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Abstract

Orthogonal Frequency Division Multiple Access (OFDMA) is among the promising
candidates for future generation of wireless communications, due to its robustness
to multipath fading, high spectral efficiency as well as its flexibility in resource
allocation. In recent years, it has been shown that applying dynamic mechanisms
to the downlink of the OFDMA systems, provides a significant increase in the
throughput performance.

A major challenge in realizing the uplink transmission in OFDMA systems lies
in synchronizing the participating entities. This is mainly due to the fact that in
the uplink, each OFDM symbol is formed by the contribution of multiple users.
Therefore, OFDMA uplink is more affected by users’ timing misalignments. These
timing offsets result in loss of subcarrier orthogonality and, thus, lead to multiple
access interference (MAI). The usual approach to mitigate MAT in the uplink, is to
use relatively long cyclic prefixes as time-domain guard intervals. In this thesis, the
use of short time-domain guard intervals in combination with frequency-domain
guard bands to protect against MAI, is investigated.

The use of guard bands is studied in two major subcarrier assignment methods:
static block assignment and dynamic assignment. In the case of dynamic assignment,
two optimization approaches, i.e. raw-rate maximization and max-min capacity
optimization, are considered. The formulation of these optimization problems
for the uplink, result in non-linear integer programs (IP). Therefore, to solve the
optimization problems with linear program solvers, a linear optimization problem
is developed that-in combination with a complementary algorithm-can reach a
sub-optimal solution.

The results show that using guard bands in a static way, leads to improvements
in SINR, but to a loss in transmission capacity, as the SINR gains are not large
enough to cover the loss that stems from turning data subcarriers into guard bands.
However, using guard bands along with dynamic subcarrier allocation improves
the performance according to the respective optimization goal. It is shown that
incorporating guard bands in the raw-rate maximization approach yields a higher
overall cell capacity, and in the max-min optimization approach yields a valuable
increase in the worst user capacity.
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Chapter 1

Introduction

1.1 Background

Existing Third-generation (3G) wireless communication systems such as Universal
Mobile Telecommunications Systems (UMTS) for wide areas, and Wireless Local
Area Networks (WLAN) for local areas, can deliver a maximum data rate of
7.2 Mbps with wide areas of coverage and 54 Mbps with small areas of coverage [1].
However, considering the increase in the number of mobile subscribers in the recent
and future years (Figure 1.1) and their expectations for mobile services, brings out
the demand for future generation of wireless communication systems to provide
much higher data rates than the current systems.

In order to meet the needs for higher data rates, the modulation and multiple access
schemes must be chosen in such a way that they provide the system with more
flexibility, higher spectral efficiency and more robustness against the impairments of
wireless channels. In this regard, one of the most promising candidate technologies
which has attracted many attentions in the recent years is Orthogonal Frequency
Division Multiplexing (OFDM) [3].

Although the concept of OFDM is not new and can be traced back to the 1950s, its
application was very limited due to implementation complexities. In 1971, Weinstein
and Ebert [4] suggested an implementation based on Discrete Fourier Transform
(DFT) which reduced the complexity to a high degree. Later on, due to the progress
in implementation technologies and introduction of Fast Fourier Transform (FFT),
OFDM became more popular and used in practice. Since 1990, various systems
and standards including Asymmetric Digital Subscriber Lines (ADSL) [5], Digital
Audio/Video Broadcasting (DAB/DVB) [6,7] and wireless LANs [8], adopt OFDM.
It has also been proposed for the next generation of mobile communication systems
(e.g. Mobile WiMAX [9] and 3GPP LTE [10]).
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Basically, OFDM converts a high rate data stream into a number of parallel
low rate sub-streams and transmits them simultaneously over orthogonal narrow-
band subcarriers. Since the symbol duration, which is required for each low rate
sub-stream is relatively long, it is inherently more robust against inter symbol
interference (ISI). In addition, by adding a guard interval, which usually is a cyclic
prefix of the OFDM symbol, the complete elimination of ISI is possible.

There are several ways in which OFDM can be used both as a modulation scheme
and also as a multiple access scheme. One way is to combine OFDM with Code
Division Multiple Access (CDMA), known as Multi Carrier (MC)-CDMA in which
signal is first spread with a spreading code in frequency domain and then sent
over the subcarriers. The other technique, called Orthogonal Frequency Division
Multiple Access (OFDMA), involves splitting the available subcarriers between
different users which is similar to the ordinary Frequency Division Multiple Access
(FDMA) except that OFDMA does not require the large guard bands to separate
the users. In addition OFDMA can incorporate Time Division Multiple Access
(TDMA) for users to access the system in certain time slots [11].

In an OFDMA system, resource allocation refers to allocating subcarriers or a
group of subcarriers (chunk or subchannel) to different users and determining the
power level and modulation type for the allocated subcarriers. In recent years, a
significant gain has been shown to be achievable by applying dynamic resource
allocation mechanisms to the downlink of OFDM-based multi-user wireless systems.
Generally these gains are achieved by exploiting the channel variations for different
subcarriers in time, frequency and space.

The base station assigns different set of subcarriers to different users based on
the channel state information (CSI) of each subcarrier, to maximize the system
performance measure (e.g. minimum throughput of the cell). This mechanism is

2



Introduction

called dynamic subcarrier allocation. It can also be accompanied by dynamic power
allocation [12].

In order to achieve similar gains, we would like to adopt the same mechanisms to
the uplink of the respective systems. However, moving from downlink to uplink is
not straightforward, as in the uplink direction, one OFDM symbol is generated by
many different users and then sent to the base station. Consequently, this process
might involve problems such as frequency and timing offsets, as well as additional
information exchange and signalling overhead. Hence, it is very unlikely that the
exact well-known mechanisms can be used in the uplink. Instead, they have to be
modified to suit the uplink specific requirements. Especially, because of the missing
ideal time synchronization between the terminals in the uplink, subcarriers that
are assigned to different terminals cannot be guaranteed to be orthogonal, thus,
guard zones (unused parts of the frequency band) might need to be introduced to
reduce the interference among the participating entities.

1.2 Thesis Scope

This thesis investigates the problem of resource allocation in the uplink of an
OFDMA system with the focus on the possible timing misalignment between
different users, wherein, the utilization of guard zones to mitigate the impact of
these timing offsets is explored. Two main parameters of guard zones are considered,
the width and the number of required guard zones. Both parameters have an impact
on the available resources for the actual user data transmission: the more and
wider guard zones are necessary, the less resources can be used for user data
delivery. Finding the optimal trade off between the individuality in subcarrier
assignments and the number of necessary guard zones in order to maximize the
system throughput or the worst user’s throughput is the final objective of this
thesis.

1.3 Thesis Outline

The rest of the thesis is organized as follows:

In Chapter 2, the basic principles of OFDM as well as OFDMA, along with the
related concepts of dynamic resource allocation in such systems are presented. Af-
terwards, an overview of the existing schemes regarding dynamic resource allocation
and synchronization, in the uplink of an OFDMA system is provided in Chapter 3.
The model for the system under study is given in Chapter 4. This chapter also
includes the MAI model and its detailed mathematical analysis.
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In Chapter 5, the usage of frequency-domain guard bands and its impact on the
system performance are investigated. The optimization approaches for the uplink
of an OFDMA system, including the guard band placement strategies are studied
in Chapter 6. Simulation methodology and results along with their analysis are
discussed in Chapter 7. Finally in Chapter 8, conclusions are drawn from the
results and possible challenges for future work are proposed.



Chapter 2

Fundamental Concepts

In this chapter, the essential basic information on OFDM and OFDMA schemes are
provided. Thereafter the concept of dynamic resource allocation in such systems
are described.

2.1 OFDM

2.1.1 OFDM principles

Orthogonal Frequency Division Multiplexing is a multi-carrier transmission scheme.
The basic idea of OFDM is to divide a high rate data stream into N low rate
sub-streams and send them in parallel over N subcarriers [11|. In contrast to
the conventional multi-carrier schemes, which split the available bandwidth into
non-overlapping subcarriers separated by guard bands to prevent inter-carrier inter-
ference (ICI), OFDM scheme allows for subcarriers to overlap and still prevents ICI.
This is achieved by making subcarriers orthogonal to each other. The orthogonality
of subcarriers is resulting from the fact that each subcarrier has an integer number
of cycles over an OFDM symbol duration. This ensures that each subcarrier has a
null value at the other subcarriers’ center frequency. Figure 2.1 shows an example
of OFDM signal spectra.

Using orthogonal subcarriers, makes the OFDM systems more spectrally efficient
compared to the conventional systems. Figure 2.2 shows the saving of bandwidth
with OFDM compared to a conventional multi-carrier scheme with the same
subcarrier bandwidth.

The parallel transmission feature of OFDM helps the system to mitigate the
effect of multipath delay spread. Since the symbol duration, which is required for

5
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Figure 2.1: OFDM signal spectra: each subcarrier
has a null value at the other subcarriers’ center fre-
quency.

transmitting each low rate sub-stream is relatively long, the OFDM system is more
robust to delay spread and consequently ISI is reduced. Furthermore, by using an
additional guard interval (cyclic prefix - see Section 2.1.3), at the beginning of each
OFDM symbol, IST can almost be avoided completely.

