘tively allocate subcarriers. Given that the channel variation in a frequency selective fading
environment is independent of each other, adaptive subcarrier allocation based on instanta-
neous channel information is a common method to resource allocation in multiuser OFDM
systems.

However, the distortion inherent in wireless channel impairments require complex adap-
tive coding and modulation algorithms to acquire accurate synchronization. Since perfect
synchronization is not feasible in practical wireless systems, determining the performance
of multiuser OFDM under imperfect synchronization is important and is considered in this

work. The intention behind evaluating the system performance under imperfect synchro-
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nization is to avoid assignment of the subcarriers that are not suitable for transmission.
Although the number of allocatable subcarriers as compared to the case in perfect synchro-
nization decreases translating to a decrease in the aggregate data rate for a given number of
users, the BER performance of the system is improved by avoiding allocation on subcarriers
that are not suitable for transmission. Hence, any subcarrier allocation algorithm can be
utilized in conjunction with our work, which considers the variations in the total number of
subcarriers.

In this chapter, we determine the percentage loss in the available number of subcarriers
under imperfect synchronization. The frequency synchronization scheme used is the open-
loop maximum likelihood (ML) estimator. The performance of synchronization depends
on noise, Doppler frequency and deep-fades in the channel that reduce the effective SNR
associated with the subcarrier which in turn degrades the allocatability of the subcarriers.
Based on empirical modelling, we characterize the number of available subcarriers as a .
Poisson random variable.

In section 4.1, we discuss the OFDM system with imperfect synchronization and the
channel parameters that lead to imperfect synchronization. In section 4.2, the frequency
selective Doppler channel model and the OFDM signal with the channel impairments such
as AWGN, CFO and fading gain is illustrated. In section 4.3, we analyze the effects of CFO
due to Doppler frequency and the fading gain. Sections 4.4 and 4.5 provide the SNR and
BER analysis respectively. In section 4.6, we discuss the number of available subcarriers
under imperfect synchronization in a multiuser environment and use empirical modelling to

model the number of available subcarriers as a Poisson random variable.
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4.1 OFDM System with Imperfect Synchronization

The system under consideration is the downlink of a multiuser OFDM based wireless net-
work. Figure 4.1 indicates the block diagram of a multiuser OFDM system with the feedback
that provides the transmitter with the information containing the availability of the subcar-

riers under imperfect synchronization. To emulate imperfect synchronization, the system is
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for each User from the transmiter

Figure 4.1: Downlink Block Diagram of a Multiuser OFDM System.

analyzed under channel impairments such as noise, Doppler frequency and frequency selec-

tive fading. The noise is modelled as the AWGN, which is a linear addition of wideband
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Gaussian noise with a constant spectral density to the transmitted signal. The Doppler
frequency leads to carrier frequency offset and the frequency selective fading subjects the
subcarriers to independent fading gains. The noise, Doppler frequency, and the deep-fades in
the channel degrade the corresponding subcarriers by reducing the effective SNR associated
with the subcarrier. This makes the synchronization system at the receiver to perform poorly,
and eventually lose lock with the corresponding subcarriers. Hence, the system experiences

imperfect synchronization.

4.1.1 Additive White Gaussian Noise (AWGN)

In communication systems, thermal noise is usually modelled as AWGN, which is character-
ized of having a frequency spectrum that is continuous and uniform over the entire frequency
band. Given that AWGN consists of uncorrelated samples, the noise samples are random.
Hence, a channel that is characterized with AWGN corrupts the transmitted symbols in a
random manner. The linear addition of the noise component to the received signal corrupts

the signal and hence degrades the SNR.

4.1.2 Doppler Frequency

OFDM is sensitive to CFO, which leads to loss of orthogonality between the subcarriers and
thus introduction of ICI. CFO is caused by differences in transmitter and receiver oscillator
frequencies, Doppler frequency due to relative mobility between transceivers and phase noise
introduced by non-linear channels. In this work, we consider the CFO due to Doppler
frequency.

In OFDM systems, N data symbols are modulated on N corresponding subcarriers which

are orthogonal to each other. The spectra of the subcarriers are overlapping, therefore precise -
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frequency recovering is very crucial. However, in the mobile radio environment, the relative
movement between the transmitter and receiver causes Doppler frequency shift, fp which is
given by:

fp = ”Loffcos(o), (4.1)

where v, is the relative speed between the transmitter and the receiver, f, is the carrier
frequency, C' is the speed of light, and @ is the angle of velocity vector. The CFO caused
by the Doppler frequency is modelled as e/>*2fT where Af is the Doppler frequency and
T is the symbol period. Hence, subcarriers experiencing CFO are shifted from its original
position and receiver experiences non-orthogonal signals that distort orthogonality between
subcarriers and leads to ICI. The OFDM system is subject to ICI following the FFT because
the FF'T output contains interfering energy from all other subcarriers. As a result the CFO

due to Doppler frequency degrades the SNR.

4.1.3 Frequency Selective Fading

In wireless environment, the transmitted signal travels through different propagation paths
having different lengths and hence these multi-path components arrive at the receiver with
different delays. This time dispersive nature of the channel causes ISI and frequency selective
fading [32]. The delay spread or multi-path spread of the channel determines the amount of
ISI introduced in the system. The frequency selective fading nature of the channel is related
to the reciprocal of the delay spread which is referred to as the coherence bandwidth of the
channel. If the total signal bandwidth is wider than the coherence bandwidth of the channel,
the signal experiences frequency selective fading.