2.1.2 OFDM transceiver

At the OFDM transmitter, the data stream is first split into blocks of N symbols.
Then, the symbols of each block are modulated over the N subcarriers. The number
of bits per symbol is determined by the modulation scheme, which is chosen for
each subcarrier. Common modulation schemes include different variations of Phase
Shift Keying (PSK) and Quadrature Amplitude Modulation (QAM). An OFDM
symbol consists of a sum of these modulated subcarriers. Let x,, be the modulated
symbol on subcarrier n and T the OFDM symbol duration, then the equivalent
complex baseband notation of an OFDM signal starting at ¢t = t; can be written
as [11]:

s(t) = Z iy N exp (jQW% (t— ts)) , ts <t <t;+T (2.1)

Equation (2.1) is in fact, the real part of the inverse Fourier transform of N

6
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Figure 2.2: Saving of bandwidth with OFDM [11]: (a) Conventional multi-
carrier scheme and (b) OFDM scheme.

modulated symbols, which is equivalent to Inverse Discrete Fourier Transform
(IDFT) in discrete time-domain (as shown in (2.2)) [13]. Note that in the discrete
form the time ¢t is replaced by the sample number n.

s(n) = Nz__;x exp (j%m) (2.2)

At the transmitter, after the OFDM symbol generation using IDFT operation,
the guard interval is added to the OFDM symbol. Then the signal is converted
to analog and sent over the channel. At the receiver, after the analog to digital
conversion, first the guard interval is removed and then demodulation is performed
by a Discrete Fourier Transform (DFT) operation on the received OFDM symbol.
In practice, the DFT functionality can be implemented using computationally
efficient Fast Fourier Transforms (FFT) algorithms [14]. Nowadays, the advances in

semiconductor technologies make large size and high speed FFT chips commercially
affordable.

With perfect synchronization at the receiver, due to orthogonality of subcarriers,
information on each subcarrier can be received without any interference from other
subcarriers. For instance, if we consider (2.1) and the n-th subcarrier, in the receiver
this subcarrier is demodulated using the Fourier transform as shown in (2.3).

Note that each subcarrier has exactly an integer number of cycles in the OFDM
symbol duration 7. So in (2.3) the integration of the exponential component over
one T period, except for ¢ = n, always results in zero since the frequency difference



Chapter 2

DATA

OFDM + — e

DATA

Serial to parallel
Parallel to serial

H@—V
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of (i —n)/T always results in an integer number of cycles within the integration
interval.

ts+T %_1 ]
A n . 1
r = / exp (—]QWT (t— t5)> E:N iy N X (]QWT (t — ts)) dt (2.3)
ts ==
81 ts+T )
= Z TN / exp <j27rz; (t ts)> dt =, xT
N

A simple block diagram of the OFDM transceiver described above is depicted in
Figure 2.3.

2.1.3 Cyclic prefix

As mentioned earlier, one of the advantages of OFDM is its robustness against
multipath delay spread due to the relatively long OFDM symbol duration. In
addition, to further reduce the ISI, a guard interval of length T, is added at the
beginning of each OFDM symbol. In order to preserve the subcarrier orthogonality
and avoid ICI, the OFDM symbol is cyclically extended in the guard interval [11],
i.e. the last N, samples of the OFDM symbol is copied into the guard interval as
shown in Figure 2.4. This guard interval is also known as cyclic prefix. Assuming a
synchronized system, if the cyclic prefix length T}, is chosen, such that it is longer
than the expected multipath delay spread, ISI and ICI can almost be completely
avoided and the subcarrier orthogonality can be preserved.

Since the cyclic prefix provides no new information, it results in an overhead in
time which reduces the system efficiency by a factor of Ny/(N + Ny), where N, is
the number of cyclic prefix samples and NN is the number of useful OFDM samples
(i.e. the IFFT outputs). This overhead always exists, however, it is not significant if
the number of useful OFDM samples is large (i.e. for a large number of subcarriers).

8
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Cyclic prefix: Useful OFDM symbol:
Ny samples N samples

Figure 2.4: Cyclic prefix.

Moreover, the redundancy introduced by the cyclic prefix can be used for improving
data estimation in the receiver [16] and also for synchronization purposes [17].

2.2 OFDMA

In a multi-user communication environment, the performance of the systems highly
depends on the choice of the multiple access scheme. In recent years, a strong interest
has been shown in Orthogonal Frequency Division Multiple Access (OFDMA)
scheme, which, in fact, is a combination of OFDM and Frequency Division Multiple
Access (FDMA). OFDMA was first proposed in [18] for cable TV (CATV) networks.
Afterwards, an initial performance comparison of OFDMA with other access schemes
e.g. OFDM-TDMA and OFDM-CDMA was done in [19] and [20] and it was
shown that OFDMA outperforms the other schemes. Thus, it was adopted in the
Interaction Channel for Digital Terrestrial Television (DVB-RCT) [21] and, more
recently, it has been included in the 3GPP Long Term Evolution (LTE) and Mobile
Worldwide Interoperability for Microwave Access (Mobile WIMAX, IEEE802.16e)
standards |9, 10].

In an OFDMA system, several users transmit their data simultaneously over a
disjoint set of subcarriers, often referred to as subchannels. Similar to OFDM,
OFDMA has the ability to combat ISI and ICI resulting from the channel time
dispersion. Moreover, the orthogonality of subcarriers prevents multiple access
interference (MAI) among the users in the system. One of the important advantages
of OFDMA is its ability to assign system resources (i.e. subcarriers and power) to
different users based on their channel state information and exploit the frequency
diversity and the so-called multi-user diversity [22]. Resource allocation in such
system is discussed in more details in Section 2.3.

In spite of the great features, design and implementation of OFDMA systems have
several challenges. One of the most prominent issues is the need for a very fine
timing and frequency synchronization due to the fact that OFDMA, the same as
OFDM, is extremely sensitive to timing errors and carrier frequency offsets [23,24].

9



Chapter 2

Time & Frequency Variation Spatngl V_ar_latl.on
A Ve
1:: *‘E\}I i % g a0 "
Eus M A oY -
iak 1
H Y ‘P(H; ?_ 5 ‘
i - ” Ve 1 ne)
Upy, ~ R~ eng, aenot
(-4 - ey W I = L] ’ﬁ B‘I
I T ) (w
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This problem becomes more severe in the uplink of such systems where one OFDM
symbol in generated by the contribution of many different users. Therefore, users
must be perfectly aligned in time and frequency to maintain the orthogonality of
subcarriers and prevent ICI and MAIL One usual method to protect the system
against the possible misalignments, is using long guard intervals in OFDM symbols
at the cost of its overhead and loss of the resources in time [25].

2.3 Resource allocation in OFDMA systems

Resource allocation in OFDMA systems refers to the allocation of subcarriers or
subchannels (a groups of subcarriers) to different users as well as determining
the power and modulation type per subcarrier. Due to the time- and frequency-
selectivity of wireless channels, each subcarrier can experience different attenuation
at different points in time and frequency, providing frequency diversity. Also in
a multi-user environment, users are located at different places and a subcarrier’s
channel gain most probably differs from one user to another, providing multi-user
diversity. Figure 2.5 shows the different channel variations. These variations in
time, frequency and space can be exploited to assign the resources to users based
on their channel state information (CSI).

2.3.1 Loading algorithms

One of the resources in an OFDMA systems that can be assigned based on the CSI
is the amount of power per subcarrier. This can be accompanied by the modulation
type per subcarrier. Such schemes are referred to as dynamic power assignment
and adaptive modulation mechanisms. Considering a specific user at a certain point
in time, different subcarriers have different attenuations in frequency, therefore, the
scheduler can assign different amount of power to different subcarriers and based on

10
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the resulting Signal-to-Noise Ratios (SNR), it can also assign different modulation
types to different subcarriers, in order to achieve a maximum system performance.
The adaptive modulation is usually realized using a function (Fy.op;;) which maps
the SNR to one of the available modulation types. For instance, in Figure 2.6, the
relationship between symbol error probability and SNR values for different types of
QAM modulation is shown. If the target symbol error probability of the system is
P... = 1072, then the function F},,o; assigns 2 bits to subcarriers that their SNR
values are between 8-16 dB, 4 bits to those with 16-22 dB SNR values and 6 bits
to the subcarriers with SNR values more than 22 dB.

The above schemes are also known as loading algorithms and are based on the water
filling theorem, known from information theory [26]. Hughes-Hartogs proposed the
initial loading algorithm [27], and later on many algorithms have been proposed
based on the Hughes-Hartogs algorithm to perform faster and achieve the optimal
or sub-optimal resource allocation results [28-31].

There are two kinds of loading algorithms, bit-loading and power-loading algorithms.
Bit-loading algorithms aim at maximizing the capacity by adopting the number of
bits per subcarrier with respect to constraint on the available transmit power and
the target bit error rate (BER), while power loading algorithms aim at minimizing
the total transmit power by adopting the power level for each subcarrier with
respect to constraint on the target data rate and BER. For more details on loading
algorithms see [26] and [32].

11
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2.3.2 Dynamic subcarrier assignments

In a multi-user environment, one of the other resources which can be assigned based
on the CSI, except the power and modulation type, is the allocated subcarriers to
different users. Considering a certain point in time, the attenuation of a subcarrier
differs for different users (if they are separated with a minimum distance of one
wavelength [33]), i.e. it can be in a deep fade for one user while having a low atten-
uation for another user. Assuming that the scheduler knows the instant CSI, it can
periodically assign each subcarrier to the user which can use it best to achieve the
system performance target (i.e. maximum capacity or minimum transmit power).
This approach is called dynamic subcarrier assignment, also along with the loading
algorithms, it is known as dynamic OFDMA [22,34].

The above dynamic resource allocation schemes (subcarrier and power assignments)
are based on the assumption that the scheduler knows (or has a good estimate
of) the instant channel state information. More discussions on how to provide
this information to the scheduler, i.e. using inband signaling or a separate control
channel can be found in [35] and [36].

12
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Related Work and Thesis Approach

3.1 Related work on the OFDMA uplink

This section provide some of the related work on the OFDMA uplink. They are
divided into two parts: related work on the synchronization methods including the
studies on the use of frequency-domain guard bands, and related work on dynamic
resource allocation in OFDMA systems.

3.1.1 Synchronization techniques and guard bands

In the downlink of OFDMA systems, timing and frequency offsets are usually
estimated by analyzing a pilot signal transmitted by the base station. Then, the
synchronization can be accomplished using the similar methods as in single-user
OFDM systems (since all the users receive the downlink data from the base station,
with common timing and frequency errors [24]). However, this is not the case
in the uplink, where the received signal at the base station is constructed out of
transmitted signals from different users, each with different timing and frequency
errors. The methods available for the downlink synchronization at the base station
cannot be exactly applied to the uplink, since the correction of one user’s offsets
would misalign the others. Accordingly, in the uplink, each user must be separated
from the others before starting the synchronization process [24]. Since this user
separation is closely related to the subcarrier assignment method used in the
system, different synchronization techniques for different assignment methods have
been proposed in the literature. However, most of these methods assume a quasi-
synchronous scenario [37], wherein, the length of the cyclic prefix is sufficiently long
to compensate for the timing misalignments, and focus on the frequency estimation
problem [25,38,39]. A comprehensive overview of the existing synchronization
techniques for OFDMA systems is provided by Morelli et al. in [24].
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Despite the numerous methods to combat timing and frequency offsets, there is
always a chance for residual offsets among the users and the base station in a
cellular OFDMA-based system, especially in the time domain. In [40], Wang et al.
investigate the impact of residual offsets in the system and show that, even small
residual offsets destroy the orthogonality among the OFDM subcarriers and, thus,
lead to multiple access interference (MAI).

The use of frequency-domain guard bands to reduce the MAI due to synchronization
errors in OFDMA systems, has first been studied by Tonello et al. in [41]. They
present an analytical model for MAI (without any details on the derivation of the
interference power in their model) and consider identical timing and frequency
offsets for all users in a flat fading channel. They compare the signal-to-interference
(SIR) and symbol error rate (SER) performance of the system in the static block-wise
and interleaved subcarrier assignment methods and show that the block assignment
scheme is more robust against MAI than the interleaved scheme. Their results also
show that using guard bands in the block assignment scheme can improve the SIR
and SER performance.

Later, Park et al., in [42], provide an analysis on the effects of timing misalignments
in OFDMA uplink. They assume the timing misalignments to be i.i.d. for different
users and uniformly distributed between zero and OFDM symbol duration. Their
results show the SINR degradation for different values of maximum symbol timing
misalignment and verify the SINR gain with guard subcarriers. In [43], You et al.
study the effects of symbol timing misalignment in the system. In addition, they
explore using different number of guard subcarriers in a block assignment scheme.
Their results show a BER performance improvement as more guard subcarriers
are used. However, they also show throughput degradation with the use of guard
subcarriers.

In all of the above studies, the usage of guard bands has only been investigated
with respect to SNR performance and in a static block assignment scheme. Thus,
to the best of our knowledge, the incorporation of guard bands in the resource
allocation optimization process has not been studied before.

3.1.2 Dynamic OFDMA systems

The work of Wong et al. in [22], is among the first and most cited papers which
investigates the problem of dynamic resource allocation in the downlink of multi-
user OFDM systems. They formulate an optimization problem, assuming perfect
knowledge of the instantaneous channel gains for all users, to minimize the total
transmit power subject to given transmission rate requirements. They show that
this optimization problem is a combinatorial optimization problem and in order
to make it tractable, they relax the integer constraint. Then, they prove that the
new problem is a convex minimization problem, for which they derive the necessary
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conditions for the optimal solution using the Lagrange technique. Moreover, they
provide an iterative algorithm for calculating the Lagrangian multipliers. Since their
optimal solution is based on the relaxation method, they introduce a sub-optimal
multi-user adaptive OFDM (MAO) scheme and show that its performance is not far
from the optimal continuous one. Despite the significant gain over fixed assignment
schemes, their algorithm is difficult to implement and requires a large number of
iterations to converge.

In [34], Rhee et al. formulate another optimization problem that maximizes the
Shannon capacity for the worst user, based on the total power constraint in the
downlink of a multi-user OFDM system. They also relax the integer constraint
(allow for subchannel sharing among user) and convert the problem into a convex
optimization problem. Then, they propose a sub-optimal algorithm with a low
complexity to allocate the subchannels to users. It is shown that their sub-optimal
algorithm performs almost as good as the optimal solution with a 2%-4% gap.

Later, Kim et al., in [44], convert the above originally non-linear optimal resource
allocation problems, into linear ones and solve them by integer programming (IP).
To reduce the complexity, they proposed a sub-optimal approach, which allocates
the subcarriers based on the Linear Programming (LP) relaxation of the IP. Then,
they use a greedy algorithm for bit loading. Their results show that the sub-optimal
method produces almost the same results as the optimal one, with significant lower
complexity.

Based on the optimization problem in [22], Kivanc et al., in [45], derive a computa-
tionally inexpensive method for subcarrier and power allocation in the downlink.
Again, the objective is to minimize the total power consumption subject to a given
minimum transmission rate requirement for each user. The allocation algorithm is
divided into two steps. In the first step, the bandwidth assignment based on SNR
(BABS) greedy algorithm uses the average SNR values to calculate the number
of subcarriers that each user will get. In the next step, the specific assignment of
subcarriers is done, for which they provide two different greedy algorithms. The
first algorithm, Rate Craving Greedy (RCGQG), allocates each subcarrier to the user
with the maximum transmission rate on that subcarrier. In the second algorithm,
Amplitude Craving Greedy (ACG), the subcarrier is given to the user which has the
highest gain on that subcarrier, given that the user has not exceeded the number of
subcarriers calculated from the first step. Their proposed algorithms have compa-
rable performance to the iterative one in [22|, while being computationally cheap.
More different approaches for dynamic resource allocation in OFDMA downlink
can be found in [46-50].

Regarding the OFDMA uplink subcarrier and power allocation, in [51], Kim et al.
formulate an sum-rate optimization problem based on the Shannon capacity formula
for the Gaussian channel. The difference in their optimization problem with the
usual downlink problems is that they consider each user has a specific power
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constraint in the uplink. Moreover, the allocated power of one user to a subcarrier
can differ from the allocated power of another user to the same subcarrier. Therefore,
in their proposed optimization approach, power plays an important role. To solve
the optimization problem, they relax the integer constraint on the assignment
variable and prove that for the solution to be optimal, the assignment variable
should have binary values. Therefore, the relaxation does not violate the intrinsic
feature of OFDMA. Then, they propose a greedy algorithm for subcarrier allocation
and an iterative water-filling power allocation algorithm. In the subcarrier allocation
algorithm, first, the assigned power for all subcarrier/user pairs are calculated,
either by using the water-filling algorithm or equal power distribution. Afterwards,
each subcarrier is assigned to the user with the largest marginal rate. It is shown
that their sub-optimal algorithms outperform the downlink algorithms. Their
results also showed that the equal power distribution and water-filling algorithm in
the uplink have similar performances.

In [52], Shen et al. investigate the design tradeoffs in the OFDMA uplink with
respect to subcarrier assignment methods in different applications. They show that,
for fixed and portable applications, where the propagation channels are almost
static, the maximum throughput can be achieved when subcarriers are assigned to
users with minimum frequency diversity, and for mobile services, the assignment
method with maximum frequency diversity provides the maximum throughput.

All of the above dynamic resource allocation schemes, in the uplink (as well as the
downlink) of OFDMA systems, assume a perfectly synchronized system and they
do not take the multiple access interference into account. In this thesis, to the
best of our knowledge, it is the first time that the use of frequency domain guard
bands are incorporated in the dynamic resource allocation schemes to mitigate the
possible MAI among users.

3.2 Thesis approach

As mentioned in Section 3.1.1, a common approach to mitigate MAI, is to use large
time-domain guard intervals that assure orthogonality among subcarriers. As an
alternative approach, in this thesis the usage of frequency-domain guard bands is
explored to efficiently suppress MAI due to timing offsets. Using guard bands allows
for short time-domain guard intervals, since guard bands can be added or omitted
as needed, depending on the current subcarrier assignment situation. However,
most approaches to optimize resource allocation in OFDMA uplink systems assume
perfectly orthogonal subcarriers (see Section 3.1.2), and, thus, do not incorporate
the MAI mitigation into the optimization problem. Since the MAI strongly depends
on the distribution of subcarriers among the terminals, it needs to be considered in
the dynamic subcarrier assignment mechanism.
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In this thesis, the mitigation of MAIT is incorporated into the subcarrier allocation
process by using guard bands between frequencies assigned to individual users,
which, allows for efficient resource usage. This way, we find the optimal trade
off between the individuality in subcarrier assignments (which assures a high
exploitation of multi-user and frequency diversity) and the number of necessary
guard bands (that increases with the individuality of assignments) for the uplink.

The specific thesis goals can be summarized as follows:

e Study the impact of MAI and the effects of using frequency-domain guard
bands on the SINR performance of the systems, to see whether employing
guard bands can really protect against the MAI and improve the SINR. The
results of this step should be inline with the previous works on this subject.

e Investigate the system capacity performance in the presence of MAI, as well
as the impact of using guard bands on the system capacity. In this step,
the trade off between using guard bands to mitigate MAI and having less
subcarriers for data transmission will be studied.

e Finally, derive the optimization problem for the uplink and incorporate the
guard bands into the dynamic subcarrier allocation mechanism. Study the
capacity gains due to exploiting the diversity effects and using guard band
for MAI mitigation.
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Chapter 4

System Model

The system under consideration is a single cell ¢ of a wireless cellular system
consisting of a base station and user terminals. The cell has a radius of reen. Ny
users are distributed among the cell following a uniform distribution. Each user is
moving at a speed of v. Time is divided into frames of duration T; which is also
split into downlink and uplink phases. As we are interested in uplink transmission
only, the downlink transmission phase is not considered any further.