In OFDM systems, the adverse effects of ISI are minimized with the utilization of cyclic

prefix. However, the implications of frequency selective fading require rather complex al-
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gorithms to be remedied. In a system that is subject to frequency selective fading, the
subcarriers that experience fading are attenuated which in turn decreases the SNR. of the

subcarrier.

4.1.4 Frequency Synchronization

The frequency synchronization scheme utilized for the OFDM system is the well-known
open-loop maximum likelihood (ML) estimator [26,28]. The frequency estimator gives
rise to some jitter in the estimated frequency, increasing with decreasing SNR, due to the
input noise. Correspondingly, the symbol error probability performance also degrades due
to imperfect carrier recovery at low SNR. To avoid this, we set a threshold limit on the
synchronizer, making sure that the frequency jitter does not exceed a certain limit. The
frequency jitter has to be less or equal to the threshold frequency for the subcarrier to be
declared as available for allocation. In this work, the threshold frequency is set as 10Hz.
If the synchronizer is unable to lock to the carrier with this threshold limit, due to noise,
Doppler frequency or deep fades, then we declare the subcarrier to be un-lockable during the
given transmission time. Hence, the subcarrier is declared as not suitable for allocation.

The Ky is a binary value indicating whether the subcarrier is available for the kth user

17 if fjitter S fth
K = ; : (4.2)

07 if f:'iitter > fth,

where fji.r is the jitter frequency and fiy, is the threshold frequency.
The channel parameters such as noise, Doppler frequency and frequency selective fading
lead to undesirable performance of the synchronization system at the receiver. Under the

assumption of constant received signal power, as the noise power increases the number of
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subcarriers available for transmission decreases. The decrease in the total number of subcar-
riers available for reliable transmission imposes limitation on the total achievable data rate
by the system. Hence, determining the decrease in the number of available subcarriers under
imperfect synchronization, which is the case in practical systems, is important in assessing

the accurate system performance.

4.2 System Model

Figure 4.2 shows the baseband equivalent model of the OFDM system that is being consid-
ered in this work. This analysis is independent of mapping of the transmitted data as complex
values ag; . ..an-1;, and is therefore applicable to all forms of modulation which is utilized

in OFDM systems. As indicated in the figure, the IFFT is performed on the complex data
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Figure 4.2: Baseband Equivalent OFDM System Model.

symbols ax; for k=0,1,..., N —1, to produce OFDM symbols b,,; for n=0,1,...,N -1

as follows:

N-1 : ’
bos = = 3 g™ T 0<n< N+ Ng—1 (43)
’ N k=0 ’

where N and N, are the number of data samples and cyclic prefix samples respectively. The

OFDM symbol b, ; is transmitted through the frequency selective Doppler channel. The
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(a) Average fading gain = -0.97dB (b) Average fading gain = -10dB

Figure 4.3: Frequency Selective Fading Channel Response.

frequency response of the channel is indicated by:
Hy = oy v (AD) 4 gy (4.4)

where oy is the Rayleigh fading gain for the kth subcarrier, e/2*AfT is the CFO due to
Doppler frequency with A f indicating the Doppler frequency and T indicating the symbol
period, and 7, is the AWGN component on the kth subcarrier. The frequency domain
response of a frequency selective fading channel is indicated in Figure 4.3.

The system is based on the characteristics of frequency selective fading channels where
different subcarriers are subject to different fading levels and the cha.ﬁnel variations in a
multiuser environment are independent of each other. To ensure frequency selectivity, the
coherence bandwidth of the channel, which is the reciprocal of the multi-path spread, is
assumed to be smaller in comparison to the bandwidth of the transmitted signal.

Under the assumption of AWGN channel, the received signal with the frequency offset
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and the fading gain is given as:

N-1
Y = Z akakejz“(%)kej2"(éhg)k + Mk (45)
n=0
N-1 ) AT
n=0

The received signal on the kth subcarrier and in the ith symbol period can be written

Yki = Gk, ;€ 2N (AST) L, (4.6)

where ay; is the transmitted data on the kth subcarrier in the ith symbol period, T is the
symbol period and A fT is the normalized frequency offset.

The received signal after FF'T is expressed as:

"N-1

Zmi = D kst R 4 (47)

k=0
N-1 N-1

1 ok (1—
- N Z QAL Z 2N (=mtAfT) 4
1=0 k=0

Using the properties of geometric series, z,,; can be expressed as:

N-1 .
1 > s sint(l=m + AT) jagsmearr), (4.8)
1=0

Fmi =N L sin2(I—m+ AfT)

The analysis of ICI can be simplified by defining N complex weighting coefficients,
Co, ----» CN—1, Which give the contribution of each of the N point values ag;,....an—1; to the

output value. Based on this, z,,; is written as:

N-1

Zmi = CoQmiQm i + E , ClemQ1i01; + Mm, (49)
1=0,l#m
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where the first term is the desired signal and second term is the ICL ¢, is the attenuation
factor, a,,; is the transmitted data on the mth subcarrier in the ith symbol period, and o, ;

is the fading gain on the mth subcarrier during ith symbol period.

4.3 Performance Analysis

4.3.1 Carrier Frequency Offset and Fading Gain

The received signal after the FFT is expressed as:

N-1

Zm;i = Collm iGm i + Z Clem 01,01 ; + N (4.10)
1=0,l#m

The attenuation, c,, experienced by the desired signal component, Qm,i, due to the fre-

quency offset is expressed as:

1 N-1 ok
Co= 5 ) e NAIT, (4.11)

=0

Using geometric series expansion, c, is written as:

CO_NW@’ N . (412)

The decoded complex value is subject to ICI since the sum of components depends on
each of values a;;,1 # m. The contribution of each a;; depends on the normalized frequency

offset and the term ¢;_,,,, which is expressed as:

N-1
_ 1 j21£ (I-m+AfT)
Clem = N ,?=0 "N . (4.13)
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Using geometric series expansion, ¢;_,, can be written as:

1 sinm(l—m+AfT) . N=1(l—m+-AfT)
4 T m . . 4
Nsinﬁ-(l—-m+AfT)eJ ’ 19

Clem =

Hence, zp,;, can be written as:

. _ 1 sinm(AfT)
™ " Nsin Z(AfT)

N-1 .
s 1 sinw(l—m+ AfT) TRt AIT) o

NsinZ(l—m+ AfT)

efw%(AfT)am,,-am,,- (4.15)

+ Mm
1=0,l#m

For noiseless case, when AfT =0, 2,,; = a,,; which are the transmitted data. In the case
where Af # 0, the transmitted data is subject to attenuation and ICI.

In addition, the relationship between the attenuation component ¢y and CFO (AfT)
indicates that attenuation in the desired signal component increases as the A fT is increased.
Given that an increase in CFO is caused by an increase in the Doppler frequency, it can be
seen that as the Doppler frequency is increased the attenuation in the desired signal increases
leading to a decrease in the SNR.

The a,; is the fading gain for the mth subcarrier in the ith transmitted bit which
attenuates the desired signal, which in turn reduces the SNR. The fading gain of each

subcarrier for M users can be expressed as:

al ol ... ok
2 2 2
) ) af af ... ak%
fading gain = , (4.16)
aM oM ... oM

where o is the gain of the kth subcarrier for the mth user. Hence, each subcarrier ex-
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periences a different level of fading and the maximum number of subcarriers that are in
deep fade are dependent on the channel conditions and vary every transmission time. The
deep-fading in the channel degrades the corresponding subcarriers by reducing the effective

SNR associated with the subcarrier.

4.3.2 SNR

As discussed above, AWGN, Doppler frequency, and frequency selective fading degrade the
SNR that results in undesirable performance of the synchronization system and hence a
decrease in the number of allocatable subcarriers. Hence, under the assumption of constant
received signal power, the number of available subcarriers for transmission can be related to
the channel impairments.

In this section, we derive the expression for the SNR on the mth subcarrier:

Pp,,

Om__ 417
B+ Pr (4.17)

SNR,, =

where Pp, is the power of the desired signal, P;,, is the interference power and Py,, is the
noise power on the mth subcarrier. The average power of the desired, interference and noise
on the mth subcarrier is defined a Pp,, = E[|Dp|?, Pi,, = E[|Ix|%], and Py, = E[|Nn|?

respectively. Hence, the average SNR on the mth subcarrier is formulated as:

E[|Dm|?] -
SNR,, = , 4.18
o = B+ NP (“19)
where the average power of the desired signal is calculated as:
E [|Dm|?] = E [|cottm,iam,i|*] - (4.19)
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Assuming that the transmitted data and the fading gain are independent, the average power

of the desired signal can be written as:

E[|Dul?] = [co2E [(ctm)?] E [(ams)?]

Following, we calculate the average power of the ICI-plus-noise.

(4.20)

Assuming that the

interference and noise are independent, the average power of ICI-plus-noise is equal to the

sum of average power of the ICI and noise,

E [|Im + Nu|?] = E [|In]*] + E [|Nnl?] -

1

The ICI power is expressed as:
Z Cl—mQq,;Ql;

E [|L.["]
1=0,l#m

N-1

= > fenlB ] B [

1=0,l#m

The above equation can be simplified as [16]:

E(|Ia[] = (1 = leo’) E [(0)] E [(am,q)?] -

The power of the noise is expressed as :

E [|Nn[?] =
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Hence, the SNR on the mth subcarrier is written as:

_ el B(om)’] E|(am)’]
== [col?) B (0t )2] B (am ] + No (4.25)

The above equation indicates the dependence of the SNR. on the noise, frequency offset
due to Doppler frequency and fading gain. Hence, as the AWGN power increase the SNR
decreases. In addition, to show the dependence of SNR on the CFO due to Doppler frequency,

we express ¢, as a function of AfT,

(4.26)

» [ sinm(AfT) 1°
leof" = [Nsin%(AfT)] ‘

By letting,
_ [ sinm(AfT) 7?
the SNR can be written as:
SNR = HASTIE (0mi)’] B [(ams)’ @)

(1= ¢(AfT))E [(c1,:)?] E[(am,s)? + No]’

This expression clearly indicates that the desired signal and interfering power decrease due
to CFO which in turn causes the SNR to decrease.