4.1 Wireless channel

Each transmitted signal is affected by multipath fading channels and the additive
white Gaussian noise (AWGN) with zero mean and variance 0. The uplink wireless
channel for each user is modeled as a Rayleigh fading channel with exponential
power delay profile [53|. N, fading paths are assumed. The individual path gains
are independent with zero mean each. The p-th channel tap of k-th subcarrier of
the u-th user is denoted by hi,u' It is also assumed that the uplink channel response
for each user varies independently from all other channels.

4.2 Transmitter

The considered system uses OFDM as its transmission scheme for uplink data
transmission. Figure 4.1 shows the baseband block diagram of an OFDMA trans-
mitter for uplink of the user u. It has a total uplink bandwidth of Byy, at center
frequency f.. The given bandwidth is split into N subcarriers (with a spacing
of By, /N and a symbol length of T, each). During a single frame, uplink data
multiplexing is done by FDMA, where the smallest addressable bandwidth-unit
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Figure 4.1: Block diagram of an OFDMA transmitter for uplink of the user u.

is a subchannel. In the frequency domain, a subchannel consists of a well defined
number of adjacent subcarriers. In the time domain, a subchannel spans over all
OFDM symbols available for user uplink data transmission of the respective frame.

In each frame, the base station allocates a certain set of subchannels with a
certain amount of power for each subchannel to the users. The result of these
allocations is then sent back to each user through a separate reliable control
channel [36]. Three cases of user/subchannel assignments are considered: static
block assignment (Figure 4.2(a)), static interleaved assignment (Figure 4.2(b)) and
dynamic assignment. In the dynamic case, the assignment selection is based on the
available CSI and the predicted interference situation per frame. It is also assumed
that the maximum transmission power P,., per cell is statically distributed over
the subcarriers (i.e. Pr = Pyax/N).

For the u-th user, the n-th subcarrier data symbol {d,, .} is mapped to the symbol
{Xnu} as:

dpy, nely

Xnu = { 0. ngrT, (4.1)

where I, is the set of subcarriers assigned to user u. These sets satisfy the condition
in (4.2) which means users are assigned disjoint set of subcarrier.

Ny—1

UJr.={01,..,Nv-1}
u=0

Lo \Tw=0 if usu (4.2)
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Figure 4.2: Different subchannel assignment methods
(assuming equal number of subchannels per user).

According to the number of bits allocated to each subcarrier, adaptive modulation is
preformed [54], which chooses the appropriate modulation type for that subcarrier.
This is then followed by the inverse fast Fourier transform. The IFFT output of
the k-th subcarrier for the u-th user, according to (2.2), can be written as:

=Y X, ¥E 0<k<N-1, (4.3)

nely,

where N is the number of subcarriers.

Afterwards the parallel data streams are converted to serial ones and prior to the
transmission of the OFDM symbol, a cyclic prefix of length Ny = v + vy samples
is added as a guard interval which results in total symbol duration of T' = T + T,
in time domain. The distinction between v; and vy is made by imagining that
vy counteracts the time misalignments of the terminals while vy counteracts the
delayed echoes of the multipath channel.

4.3 Receiver

In the receiver, a bank of single user detectors is assumed as depicted in Figure 4.3.
It is assumed that the there is no carrier frequency offset between the transmitter
and the receiver of all users. Upon arrival of the received signal from the channel,
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Figure 4.3: Block diagram of an OFDMA receiver for uplink of the user u’.

the receiver window, which is synchronized to the u/-th user, extracts a block of N
samples starting from the middle of the guard interval N, as follows:

N+Ng samples

Y

TN —vp—vy - - - [:IJNJ%’U e IN-Lu Tou- - TN-Y 1y TN-Lu (4.4)

(.

~
N samples

However, users are not perfectly synchronized in the uplink and there is a symbol
timing misalignment between users which is assumed to be normalized to the sample
timing interval [42], i.e. the u-th user has a timing misalignment relative to «’-th
user which corresponds to [, samples.

Next, the block of N samples is converted to parallel and processed by the FFT
during the duration T§. Finally the data symbols of the u/-th user are reconstructed
by converting the parallel FF'T outputs to serial ones.

Now considering the transmitted symbols in (4.3) and the receiver window in (4.4),
let wi,u,zu be the the k-th element of the N-point received window shifted by the
symbol timing misalignment [, on the channel tap p, then the k-th sample of the
received signal at the input of the FFT can be written as:

Yk = R Thwr, T @ 0<k<N-—1, (4.5)

where wy, is the noise contribution.

And the FFT output for the u/-th user’s n-th subcarrier is given by:
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1 N-1
_a2m k
Youw = N 2 ype TN nely,
1 N—1Ny—1Np—1 ,
=N e 0 €N W n €y
k=0 u=0 p=0
= Dn,u’ + In,u’ + Wn,u’ n e ly. (46)

Consequently, the output signal consists of the desired signal D,, ,, the multiple
access interference (MAI) term 7, ,, and the AWGN noise contribution W, ,

From (4.3) and (4.6), the term D,, ,» can be written as:

Dn,u’ = Xn,u/Hn,u/a (47)
where,
Np—1
Hu = 3 e 750, (48)
p=0

The term I,,,/ is the sum of the MAI from other users which is caused by the
symbol timing misalignments. By substituting (4.3) in (4.6) and excluding the
desired signal and noise, the MAI term can be written as:

Ny—1

]n,u’ = Z Xn,ua (49)

u=0,uzu’

where Xn’u is the contribution of the u-th user on subcarrier n which is given by:

N—1Np—1
X = l BP P —j %Fnk
nau kau kol
N K b sbu
k=0 p=0
N—1Np—1
1 P j<F (k—p+lu)m  _—j5Enk
=~ hY W Xmu€ N W eI N (4.10)
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Finally the term W, , in (4.6), which denotes the part of the output signal
corresponding to the channel noise is,

) =

MZ

1
— e I, 4.11
-~ o (411)

n,u

k=0
4.4 Performance metrics

4.4.1 SINR

To evaluate the system performance and its degradation due to presence of the
MAI, average signal-to-interference-plus-noise ratio (SINR) is calculated for each
subcarrier at the output of the FFT. User «/-th’s instant SINR value vg)n per
subcarrier n (n € I';,) varies over time due to its varying channel gain (reflecting
path-loss, shadowing and fading) and MAI caused by surrounding users:

Pu’ n
71(;)71 T Na—1 ’ ’ (4.12)
> Mét) (n|ly) + o2
u=0,uzu’
where
) \2
Pun=Pr-(n0,). (4.13)

. . t
denotes the average received power on subcarrier n of user v/, and h( ) ,, denotes

user u'-th’s average channel gain on subcarrier n versus the base station. M (n|l )
is the average power of the MAI generated on the n-th subcarrier by the u-th user
conditioned on its time offset [, relative to user v’ (as described in the next section),
and o2 denotes the noise power per subcarrier.

4.4.2 User capacity

Average capacity per user is considered as another performance metric. It is
defined as the amount of information bits that the user u can transmit over the
wireless channel, using all the subcarriers assigned to it, averaged over all the uplink
transmission phases. At each point in time, the number of bits that the u-th user
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can transmit over its subcarrier n, Cq%, is a function of the perceived SINR on
subcarrier n and the maximum admitted error rate P, (see Section 2.3.1), i.e.,

C(t) = Fsinr?bit (’Yg)na Perr) . (414)

u,n

The user capacity as described above is the sum of all bits transmitted by a user,
ie.,

ch=>"ci (4.15)

TLEFu

4.5 Multiple access interference

According to [40,41], the average power of the MAT generated on the n-th subcarrier
by the u-th user conditioned on its relative time offset [, is computed as (see the
Section 4.5.1 for detailed mathematical analysis):

(®)

P, A
M (nll,) = e L (4.16)
kezru N? gin? (N(n — k))

The transmitted symbols are assumed i.i.d. with zero mean, thus, the MAI has
zero mean, too. Recall that I', is the set of subcarriers assigned to user u. The
term AS)M“ depends on the user’s relative time offset [, and the distance (n — k)
in frequency between the desired subcarrier n and the interfering subcarrier k.

If the instant power per received path p is assumed to be computed as:

Qb =E[rY 7], (4.17)

u,n,p u,n,p

then, depending on user u-th’s delay [, A, x;, can be computed as [41]:
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Casel For —-N+ 3 =a<l, <b=-vy— 5

Np—1

nklu ZQ kp|:81n N( _lu_é_w)(”_k))

=l =5 = v = N)n— k)|,

2
+sm(N 5

Case I For —vy — 5 =b<l,<c=N,—1—wv— 3

Np—1
v

. ™
Akt = > Ql(fkp [SHP(N(]? — by — 51 —vp)(n —k))
p:_b_‘lul‘f'l

. ™ v
+mﬂﬁ@—h—é—w—wa%»,

Case IIl For N, —1—-wv— G =c<l,<d=%":

t
A“,” —0

Case IV For & =d<l, <e=N,—1+ %

|-

Z Q) [sin* (5 (0 = b+ 30— k)

.9, T U1 ]
T p—1, 4+ 2 4 Ny(n— k)],
+ sin (N(p + 5 + N)(n—k))
Case V. For N,—-1+% =f<l,<g=N+7%:

Np—1

Ag)kl —ZQ [Sln N( —lu+%)(n—k‘))

T p—lut+ 2L NYn—k)]|.

.2
+ sin (N 5
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4.5.1 MAI mathematical derivation

This section provides a detailed mathematical derivation of the multiple access
interference and its power as shown in (4.16). For the sake of generality, it is
assumed here that except the symbol timing misalignments between users, there is
also a carrier frequency offset (CFO) between their local oscillators. In this case
the received signal at the input to FFT in (4.5) is changed to:

Ny—1 Npil
o= eINANT b twr 0<k<N-—1, (4.18)
u=0 p=0

where Af, is the CFO of the u-th user relative to the u/-th user, normalized to the
subcarrier spacing (i.e. Af, = (fu — fu)N/Buw).

Hence, the contribution of the u-th user to the MAI, Xnu in (4.9), would be changed
to:

) 1 N—1Np—1
X, 0= ~ Z h’ﬁ,u iulue 33T (n+Afu)k
k=0 p=0
1 N ) .
_ ~ h? X, eI N (k=pHlu)m | =55 (n+Afu)k
k=0 p=0 mel
1 Np—1 N-1
- he X, ge I & 0=la)m Z oI 5 (n=m+Afu)k (4.19)
N mel,; p=0 F=0 |
Ih

In the previous equation, the symbol X, ,, is shifted by the total of (p —[,,) samples,
where p is the delay samples due to the multipath environment and [, is the delay
samples due to relative timing offset of user v and u’. Now considering the receiver
window in (4.4) for the u/-th user, different values of [, lead to different results for
the summation term 7., ; in (4.19) and consequently different amount of interference

from the u-th user X,, .

The MATI value based on the u-th user delay [, and (4.4) can be categorized in
different cases as follows:
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Case I If the total delay, (p — [,), is such that the receiver window of u/-th user
experiences interference from the early arriving symbols of u-th user, for all the
paths, then we will have,

forp=0: p—lu>v+% — L <—-v—%

forp=0: p—l,<N-% —1,>-N+4

U1 U1
= -N+—-<Il, < —v9——.
Ty 2Ty

The first condition assures that the early symbols receiving in the first path are
interfering with the u/-th user’s receiver window. The second condition is to make
sure that the delay [, is such that the symbols in the last path are still in the
receiver window, assuming N, — 1 < v, i.e. the maximum delay spread is less than
the guard period assigned to protect the multipath delay (vs).

In this case, the term j};yi in (4.19) will consist of two parts, early arriving symbols
from the u-th user and the symbols from the u/-th user,

p—lu—’ug—vl/2—1 N-—1
-2 - 270
:;71 — Z e*JW(n7m+Afu)k + Z e*]W(nferAfu)k (420)
k=0 k=p—l,—v2—v1/2

-~

symbols of the u-th user symbols of the u/-th user

The above summations are two exponential series [55], which then result in

_— eI R (n=m+Afu) (p—lu—va—v1/2) _ |

m,1 eI (n—m+Afu) _

01 2 (n=mAAf) (p—lu—va—v1/2-N) _ |

+ —or

. e—j%”(n—m+Afu)(P—lu—v2—vl/2)
e J N (n_m+Afu) — 1

sin 7 (n —m + Afy)(p — ly — v2 — v1/2) . oI B (=t Afu) (p—lu—v2—v1 /2-1)

sin ;- (n — m + Af.)

. sin %(n —m+ Af,)(p—l,—va—v1/2—N) . eI A (nmt Afu) (N+p—lu—va —v1 /2-1)
sin 3 (n —m + Afy)

(4.21)
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Since all the paths are treated the same in this case, the MAI from the u-th user
can be achieved by simply substituting 7, ; from (4.21) in (4.19):

Np—1
= = Z Z Y X e I X 0bdm . ge (4.22)
mEF ; p=0

and if we assume that the transmitted data symbols on different subcarriers are
independent of each other, with zero mean, then MAI has a zero mean, too. Let
Prw = E{|X,n.]?} be the received signal power of user u on subcarrier m and
Qr , =E{|h2 |} be the channel gain of subcarrier n of user u on path p.

With the above assumptions the power of MAI can be written as:

Ma(nlt) = B {] ol |

N,—1
1 P
=5 O 2 By E{ X} - E{IT.P)

mEFu/ p=0

_ 1 _ (n, k, A, L)
= > P T (B0 —h + &) (4.23)

mel

where,
Np—1 -
Aln, b, A1) = S Q) [snf(N( 1= 5 =)=k + AF)
p=0
Lo, T v
+ SmQ(N(p -1, - 51 —ve—N)(n—Fk+ Afu))] :

Case II If the total delay, (p — [,), is such that the receiver window of «’-th user
experiences interference from the early arriving symbols of u-th user, for some of
the paths only, then we will have,

forp=0: p—lu<vy+4 —l,>-v—%

[l

forp=N,—1: p=l,>v+% — 1, <N,—1—v,—Y

|
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:>—U2—?<l <N —1—’02—%

In this case, all the paths are not treated the same way since only some of them
cause interference from wu-th user. For the paths with no interference the term J7?
n (4.19) is:

e—j27r(n—m+Afu) -1

y = e—j N (n—m+Afu)k _
m E :

where n and m are subcarrier indexes, therefore (n — m) is an integer number and,

el2m(n—m) _ ¢ 27r(n — m) + 7 sin 271'(71 — m) =1+0=

_— sin (TAf,) . oI oI f (n=m+Afu) (4.24)

Tz = sin %(n —m+ Af,)

Considering different paths and using (4.21) and (4.24), the MAI from the u-th
user can be written as:

”U2+”U1/2—|lu‘

D IR P D S
mEFu/ p=0
Np—1
+ DR o kR G (4.25)

p=va+v1/2—|ly|+1

and consequently the MAI power can be calculated from (4.23) with the term
A(n, k, Afy,l,) as
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v2+v1/27|lu|

An, b, Afy 1) = siB®(7Af) Y @,
p=0

Y sG-S -kt AR)

2
p=va+v1/2—|lu|+1

0=l o = v = M) — k4 AL)]

.2
—i—sm(N 5

Case III If the total delay, (p —1,), is such that the receiver window of u/-th user
experiences no interference from the early or late arriving symbols of u-th user, i.e.
the total delay is not more than the guard interval, then we will have,

forp=0-: p—lu>—% —ly < 5

—

forp=N,—1: p—l,<va+% — 1L, >N, —1—wvy—1

w|

:>Np—1—z;2—%<lu<5.

In this case, again all the paths are treated the same and the MAI from the u-th
user, by substituting (4.24) in (4.19) is:

Np—1
Knu = N Z Z L, T R RV Y (4.26)
mel’,, p=0

So, the MAI power from (4.23) can be calculated using,

Np—1

A(n, k, Afy, 1) =sin®(7Af,) > Qb . (4.27)

It can be seen that in this case, when the guard interval is large enough to counteract
the timing delays, the MAI only results from the carrier frequency offsets.
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Case IV If the total delay, (p — [,), is such that the receiver window of the u'-th
user encounters interference from the late arriving symbols of u-th user, only for
some of the paths, then we will have,

uo_ s u

forp=0: p—ly <—5 u >

forp=N,—1: p—1Il,>-% — I, <N, —1+%

U1

U1
= = <Il,<N,—1
2 P Jr2

In this case, similar to Case II, paths are not treated the same since only some of
them result in interference. So the term 7, in (4.19) will be:

p—lu+N+v1/2—1 N-1
.2 -2
771;,3 _ § : e—jﬁ(n—m-i—Afu)k + E e—gﬁ(n—m-‘,-Afu)k
k=0 k=p—ly+N+wv1/2
v ~ ~~ d
symbols of the u/-th user symbols of the u-th user

6_j%T(n—m+Afu)(zu—lquNJrvl/2) -1

oI (nmtAf) _

ej%“(n—m-i-Afu)(p—lu-i-m/Z) -1

+ 2m

oI R (n=m+Afu) (p—lu+ N+v1/2)
eI % (n—m+Afa) _

_sing(n—m+ &) — b+ N+ 01/2) i omnr ag)p—tu+ N+ /2-1)
sin 3:(n —m + Afy)

sin (0 —m + Afy)(p — lu +v1/2) oI % (n—m+Af) (2N+v1 /24p—1u—1)
sin (n —m + Afy)

(4.28)

Now considering different paths and using (4.24) and (4.28), the MAI term from
the u-th user is:
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[lu|—v1/2

Xmu :% Z Xonu Z hP e —i % (p=lu)m LT
mer
Np—1
+ Y e iR g b (4.29)

p=llul—v1/2+1

which results in the MAI power from (4.23) with:

p=ltu=v1/2
A(n, k, A, 1) = Z . [sm (Z(p —lu+%)(n—k+Afu))
+ SinQ(%(p—lu‘i‘%"—N)(n_k"’Afu))]

Np—1

+sin®(mAf) Y D

p=|lu|—v1/2+1

Case V If the total delay is such high that for all the paths, the receiver window
of u/-th user faces interference from the late arriving symbols of u-th user, then we
will have,

forp=N,—1: p—lu<—%1 —>lu>Np_1_|_%1

forp=0: p—ly>—-N—-5 — I, <N+F

:>Np—1+%<lu<N+%.