Moreover, the fading decreases the signal power which in turn reduces the SNR. The
random variable oy is usually modelled as a Rayleigh variable and the subcarriers that are
in deep-fade are not utilized during any transmission time interval. To analyze the effect of
Rayleigh random variables, Monte Carlo analysis is performed to obtain the characteristics
of the channel. Due to random nature of time variant multi-path channels, it is reasonable

to characterize such channels statistically. Although the fading gains follow Rayleigh dis-
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tribution, only the subcarriers that are identified as allocatable by the ML threshold limit
are declared as allocatable. Consequently, to maintain the adaptivity of the system further
simplifying of equation (4.28) is avoided. Instead, Monte Carlo analysis is performed with

values generated from Rayleigh distributions.

4.3.3 BER

BER provides an important performance measure of a communication system. Based on the
assumption that the effective noise power has Gaussian characteristics, the complementary
error function is used to determine the BER. In addition, the BER is calculated based on
the assumption that the system utilizes BPSK modulation. The probability of bit error for
mth subcarrier is formulated as follows:

_ HAITIE [(cmg)) B [(amg)?]
BB =0 <\/ A= #AFT)E (00, El(ams) & No) ' (4.29)

4.4 Subcarrier Availability with Imperfect Synchroniza-
tion

In practical systems, under imperfect synchronization the receiver is unable to detect and
retrieve the transmitted data on all the subcarriers. Hence, identifying the allocatable sub-
carriers for transmission, before the subcarrier allocation is performed, is a preventive mea-
sure ensuring reliability of the communication link. In this section, an analysis is performed
to quantify the variations in the number of available subcarriers under imperfect synchro-

nization which results from noise, Doppler frequency, and frequency selective fades in the

channel.
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Figure 4.4: Number of Available Subcarriers: Sample Case.

4.4.1 System Parameters

To emulate the effect of imperfect synchronization in a multiuser OFDM system, the average
AWGN power, Doppler frequency and average fading level are selected as —3dB, 25Hz and
—4dB respectively. The carrier frequency of the system is selected to be 4GHz and the
forward link channel bandwidth is 20MHz. The total number of subcarriers, NV, is 64 and the
subcarrier bandwidth is 312.5kHz. The objective of the simulation is to obtain the average
number of subcarriers for each user under imperfect synchronization and the variations in

the total ava.iléble subcarriers as the number of users is varied.

4.4.2 Number of Available Subcarriers

Figure 4.4 depicts the availability of subcarriers for User-1 and User-2 under imperfect syn-
chronization. It is evident from this figure that the number of subcarriers available for User-1
and User-2 varies with each transmission time. Also, under imperfect synchronization the

total number of subcarriers available for reliable transmission is smaller compared to perfect
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synchronization. The availability of subcarriers for a certain user can be defined as follows:
NF = NE — NE, (4.30)

where N¥ is the number of available subcarriers, N£ is the total number of subcarrier and
N¥ is the number of subcarriers that are not suitable for allocation for the kth user. The
NP varies for different users supporting the fact that the channel conditions in a multi-path
environment is random and varies for each user.

Based on the accumulated data in the simulation study, the average number of subcarri-
ers available for User-1 is 49 and for User-2 is 48. This translates to 77% and 75% available
subcarriers for User-1 and User-2 respectively as compared to perfect synchronization. To
ensure reliable data transmission, subcarrier allocation algorithm should consider the vari-
ations in the total available subcarriers for each user and avoid allocating subcarrier from

k
Nao

4.4.3 Statistical Model of the Subcarrier Availability

In this section, empirical analysis is used to determine the statistical characteristics of the
number of available subcarriers. Given that the number of available subcarriers for trans-
mission is a random variable that takes countable values, it is modelled as a discrete random
variable (DRV) [33]. The obtained results are used to develop the probability mass function
(PMF) of the available subcarriers for User-1 and User-2, which is indicated in Figure 4.5.
The PMFs are used to obtain the cumulative distribution function (CDF) for both users

which is given in Figure 4.6.
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Figure 4.5: Probability Mass Function of the Available Subcarriers.

The PMF of the available subcarrier, IV,, satisfies
64
> p(N) =1, (4.31)
i=1

and the CDF of the available subcarriers can be expressed in terms of probability of the

available subcarriers, p(NV,), by

F(NJ)= Y p(Na,). (4.32)
VNa;<Na
Based on the PMF of the number of available subcarriers, it is identified as a Pbisson random

variable (PRV) with the parameter \ that defines the average number of available subcarriers
in a given time interval.
In our simulation study, it is observed that the value of A for User-1 and User-2 are 51

and 49 respectively. In general, for all users A is the same on average and hence the number

of allocatable subcarriers is a PRV.
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The probability mass function of Poisson random variable is given by

i

p(i) = PN, = i] = e

G i=1,2,,64 (4.33)

The DRV is identified as a PRV because it has the characteristics of a PRV which are

explained below:

1. The number of available subcarrier is determined in transmission time slot with a fixed

length, t,.

2. The number of available subcarrier for each user varies in the time interval ¢;, but over
a time period of Nt, the number of available subcarrier for each user has a constant

average.

3. The number of subcarriers that are available in disjoint time intervals are statistically

independent because the fading gains are uncorrelated.

Although the number of available subcarriers is a PRV, the availability of each subcarrier
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for transmission can be modelled as a Bernoulli random variable (BRV) where the availability
of each subcarrier is identified by a 0 indicating not available for allocation and 1 available
for allocation. Each subcarrier avajlability can be viewed as a Bernouih' trial because the
number of available subcarrier in each trial is independent, and at most a certain number of
subcarriers is determined in each trial. This further supports modelling of the total number
of available subcarrier as a PRV since a sequence of Bernoulli trials occurring in time is
modelled as a PRV.