Since, similar to Case I, all the paths are treated the same in this case, by inserting
Jm from (4.28) in (4.19) the MAI term from u-th user can be written as:

Np—1
- N Z Z h mue (p b WI;?” (4'30)
mGF u D= 0

and the A(n, k, Afy,1,) in (4.23) is
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Np—1

A(n, k, A, L) = ; o [sinz(%(p - %)(n k4 Af))

L9, T v
+ sin?(—=(p—lu+— + N)(n—k+ Af))] .
N 2
Note that in all the above five cases, putting Af, = 0 results in the MAI power
as shown in (4.16). Investigating the effects of CFO is not in the scope of this

thesis, however, in this section it is considered in the derivation of the MAI power
to maintain the generality.
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The Use of Frequency Domain
Guard Bands

In order to mitigate MAI due to users’ timing misalignments in the uplink of an
OFDMA system, a common approach is to use large cyclic prefixes per OFDM
symbol as time-domain guard intervals [24, 56]. However, this approach not only
comes with the expense of the extra overhead (due to having less time resources
for data transmission per OFDM symbol), but also as soon as there are timing
misalignments among users that are larger than the cyclic prefix, the system is
again vulnerable to MAI. As mentioned earlier in Chapter 2, the length of the cyclic
prefix is fixed and static in an OFDM-based system during the whole transmission
time, and is the same for all users regardless of any possible changes in the systems
during the transmission. Therefore, the selection of an appropriate cyclic prefix as
guard interval has a significant impact on the system performance: choosing too
large intervals limits the system capacity more than necessary, whereas choosing
too short ones increases the probability of MAI, and thus, the error probability [41].

As an alternative to using long cyclic prefixes per OFDM symbol, frequency-domain
guard bands can be used to separate frequency regions of users that experience
different timing offsets versus the base station [41]. Using guard bands allows for
short time-domain guard intervals, as guard bands can be added or omitted as
needed, depending on the current subcarrier assignment situation.

5.1 Guard bands’ impact on SINR performance

To investigate the effect of guard bands, let us consider a modification of a OFDMA-
WiMAX system [9]. The modified system features short cyclic prefixes in combi-
nation with frequency-domain guard bands. Originally, a guard interval length of
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Ty = 11.4pus is suggested for the standard WiMAX uplink [57]. This number is
quite large compared to the expected maximum delay spread (e.g. Atgs < 2us in
an microcell urban environment [58]). In the modified system approach, a guard
interval length of T, = 3us is assumed. It is, thus, large enough to cope with the
maximum delay spread, but does not protect against user timing misalignments.
Hence, the overall OFDM symbol duration 7" in the modified system is shorter
by the difference A = 11.4us — 3us = 8.4us. Accordingly, this difference is used
to send more OFDM symbols per each uplink transmission phase. To integrate
the guard bands into the existing WiMAX standard, a simple policy is considered:
each user can use its allocated subchannels either as data subchannel or as guard
band subchannel at the border of its frequency region.

Figure 5.1 shows the impact of MAI on the uplink SINR of subchannels (as defined in
Section 4.4) assigned to one user in a WiMAX system with static block assignments
for a sample configuration (10 users, 10 adjacent subchannels per user, described
in Section 7.2 in detail). The dot-dashed curve belongs to an ideal system in which
the users are perfectly synchronized and no MAI exists in the system. The dashed
curve shows a more real system in which there are timing misalignments among
users that result in MAI and performance degradation. This system uses a standard
long cyclic prefix per OFDM symbol. The figure shows that, when MAI exists in
the system, it is unlikely that even the long cyclic prefixes can eliminate it. Finally
the solid curve shows the modified system in which short cyclic prefix is used per
OFDM symbol. It can be seen that in this case, due to the smaller cyclic prefixes
as guard intervals, the MAI has more impact on the performance than the case
with long cyclic prefixes.

Figure 5.2 shows the impact of using frequency-domain guard bands featuring short
cyclic prefixes (i.e. the solid curve). The dashed curve shows the effect of using
one subchannel as a guard band at the beginning of each block of subchannels
assigned to each user (e.g. subchannel 1 in the figure). It can be seen that using one
subchannel as a guard band, decreases the MAI power on the other subchannels
and thus, leads to SINR increase. The effect of using two guard subchannels is
shown by the dotted curve. In this case the first and the last subchannels of each
block is used as guards to protect against MAI It shows that using two subchannels
as guard bands mitigates the MAI even more and increases the SINR. Note that
there is no SINR value for the guard subchannels since they are not modulated and
no signal is transmitted in their frequency band.

If one compares the SINR of the remaining subchannels in this case, to the ideal
case in Figure 5.1, it can be seen that in this example, MAI can completely be
suppressed, if two subchannels per user are used as guards.
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Figure 5.1: The impact of MAI on the average SINR per
subchannel in the static block-wise assignment scenario for long
and short cyclic prefives (CP).
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Figure 5.2: The impact of frequency-domain guard bands (GB)
on SINR. In this example, MAI can completely be suppressed,
if two subchannels per user are used as guards.
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5.2 Guard bands’ impact on capacity performance

In this section, the effect of using frequency-domain guard bands on per user and
system capacity (as defined in Section 4.4) is investigated. For the system described
in the previous section, the capacity comparison is shown between an ideal system
(without MAI) and a real system, in which users are not perfectly synchronized
in Table 5.1. Results for long and short guard intervals are shown. It can be seen
that MAI considerably reduces the system capacity. However, even with MAI, the
capacity is larger if short guard intervals are used. Apparently, the gain in capacity
due to the transmission of additional OFDM symbols per frame is higher than the
loss due to the increased MAI in this case.

Table 5.1: Impact of MAI on system
capacity in the static block assignments
scenario [kbits/frame].

Long Guard Interval

Avg. cell capacity (no MAI) 66.86
Avg. cell capacity (w. MAI) 61.34

Short Guard Interval

Avg. cell capacity (no MAI) 72.43
Avg. cell capacity (w. MAI) 65.20

Note that, there exists a trad off when using guard bands to mitigate the MAI: the
higher the number of guard bands in use, the better the protection against MAI,
but the lower the number of subchannels available for data transmission. Table 5.2
shows the average cell capacity, and Figure 5.3 shows the average per user capacity,
for a system using no guard bands, one subchannel as a guard band (GB1) and
two subchannel as a guard bands (GB2), featuring short cyclic prefixes and the
block assignment method.

Table 5.2: Impact of guard bands on
the system capacity in the static block
assignments scenario [kbits/frame].

Short Guard Interval

Avg. cell capacity (no GB) 65.20
Avg. cell capacity (GB1) 60.04
Avg. cell capacity (GB2) 54.47
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Figure 5.3: The impact of guard bands on the average capacity
per user in the static block-wise assignment scenario for a short
cyclic prefiz.

It can be seen that in this simple and static case of guard band assignment, both
the average user capacity and, consequently, the average cell capacity are decreased
by using some of the subchannels as guard bands, instead of using them for data
transmission. Therefore, there is a need for a more intelligent way to place the
guards in order not to lose capacity when suppressing the MAI.
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Optimization Approaches

As it was shown in the previous chapter, using static guard bands in the block
assignment method protects against the MAI at the cost of transmission efficiency.
Therefore, the guard band placement strategy plays an important role in the
throughput performance of the system and should be chosen more intelligently. In
addition, it is well known that employing dynamic subchannel assignments in the
downlink of an OFDMA system leads to a significant increase in the throughput
performance compared to the completely static approaches, by taking advantage
of frequency and multi-user diversity [22]. As described in Section 2.3.2, in the
downlink of such systems, subchannels are assigned to users based on the instan-
taneous channel knowledge and the system optimization target (e.g. maximum
system throughput or maximum per user throughput).

Hence, we would like to adopt the same mechanisms for the uplink of the system and
include the guard band placement in the process of dynamic subchannel assignment
to suppress MAI as well. Optimization problems for dynamic mechanisms in
OFDMA systems are usually expressed as Integer Programs (IP) [44], which are a
form of Linear Programs (LP), in which variables take on integer values only. More
details on linear and integer programming can be found in [59].

In the following sections, initially an optimization model for the uplink is formulated
and, afterwards, a sub-optimal approach is introduced, which is a modification of
the downlink optimization problem. Along with a complementary algorithm, it
yields a sub-optimal solution.

6.1 Optimization problem formulation

The system under consideration, employs dynamic subchannel assignment in combi-
nation with adaptive modulation and static power allocation (see Chapter 4). Each
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subchannel n out of a set of N subchannels, is assigned to at most one terminal
out of N, terminals at a time, based on its instantaneous CSI and the predicted
interference power on that subchannel (i.e. the subchannel’s instant SINR). The set
of all terminal-subchannel values for the instant SINR forms a N, x N matrix. The
specific assignment of subchannel n to user terminal u at time ¢ is the optimization
variable. It is a binary variable x&t,)n, which is set to one, if subchannel n is assigned
to terminal u, and zero, otherwise:

1 if n is assigned to u at ¢
) = (6.1)
0 if n is not assigned to u at t.

Depending on the instant SINR of each terminal-subchannel pair %(f;;, and the
target error rate P,., one out of M available modulation types, is selected for
each subchannel by the base station in each uplink transmission phase (adaptive
modulation - see Section 4.4.2).

In the following, two optimization problems are explained and formulated: raw-rate
mazimization and max-min capacity optimization.

6.1.1 Raw-rate maximization

The first straightforward optimization approach, which can be applied to the system
is to maximize the overall cell capacity (i.e. overall bit rate of the cell) in each
uplink transmission phase. The formulation of this optimization problem is as
follows:

max Z [ Fuinrzvie (7, Perr) - 200
s.t. a) qu(f)n <1 Vn, (6.2)

where Fsmrgbit(’yﬁ%, P..;) is the function the maps the perceived instant SINR to a
certain modulation type. From (4.12) and (4.13), the instant SINR of terminal u
on subchannel n at time ¢ is:
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2
Pr- (hifh)
7u,n - Ny—1

S MYl -2, + o

u'=0,u'#u

(6.3)

Constraint a) in Equation (6.2) assures that each subchannel is assigned to at most
one user at a time. Since the sum is allowed to take values smaller than 1, i.e. 0
(since L(f ) is a binary optimization variable), a subchannel might not be assigned
to any user and, thus, act as a guard band. A subchannel is selected to be a guard
band, if the capacity gain due to the the suppression of MAI and the resulting
improvement in SINR is larger than the capacity loss due to not transmitting data
on that subchannel.