Based on the observation, we concluded that the number of available subcarriers is a
PRV with mean, A = 0.78 N, where N is the total number of subcarriers. Hence, the average
percentage loss of the subcarriers under imperfect synchronization is 22%. The statistical
properties such as the average available subcarriers in a given time interval is an important
parameter that can be utilized in the subcarrier allocation algorithms.

To avoid performance degradation in terms of subcarrier availability for transmission,
perfect synchronization is required. Since practical systems are subject to imperfect syn-
chronization, the analysis indicates that determining the availability of subcarriers for trans-
mission is essential in the optimization process of radio resource allocation for multicarrier
systems. Hence, subcarrier allocation algorithm should be based on number of available sub-

carriers under imperfect synchronization which is a realistic measure in wireless channels.
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Chapter 5

Performance Results and Discussion

In this chapter, an analysis is preformed to study the changes in the SNR and BER as
the average power of channel parameters such as AWGN power, Doppler frequency and
fading gain are varied. In addition, we investigate the variations in the total number of
subcarriers as the factors such as, number of users, AWGN power, Doppler frequency, and
fading gain are changed. Furthermore, we evaluate the performance of an adaptive subcarrier
aﬂocation algorithm under imperfect synchronization and indicate the BER performance
irﬁprovement with the avoidance of utilization of subcarriers that are declared as not suitable
for transmission.

In section 5.1, the analytical result of SNR and BER is provided. In section 5.2, the
minimum, average and maximum number of subcarriers, as the number of user is increased,
is investigated. Also, the percentage loss in the total number of subcarriers, as the number of
users is increased, is determined. Following, in section 5.3, we provide the simulation results
indicating the changes in the number of available subcarrier as the average AWGN power
is\ varied between —10dB to 0dB, the Doppler frequency is varied between 10Hz to 100Hz,

and the fading gain is altered between 0dB to —30dB. In section 5.4, we investigate the
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Figure 5.1: SNR versus Fading gain with different Doppler Frequency and constant AWGN
power of -10dB.

performance of an adaptive subcarrier allocation algorithm under imperfect synchronization.

5.1 Analytical Results of SNR and BER

In this section, we evaluate the SNR and the BER performance of the system. Figure 5.1
indicates the changes in the SNR as the average fading gain is varied between —30dB to 0dB
when AWGN power is kept constant at —10dB. The SNR performance is evaluated under
Doppler frequency of 10Hz, 30Hz, and 50Hz. As shown in (4.28), the average power of the
fading gain degrades the signal power as well as the interference power. Hence, the increase
in the average power of the fading gain degrades the SNR as indicated in Fighre 5.1. Also,

the increase in the Doppler frequency causes the interference power to increase. It is evident
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Figure 5.2: SNR versus Fading gain with different AWGN power and constant Doppler
Frequency of 10Hz.

from this figure that as the Doppler frequency increases, the SNR decreases. The increase
in the Doppler frequency from 10Hz to 50Hz results in 12dB decrease in the SNR for an
average fading gain of 0dB.

Figure 5.2 indicates the changes in the SNR as the average fading gain is varied between
—30dB to 0dB and the Doppler frequency is kept at 10Hz. The SNR performance is evaluated
under average AWGN power of —10dB, —3dB and —0.5dB. As indicated in (4.28), the
increase in the average AWGN power increases the noise power and hence degrades the
SNR. As illustrated in Figure 5.2, when the AWGN power is increased by 9.5dB, the SNR
decreases by 9dB for an average fading gain of 0dB.

Figure 5.3 indicates the changes in the SNR as the AWGN power is varied between —10dB
to —1dB, and the average fading gain is kept constant at —1dB. The SNR performance is
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Figure 5.3: SNR versus AWGN power with different Doppler frequency and constant fading
gain of -0.97dB.

evaluated under Doppler frequency of between 10Hz, 30Hz and 50Hz. Based on the obtained
results, as the Doppler frequency increases from 10Hz to 50Hz, the SNR decreases by 5dB
for an average fading gain of 0dB.

In Figure 5.4, we present the changes in the BER as the SNR is varied between —20dB to
5dB. The variation in the SNR is achieved by changing the average power of the fading gain
between —30dB to 0dB while the AWGN power and Doppler frequency are kept constant
at values of —10dB and 30Hz respectively. As shown in Figure 5.4, the BER performance
improvement is achieved as the SNR is increased.

Figure 5.5 indicates the changes in the BER as the SNR is varied between —20dB to
5dB. The change in the SNR is achieved by varying the average fading gain between —30dB
to 0dB, for Doppler frequency of 10Hz and AWGN power of —3dB. It is evident from this
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figure that the BER improves as SNR increases.

Figure 5.6 shows the changes in the BER as the SNR is changed between —6dB to 6dB.
The change in the SNR is achieved by varying the AWGN power between —10dB to —1dB,
for Doppler frequency of 30Hz and average fading gain of —1dB. As shown in Figure 5.6,
the BER improves with the increasing SNR.

To increase the system efficiency and capacity, the BER should be decreased. The ob-
tained results indicate that performance improvement of BER corresponds to lower inter-
ference and noise component in the system. In the following sections, we determine the
variations in the number of available subcarriers under constant and variable SNR. In ad-
dition, to reinforce the advantages of considering imperfect synchronization in subcarrier

allocation algorithms, we compare the BER performance of a subcarrier adaptive allocation
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algorithm under imperfect synchronization.

5.2 Simulation Results

5.2.1 Number of Available Subcarriers under Constant SNR

In this section, the maximum and minimum number of available subcarriers under a given
SNR is determined in a multiuser environment. As indicated in Figure 5.7, as the number
of users increases, the minimum number of available subcarriers for transmission decreases
while the maximum number of subcarriers available for transmission increases.

This indicates that over a large number of trials the average number of allocatable sub-

carrier is 46 out of 64 available subcarriers in the system. In addition, the maximum and
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minimum available subcarriers indicate the upper and lower bound of the achievable data
rate for the users since the data rate is directly proportional to available subcarriers. It can
be stated that while the average number of available subcarriers does not vary significantly
with the increase in the number of users, the minimum and maximum available subcarriers
indicate noticeable variations.

As the number of users increases, the difference between the maximum and minimum
available subcarrier increases, which provides flexibility in the total number of allocatable
subcarriers. This system characteristic supports multiplexing gain which in turn increases
thg aggregate data rate.

The above results can be explained by the law of large lumbers which states that the

average of a random sample is likely to be close. In this case, the average of the number of
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Figure 5.7: Number of Available Subcarriers versus Number of Users.

available subcarriers for different number of users is very close. The law of large numbers
also implies to the principle that the probability of any possible event occurring at least
once in a series increases with the number of events in the series. In this case, the odds
that a subcarrier will be available for transmission are very low when the system supports
few users; however, the odds that a subcarrier will be available are higher, provided that
system supports a large enough number of users. Thus, the maximum number of available
subcarriers increases with the increase in the number of users.

Given that under imperfect synchronization a certain number of subcarriers are not
retrievable, it is important to determine the percentage of subcarriers that are not allocatable.
Based on the minimum available subcarriers, Figure 5.8 shows that the percentage loss in

the available subcarriers grows as the number of users increases. As the number of users
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increases form 2 to 20, the percentage loss grows from 30% to 50%.

5.2.2 Number of Available Subcarriers under Variable SNR

In this section, we determine the variations in the total number of subcarriers as the factors

such as AWGN power, Doppler frequency and fading gain are changed.

AWGN

To determine the changes in the number of available subcarriers, the AWGN power is varied

while the Doppler frequency and the fading gain are kept constant at values of 25Hz and

—4dB respectively. Figure 5.9 shows the number of available subcarriers under different
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Figure 5.9: Number of Available Subcarriers versus AWGN Power.

AWGN power. Based on the results, as the AWGN power is varied between —10dB to 0dB,

the number of available subcarriers decreases by 19%.

Doppler Frequency

To investigate the variations in the number of available subcarriers as the Doppler frequency
is changed while the AWGN power and the fading gain are kept constant at values of —3dB
and —4dB respectively. As illustrated in the Figure 5.10, as the Doppler frequency is varied

between 10Hz to 100Hz the number of available subcarriers decreases by 44%.
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Frequency Selective Fading

To determine the changes in the number of available subcarriers as the fading level is varied,
the AWGN power and the Doppler frequency are kept constant at —3dB and 25Hz respec-
tively. Figure 5.11 depicts the corresponding number of subcarriers as the fading level is
varied between —30 to 0dB. Hence, as the fading level is varied between 0dB to —30dB the
number of available subcarriers decreases by 56%.

To further analyze the effect of the hostile channel conditioné such as AWGN power, deep-
fading and Doppler frequency, the number of available subcarriers is determined with the
variation in both the AWGN power and the Doppler frequency under a constant fading gain
of —4dB. Figure 5.12 shows the number of available subcarriers with the variations in AWGN

power and Doppler frequency. Based on the results, it can be stated that 40Hz increase in
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Figure 5.11: Number of Available Subcarriers versus Fading Level.

the Doppler frequency leads to 20% decrease in the number of available subcarriers for an
AWGN power of 0dB.

In addition, the number of available subcarriers is determined with the variation in both
the AWGN power and the fading level under a constant Doppler frequency of 25Hz. Figure
5.13 shows the number of available subcarriers with the variations in AWGN power and
fading levels. As evident from this figure, 20dB increase in fading gain results in 12%
decrease in the number of available subcarriers for an AWGN power of 0dB.

Hence, channel constraints such as AWGN, Doppler effect and multi-path fading impose
noticeable implication on system performance. The total number of available subcarriers
changes with the variation in the AWGN power, Doppler shift and fading level. Thus,

under imperfect synchronization, which is the case in most communication systems, not
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all the subcarriers are available for transmission. To ensure reliable data transmission, the

subcarrier allocation algorithm should consider the availability of subcarriers under imperfect

synchronization.

5.3 Subcarrier Allocation Algorithm under Imperfect

Synchronization

Adaptive resource allocation increases the capacity of a multi-user system and provides a
comparatively better BER and data rate performance. However, adaptive resource allocation

algorithms that assume perfect synchronization and hence the availability of all subcarriers
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Figure 5.13: Number of Available Subcarriers versus AWGN Power for Different Fading
Gain.

for all users do not provide an accurate indication of the performance of the system as certain
subcarriers may not be suitable for assignment under imperfect synchronization.