The raw-rate maximization might face the problem of fairness, as terminals with
lower overall attenuations than others are favored in the subchannel assignment
due to the optimization goal. As a consequence, some other terminals are hardly
assigned subchannels for data transmission. Therefore, other optimization goals
can be considered to address the fairness among terminals.

6.1.2 Max-min capacity optimization

Considering the fairness among users leads to an optimization approach, which
maximizes the minimum user capacity (the weakest user’s capacity) in the cell,
while maximizing the overall cell capacity. This optimization problem is also known
as rate adaptive in the literature [44], and can be formulated as:

max E+w- Z [FsinrQbit (71(;:')(17 Perr) : mz(f,)n}

un

st. a) ngf)ngl vn

b) Z [FsinrQbit (’Yq(jzw Perr) : xq(/i)n:| 2 € VUM (64)

n

where ¢ is the lower bound for user capacity. Constraint a) has the same task as
in the raw-rate maximization problem and guarantees the exclusive assignment
of each subcarrier to one user. Constraint b) assures that the user capacity for
all terminals is at least €. The main optimization goal is to maximize this lower
bound in each uplink transmission phase. The second term of the optimization
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goal formulation assures that the overall cell capacity is maximized as an auxiliary
goal, if different solutions for achieving the main goal exist. The scaling factor w
(w < 1), is chosen such that the auxiliary goal is targeted after the main goal is
achieved.

Roughly speaking, this approach tries to distribute the subchannels in each uplink
phase, in such a way that it reaches the highest possible minimum user capacity
and, when at this limit, if still any subchannel is available, assigns it to the terminal
with the lowest attenuation to yield a higher overall cell capacity.

In both of the above optimization approaches, the subchannel assignments are
based on the instantaneous SINR values, and it can be seen from (6.3) that the
instantaneous SINR depends on the MAI power, which itself is dependant on the
subchannel distribution. In other words, since in the described approaches, vq(le
in (6.3) is multiplied by xff)n, this optimization problem is non-linear. It, thus,
cannot be solved with linear program solvers, and is hard to handle. Therefore, a
sub-optimal linear approach for guard band placement is developed and discussed
in the next section.

6.2 Sub-optimal approaches

To overcome the issue of non-linearity of the previous optimization problems and
make it possible to solve them with linear program solvers, (6.2) and (6.4) are
modified as follows:

Modified raw-rate maximization

max Z |:Fsinr2bit (’3’1(317 Perr) : :Eq(z)ml

u,n

s.t. a) Zwﬁf’%,mzl Vn

b) if (@, =1 & ¥ _, =0

u,n,l

— 2% =1 Vun (6.5)

u,n—1,
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Modified max-min optimization

max €+ w- Z [Fsimbit(%t,zw Per) - %(f)nl

u,n

st. a) o =1 Vn

u,n,m
u,m

b) Z |:Fsinr2bit (’A%(ﬁzp Perr) : :Eq(f,)nJ Z 9 VU

n

c) if (‘rl(f)nl =1 & xff,)n—l,l =0)
—> :Uff;l_l,o =1 Yu, n. (6.6)

Here, in both modified problems, 'qu(le is the simple signal-to-noise ratio:

= Tun (6.7)

Hence, this optimization model is linear. The optimization variable ngzlm has three
dimensions: the user terminal u, the subchannel n, as well as the mode of operation
m. The latter is either set to 1 for data transmission or 0 for guard band operation.
Since each subchannel is used either as guard band or for data transmission, the
sum over all assignment variables per subchannel in constraint a) must be equal
to 1. The last constraint assures that between any two subchannels assigned to
different users there is at least one subchannel used as guard band.

The outcome of this approach is an optimal partitioning of the bandwidth among
the users with respect to their instant SINR values, where the regions of any two
users are separated by a guard band. However, since the MAI is not considered in
the optimization problem, it is not optimal in terms of MAI suppression. Some of
the selected guard bands might, thus, not be necessary and can be used for data
transmission instead.

To figure out which of the assigned guard bands are really necessary and which ones
are not, we performed some analysis on MAI power to study the frequency range
that is affected by MAI around one subcarrier. Figure 6.1 shows the MAI power
as a function of frequency distance around one subcarrier (no. 55), for different
values of timing offset [,, calculated from Equation (4.16). In this analysis, 100
subcarriers are assumed and the timing offset is normalized to the sampling time.
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Figure 6.1: MAI power as a function of frequency distance for different values of timing

offset.
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Each graph of Figure 6.1 shows the impact of MAI on subcarrier 55 from the whole
bandwidth. As expected, when distance in frequency to the desired subcarrier
becomes larger, the MAI has less impact and vice versa.

Now if we want the MAI power on the desired subcarrier to be no more than
e.g. 10 dBm, we can see that in all the graphs (i.e. for different values of ), this
threshold can be reached in a distance of about twenty subcarriers from the desired
one. Also considering another MAI power threshold of 20 dBm, it can be seen that
in the first graph, i.e. for [, = 5, the MAI power is already less than the threshold
value, and in all the other graphs, the threshold value can be achieved by moving
about six or seven subcarriers away from the desired one. This implies that, to
have the MAI power less than a certain threshold, e.g. 20 dBm, on a subcarrier,
depending on the timing offsets, either no guard band is needed or a guard band
width of around six subcarriers is required. In other words, to have the interference
no more than a certain value, there might be two possible cases: the case in which,
the timing offset is small, such that the resulting MAI is small enough and no guard
band is required or the case in which, the timing offset is not small and, thus, there
is a need to use guard bands. In the latter case, the guard band width, however, is
fixed and does not differ for different values of timing offsets.

Using the above conclusions, we come up with an complementary algorithm, which
is applied on the outcome of the optimization problem (6.5) or (6.6). This algorithm
deselects the guard band between each two neighboring users which have no or a
very small relative timing offset and assigns it for data transmission to the user
that has a better SINR on that subchannel.

Algorithm 1, AT, is the u-th’s user timing offset relative to the base station, %(f%
is the SINR according to Equation (6.3), and d;, is the timing offset threshold that
decides on the necessity of the guard band usage.
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Data: X(gtt)): Vector of GB subchannel indexes.

Result: Deselection of unnecessary guard bands and their assignments for
data transmission.

for (n € X(gt,g) do

t t

find u and v so that :cgfn,m =1 & I"Ez’),n+1,l =1
if |AT, — AT,/| < 0y, then

if 7 > 1\ then

else

‘Tz(f’),n,l =1

end

end
end
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Chapter 7

Performance Evaluation

This chapter provides the the simulation results from the sub-optimal approaches.
Moreover, the simulation methodology used in this thesis is explained and the
different system and simulation parameters for the studied scenario are presented.

7.1 Methodology

To evaluate the approaches in Section 6.2, the system described in Chapter 4 is
simulated using the free C++ discrete event simulation library OMNeT++ [60].
The instances per uplink phase of the optimization problems are passed to and
solved by the LP solving software, ILOG CPLEX [61], using the ILOG Concert
Technology. To assess the system performance metrics, i.e. average per user capacity
and average cell capacity, 5 set of runs, each consists of 200 uplink phases, are
simulated with different seeds for random number generators so as to get statistical
confidence in the obtained results.

7.2 Simulation scenario

The following scenario is chosen for the simulations: one cell with the radius
of reen = 500 m, including a base station and 10 users are assumed. Users are
uniformly distributed over the cell area and moving with a speed of 30 km/h
according to [62]. The users’ timing offsets, relative to the base station, are between
0 and the maximum of AT, = 25 us (which is chosen to be about 25% of the
OFDM symbol duration), with a uniform distribution. It is assumed that the
timing misalignments are more due to the sampling clock drifts rather than the
propagation delays, so they do not change during each simulation run.
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The wireless channel is modeled according to the COST 231 model. The chan-
nel attenuation value reflects the three components of path loss, shadowing and
fading. The path loss is modeled as: PL[dB] = 10log(K) — 10alog(d), where
10log(K) = —34.53 dB and a = 3.8, according to an urban microcell environ-
ment [58]. Shadowing is assumed to have a log-normal distribution with zero mean
and standard deviation of o4, = 10 dB. Fading is considered to follow the Rayleigh
distribution with Jakes-like power spectrum. Maximum delay spread of 1.8 us and
the noise power of 02 = —100 dBm is considered.

The OFDMA system parameters are inline with the guidelines of the Mobile
WiMAX standard employing OFDMA [9]. The carrier frequency of f. = 2.5 GHz is
chosen. Channel bandwidth is 10 MHz which is divided into 100 subchannels. Every
subchannel consists of 9 subcarriers with the size of 10.94 kHz each. The OFDM
symbol duration without guard interval (cyclic prefix) is Ty = 91.5 us. Originally
the guard interval of length T, = 11.4 us is proposed for Mobile WiMAX [57],
however in our approach we assume a shorter guard interval with duration of
Ty = 3 ps which is long enough to counteract the effects of multipath delay spread
but does not help for the MAI mitigation.