Given that imperfect synchronization affects the availability of subcarriers for transmis-
sion, subcarrier allocation algorithms should consider the percentage loss in the allocatable
subcarriers for transmission under imperfect synchronization.

In this section, we discuss the performance of a subcarrier adaptation algorithm for multi-
user OFDM systems and compare its performance in terms of BER with adaptive subcarrier

allocation under the consideration of imperfect synchronization.
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5.3.1 Comparison of Subcarrier Adaptation Allocation for Mul-

tiuser OFDM Systems

In [34] an adaptive subcarrier allocation algorithm that reduces the computational complex-
ity of subcarrier allocation as compared to conventional subcarrier allocation algorithms for
a multiuser OFDM is proposed. The algorithm utilizes the instantaneous channel gain to
adaptively allocate the subcarriers. The proposed algorithm restricts subcarrier sharing by
multiple users and allocates a group of subcarrier to a user by assuming that adjacent sub-
carriers experience sufficient channel correlation. Hence, if nth subcarrier is suitable for kth
user, the neighboring subcarriers are declared as suitable for the user as well. The results
of [34] indicate that the utilization of subcarrier groups as opposed to dedicated individual
subcarriers provides a significant performance improvement in OFDM system.

The subcarrier adaptation algorithm under perfect synchronization (SAA-PS) can be

described as follows:

Step 1 Determine the maximum number of subcarriers that can be assigned to each user
by:

N
k T
]Wn = floor (—K ) , (5.1)

where Ny is the total number of subcarriers and K is the total number of users. Hence,

each user is allocated an equal number of subcarriers.

Step 2 Define the number of subcarriers in each subcarrier group, G, such that

G = [Miz1, M3, M) (5.2)

Gp = [ni—2, N1, M, Nig1, Ny

Hence, ||Gy|| € {3,5} indicating that a group of subcarrier consists of either 3 or 5

63



subcarriers.

Sfep 3 Find the subcarrier that offers the maximum SNR to the kth user. Assign the

subcarrier with the best SNR to the kth user.

Step 4 Depending on whether ||G,|| = 3 or ||G,|| = 5, assign the group of subcarriers to
the kth user.

Step 5 To avoid allocation of the subcarriers that are allocated to the kth user, the gain of
those subcarriers are set to zero for other users and the gain of other subcarriers are

set to zero for this user.

Step 6 Determine the remaining number of subcarriers for the kth user as follows:

My = M — ||Ga (5:3)

The SAA-PS allocates the subcarriers for each user based on the above algorithm. We
modify the algorithm to evaluate its performance considering the loss in the subcarriers
under imperfect synchronization. The goal of evaluating the algorithm under imperfect
synchronization is to assign users to subcarriers that maximize the overall BER performance
of the system. The subcarrier adaptation algorithm under imperfect synchronization (SAA-

IS) can be explained as follows:
Step 1 Determine the total number of subcarriers that are not allocatable for the kth user.

Step 2 Determine the maximum number of subcarriers that can be assigned to the kth user

by:

Nk
k -
M. = floor < e ) , (5.4)
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where N¥ is the number of available subcarriers for the kth user and K is the total

number of users. N¥ is determined as follows:
Nk = Nk — NE, (5.5)

where N is the total number of subcarrier and Ny is the number of subcarriers that

are not suitable for allocation for the kth user.

Step 3 Define the number of subcarriers in each subcarrier group, G, such that

Gn = [ni-l, n;, ni+1] (5~6)

Gn = [ni-z, Ni—1, T, it 1, ni+2]

Hence, ||G,|| € {3,5} indicating that a group of subcarrier consists of either 3 or 5

subcarriers.

Step 4 Find the subcarrier that offers the maximum SNR to the kth user. Assign the
\ subcarrier with the best SNR to the kth user.

Step 5 Depending on whether ||G,|| = 3 or ||G.|| =5, assign the group of subcarriers to
the kth user.

Step 6 In the group of subcarrier G, which is identified as suitable for the kth user, the
assignment of the subcarrier(s) that is identified as not allocatable under imperfect

synchronization for the user is restricted.

Step 7 To avoid allocation of the subcarriers that are allocated to the kth user, the gain of

those subcarriers are set to zero for other users and the gain of other subcarriers are

set to zero for this user.
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Step 8 Determine the remaining number of subcarriers for the kth user as follows:

My = M — ||Gall (5.7)
The SAA-IS allocates the subcarriers for each user based on the above algorithm.
In order to provide a reasonable comparison between SAA-PS and SAA-IS, the system

parameters are matched and described in the table 1. In our simulation, the SNR of 1dB to

Parameters SAA-PS | SAA-IP
Total Number of Subcarriers, Ny | 320 320
Total Number of users, K 5 5
Channel Model Rayleigh | Rayleigh
Total transmitted bits 1M 1M

SNR (1-10)dB | (1-10)dB
Threshold frequency, fi, N/A 10Hz

Table 5.1: System parameters of SAA-PS and SAA-IS

10dB is achieved by varying the average fading gain between —10dB to 2dB and keeping the
Doppler frequency and the average AWGN power constant at 10Hz and —10dB respectively.

The BER performance of the SAA-PS and SAA-IS is evaluated based on ||Gy| = 5.
The BER is expressed in terms of the average BER performances of the total number of
users supported by the system. Figures 5.14 indicates the BER performance of the SAA-PS
and SAA-IS. As illustrated in the figure, the SAA-IS provides a better BER performance
as compared to SAA-PS. The BER improvement at a SNR value of 0dB is comparatively
better then a SNR value of 10dB. This occurs because SNR degradation leads to imperfect
synchronization and hence the number of allocatable subcarriers for reliable transmission
decreases. As a result, at SNR of 0dB the SAA-IS restricts the assignment of a larger
number of subcarrier as compared to SNR of 10dB. Consequently, as high SNR the margin

in the of number subcarriers declared as unavailable for allocation between the SAA-PS
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Figure 5.14: BER performance comparison of the SAA-PS and SAA-IS.

and SAA-IS decreases. It can be concluded that under high SNR the SAA-PS and SAA-IS
provide similar BER performances and evaluation of subcarrier allocation algorithms under
imperfect synchronization is critical under low SNR.

In addition, for a given BER the SNR of the SAA-PS is higher in comparison to the SAA-
IS. The results indicate that for BER of 1072 the SAA-PS require a SNR of 6.8dB while the
SAA-IS require SNR of 5.5dB which translates to a 1.3dB gain in SNR for a target BER. The
analysis supports that the BER performance improvement is achieved when the subcarrier
allocation algorithm is evaluated under the consideration of imperfect synchronization with
avoidance of the assignment of subcarriers that are not suitable for transmission.

However, under imperfect synchronization, the average number of allocatable subcarriers

is decreased by approximately 22%. Since the total available subcarriers decreases, the
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system supports fewer number of users. In addition, given that the data rate is directly
related to the number of available subcarriers, the algorithm provides lower data rate for the
same number of users. In comparison to algorithms that assume perfect synchronization, the
allocation algorithm with imperfect synchronization either supports fewer number of users
or provides lower data rate for the same number of users. However, for a given number if
users the effective data rate of the system is increased.

Although the subcarrier allocation algorithms under iinperfect synchronization do not
provide a better performance in terms of increase in the number of users or data rate, it
does provide a realistic measure of the allocatable subcarriers under hostile wireless channels
which causes imperfect synchronization. The main advantage of utilizing the synchronization _
information for subcarrier allocation is system reliability since allocation on the subcarriers

with relatively low SNR is avoided and hence the BER performance of the system is improved.

68



Chapter 6

Conclusion and Future Work

6.1 Conclusion

The increasing demand for wireless multimedia services has led to the investigation of re-
liable and higher data rate communication over wireless channels in 4G systems. Since
multicarrier systems such as OFDM support high data rate communication while reducing
the implications of ISI, it is considered a promising candidate for 4G systems. In addition,
OFDM based systems support flexible radio resource allocation in wireless networks. Adap-
tive subcarrier, bit and power allocation significantly improves 4G systems capacity as well
as efficiency. To avoid performance degradation in terms of subcarrier availability for trans-
mission, perfect synchronization is required. Since practical systems are subject to imperfect
synchronization, determining the availability of subcarriers for transmission is essential in
the optimization process of radio resource allocation.

In this thesis, analysis is performed to determine the SNR degradation as the average
power of the channel impairments such as AWGN, CFO due to Doppler frequency and fading

gain are varied. The decrease in SNR causes imperfect synchronization and hence reduces
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the total number of available subcarriers for allocation. It is determined that under imperfect
synchronization, 22% of the subcarriers are not suitable for transmission as compared to per-
fect synchronization. Empirical modelling is utilized to characterize the number of available
subcarriers as Poisson random variable. It has been illustrated that a 10dB increase in the
average AWGN power leads to 19% decrease in the total number of allocatable subcarriers;
a variation of 10Hz to 100Hz in Doppler frequency causes 44% decrease in the number of
allocatable subcarriers, and changes in the fading level between 0dB to —30dB result in 56%
decrease in the number of allocatable subcarriers. Thus, under imperfect synchronization all
the subcarriers are not available for transmission.

In addition, the performance of an adaptive subcarrier allocation algorithm is analyzed
under imperfect synchronization. Since allocation on the subcarriers that are not suitable
for transmission is avoided, the subcarrier allocation algorithm indicates improvement in the
BER performance. Given that the data rate is directly proportional to the total number of
available subcarriers for transmission, the total data rate supported by the system decreases
with the percentage loss in the total number of subcarriers under imperfect synchronization.
Although subcarrier allocation under the constraint of imperfect synchronization does not
support more users or higher data rates, it improves system reliability by eliminating allo-
cation on unavailable subcarriers. Thus, the system supports higher effective data rate. In
addition, analysis under imperfect synchronization provides a more realistic measure of the
system capacity. Hence, subcarrier allocation algorithms should be based on the number of

available subcarriers under imperfect synchronization.
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6.2 Future Work

Radio resource allocation for multicarrier systems should consider the percentage loss in the
available subcarriers under imperfect synchronization. Some of the future work can include

the following:

e The proposed adaptive subcarrier allocation algorithms should evaluate the BER per-
formance as well as the data rate performance of the algorithm under imperfect syn-

chronization.

e Adaptive power allocation algorithms under the constraint of maximizing the aggre-
gate data rate should be evaluated under imperfect synchronization to determine the

variations in the total power requirements.
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