Adaptive modulation is applied on each subchannel. The target symbol error
probability of P... = 1072 is chosen for the system. M = 4 modulation types are
available: BPSK, QPSK, 16-QAM and 64-QAM. Depending on the instantaneous
SINR wvalue, this scheme chooses the modulation type which results in the highest
data rate with respect to the target error probability. Traffic is assumed to be full
buffer, i.e. users always have data to transmit.

The summary of the system and simulation parameters is shown in Table 7.1.

7.3 Results

The simulation results are shown as the per user and cell capacity averaged over
the whole 200 uplink phases and different simulation runs along with the 90%
statistical confidence interval.

7.3.1 Raw-rate maximization

Table 7.2 shows the average cell capacity resulting from the raw-rate maximization
with guard band (as described in Section 6.2), and without guard band, as well as
the average cell capacity resulting from the static block assignment and interleaved
assignment for comparison.

As it can be seen from the results, the static interleaved assignment method has
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Table 7.1: Simulation scenario, system and channel parameters.

Parameters Value

Simulation Scenario

Cell Radius 500 m
Number of Mobile Stations (MS) 10
MS Maximum Speed 30 km/h
MS Maximum Timing Offset 25 ps
Number of Simulated Uplink Phases 200
Number of Modulation Types 4
(1,2,4 or 6 bits/symbol)
Target Symbol Error Probability 1072
System Parameters
Carrier Frequency 2.5 GHz
Channel Bandwidth 10 MHz
MS Maximum TX Power 23 dBm
Subcarrier Spacing 10.94 kHz
Subcarriers per Subchannel 9
Frame Duration D ms
OFDM Symbol Duration (without GI) 91.5 ps
Guard Interval (GI) - long 11.4 us
Guard Interval (GI) - short 3.0 us
Channel Parameters
Propagation Model COST 231
Urban Microcell
Delay Spread 1.8 pus
Path Loss Exponent 3.8
101og(K) -34.53 dB
Penetration Loss 10 dB
Log-normal Shadowing SD 10 dB
Fading Model Rayleigh
Noise Power -100 dBm
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the worst performance. The reason is that in this case each subchannel is adjacent
to the subchannels from other users (see Figure 4.2(b)). Thus, the interference
among them is the highest. The static block assignment method has a better
protection against MAI compared to the interleaved method. This is due to the
fact that subchannels, which are assigned to one user are perfectly orthogonal
and do not interfere with each other. Thus, the amount of MAI in this scheme is
inherently smaller, than in the interleaved approach and, consequently, the average
cell capacity is larger.

Now, considering the raw-rate maximization approach which employs the guard
bands to suppress the MAI, and also exploits the diversity effects of the wireless
channel for subchannel assignment, we can see an increase in the overall cell capacity
of about 29% compared to the static block assignment and about 44% compared to
the interleaved assignment approach. Also it can be seen that using guard bands
results in about 3% capacity gain in comparison with the case in which no guard
band is used.

Figure 7.1 shows the average capacity of each user in this approach, with and
without using guard bands. This figure exhibits the fairness issue of the raw-rate
maximization problem, as discussed in Chapter 6. User 2 and User 4, are closer to
the base station than others and have a lower overall attenuation, which leads them
to be assigned most of the subchannels in each uplink transmission phase. On the
other hand, User 1 is the weakest user of the cell and seldom assigned subchannel
for its data transmission. It can also be observed in this figure, that the capacity
of 60% of the users is improved by exploiting guard bands which causes the overall
cell capacity to be also increased as shown in Table 7.2.

Therefore, these results indicate that the system can benefit from using guard bands
as a means to combat the MAI and, thus, have a higher overall capacity.

7.3.2 Max-min optimization

To consider the fairness among users in the cell, the max-min optimization approach
including guard bands is used (as described in Section 6.2). In this approach, the
main optimization goal is to maximize the weakest user’s capacity (i.e. User 1 in
this scenario) and afterwards, when the lowest user capacity cannot be increased
anymore, the auxiliary goal is to maximize the overall cell capacity. The scaling
factor in Equation (6.6) is chosen to be w = 107°, so that the second part of the
optimization problem does not impact the main goal.

Table 7.3(a) shows the comparison between the worst user capacity in static and
dynamic subchannel assignment methods. It can be seen that the max-min approach
with guard bands results in about 19% gain in the worst user capacity compared
to the static block assignment and about 46% compared to the worst user in
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Table 7.2: Average cell capacity in raw-rate maz-
imization approach compared to static approaches

[bits/frame].
Assignment Cell Cap. CI (90%)
Interleaved 56979 2040
Block (no GB) 63520 1588
Raw-rate (no GB) 79754 3776
Raw-rate (with GB) 81938 2868
2 10° Raw-rate optimal — Short CP
I o GB
35| [C1GB1
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Figure 7.1: Average capacity per user in the raw-rate maximization
approach, with and without guard bands. The large differences in users’
capacities show the fairness issue in this approach, e.g. User 1 is hardly
assigned any subchannel for data transmission.
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Table 7.3: Capacity in maz-min optimization ap-
proach: (a) primary and (b) auziliary optimization

goal [bits/frame].

(a) Average worst user capacity.

Assignment Worst Cap. CI (90%)
Interleaved 2413 472
Block (no GB) 2966 218
Max-min (no GB) 3427 558
Max-min (with GB) 3525 244

(b) Average cell capacity.

Assignment Cell Cap. CI (90%)
Interleaved 56979 2040
Block (no GB) 63520 1588
Max-min (no GB) 59804 2242
Max-min (with GB) 60228 3454

interleaved assignment. Also about 3% performance gain can be observed compared
to the this approach without guard bands.

The performance comparison of this approach with respect to its auxiliary goal
is shown in Table 7.3(b) where we can see that, as expected, adding the fairness
condition reduces the overall cell capacity. In this scenario, the cell capacity is
still 6% higher than the interleaved scheme, but about 5% less than the block
assignment. However, recall that cell capacity is not the main target of this
optimization approach.

The average capacity of each user in the block assignment and max-min approach
with guard band is depicted in Figure 7.2. As can be seen in the figure, due to
the fairness condition, the capacity per user is more evenly distributed among the
users compared to the raw-rate maximization approach. Again, note that in this
approach the primary objective is to maximize the worst user capacity in the cell,
which in this scenario is User 1.

These results suggest that the system can also take advantages of guard bands to
suppress the MAI and increase the minimum capacity in the cell.
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Max—min optimal and block comparison
15000
I Block-no GB
[ IMax min-with GB

10000
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O ﬂ L
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User index

Avg. capacity [bits/UL-frame]

Figure 7.2: Average capacity per user in the maz-min optimization

approach with guard bands compared to the static block assignment.

User 1’s capacity is increased about 19% with this approach (main
optimization objective).

25






Chapter 8

Conclusions

In this thesis, the use of frequency-domain guard bands as a means to counteract the
effects of multiple access interference among users due to their timing misalignments,
instead of using long cyclic prefixes as guard intervals in the uplink of an OFDMA
system is investigated. The performance of this approach has been studied in a
WiMAX-like system for two different subchannel assignment methods: namely,
static block assignment and dynamic assignment.

The performance results from the static block assignment approach show that using
some of the subchannels as guard bands between each two neighboring users, always
improves the protection against MAI and leads to an increase in the SINR of the
remaining subchannels. However, considering the overall cell capacity, using guard
bands in this static method, does not result in a performance gain in terms of
capacity. This is due to fact that the SINR gains are not large enough to compensate
for having less resources, i.e. subchannels, available for data transmission.

In addition, the use of dynamic mechanisms for subchannel assignment, including
guard band selection is studied. This approach can take advantage of diversity
effects in the wireless channel assigning subchannels to different users. Therefore,
guard bands can also be placed in a more dynamic fashion compared to the previous
method. In this regard, two optimization approaches are considered: raw-rate
maximization, which aims at maximizing the overall cell capacity, and max-min
capacity optimization, which aims at maximizing the minimum user capacity as its
primary objective and then, maximizing the cell capacity as its secondary objective.
These two approaches are formulated and shown to be non-linear optimization
problems, as a result of including the MAI in the optimization. Therefore, a linear
program was developed for each of the optimization problems that in combination
with one complementary algorithm yields a sub-optimal solution. Simulation
results of the sub-optimal approaches show that, the system can benefit, in both
cell capacity and the worst user capacity (based on the optimization goal), from
using guard bands to reduce the impact of MAI
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The general conclusion which can be drawn from the given results is that the usage
of frequency-domain guard bands is an efficient means to mitigate multiple access
interference (MAI) in the uplink of OFDMA-based cellular systems. Using guard
bands allows for shorter time-domain guard intervals and, thus, exposes additional
time resources for data transmission in the system. Since the studied optimization
approaches do not include the MAI power, the guard band placement strategy is
still not optimal. However, it is shown that, even with a simple realization of the
guard bands based on unused subchannels, an according system can gain in cell
capacity and/or the minimum user capacity.

8.1 Future work

To accomplish more comprehensive performance evaluation of employing frequency-
domain guard bands in the OFDMA uplink, the following future works are suggested:

e More granular guard bands: As demonstrated, already the usage of
the simple subchannel-sized guard bands can provide valuable performance
improvements, the first step for further research could address more fine-
grained allocation of guard bands.

e Heuristics: As the well-known linear optimization problems used in the
downlink of OFDMA-based systems are claimed to be NP-hard [32], inte-
grating the guard band placement in those optimizations, makes them even
more complex and leads to a significant computational overhead at the base
station. Therefore, developing heuristic schemes, which yield an optimal or
near-optimal solutions in a reasonable time, are of interest.

e Bit-loading algorithms: Dynamic power allocation schemes can also be
included in the optimization approaches to evaluate the performance of a

fully dynamic OFDMA system.
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