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ABSTRACT

Relay-based cooperative wireless communication is emerging as the major
candidate technology for the next generation wireless cellular networks that will
support significantly higher data rates than the recent systems. The combination of
cooperative relaying with Orthogonal Frequency Division Multiplexing (OFDM) is a
very promising design for next generation of wireless networks with increased system
throughput and spectral efficiency. The success of this combination, like other wireless
networks, relies on the efficient utilization of limited radio resources such as relays,

power, subcarriers and antennas.

In this research, resource allocation problems are examined with different relaying
techniques and protocols and computationally efficient resource allocation algorithms
are proposed. The general objective is to device resource allocation schemes in relay-
based cellular networks that maximize the system throughput under different
constraints. The main goal of our research is to develop efficient resource allocation
algorithms for two different relaying models, namely; one-way relaying and two-way
relaying in realistic scenarios for the Third Generation Partnership Project (3GPP)
Long Term Evolution Advanced (LTE-Advanced) cellular standard. Performance of
the proposed algorithms will be evaluated in terms of not only the throughput but also
the computational complexity. In particular, in this thesis we present low-complexity
efficient schemes for jointly deciding the selection of relays and subcarriers for the
users. Two types of fairness among users, namely; minimum rate proportional fairness
and access proportional fairness, are also considered in assigning subcarriers to users in
relay networks. A new low-complexity iterative resource block (RB)-pairing and

allocation algorithm is also investigated in relay networks.

Finally, we present a brief analysis of inter-cell interference in relay networks.
Both theoretical analysis and computer simulations are performed in the performance
evaluation of the proposed algorithms. Furthermore, practical implementation issues

are also addressed.
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Chapter 1 Introduction

This Chapter provides a brief background about relay-based cooperative
communication. The motivation towards this research, aim, scope and objective of the

research are also listed in this Chapter.



Chapter 1: Introduction

1.1 Background Information

During the last couple of decades the importance of wireless communication has
been increasing remarkably in almost every field of life. The evolution of wireless
cellular networks from the First Generation (1G) to the Third Generation (3G) has
enabled more reliable, faster and securer communication services [1]. We are now in
the Fourth Generation (4G) which is providing even higher data rates and quality of

service (QoS).

Signal fading in wireless communication systems due to multipath propagation is
a major limitation in the performance of wireless communication systems. Various
diversity techniques such as time, frequency and space diversities have been proposed
and adopted in practical applications to mitigate this fading effect. Multiple-input
multiple-output (MIMO) is a space diversity technique that plays an important role in
the improvement of wireless systems. Multiple wireless paths are used in MIMO
systems to transmit and receive signals via multiple antennas at transmitters and

receivers, respectively.

SISO I j

SIMO Ix

Rx

>

—r, S

=

MISO | ™

e < [°

5>

MIMO | Tx

Figure 1.1: Multi-Antenna System

Figure 1.1 illustrates the different classes of multi-antenna systems including
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Chapter 1: Introduction

single-input multiple-output (SIMO), multiple-input single-output (MISO), MIMO and
conventional single-input single-output (SISO). Exploiting multiple wireless paths,
MIMO systems improve the quality of the received signal and increase the data

transmission rate by using digital signal processing methods [2].

It is widely accepted that the proposed high data rates for next generation wireless
networks can be achieved by MIMO users who have mobile terminals with multiple
antennas [2]. MIMO systems also require sufficient separation between multiple
antennas to achieve maximum benefits from this diversity. While antenna separation at
the base station is easily achievable, it may not be feasible at the mobile terminal due to
its small physical size. In fact, the small form factor of portable mobile terminals may
make it impossible to accommodate multiple antennas. Furthermore, when a mobile
terminal is located far away from the base station, even the use of multiple antennas

may not guarantee the communication link quality.

Cooperative Communication with direct
link using mobile relay

MT as
Relay

(e

Figure 1.2: Overview of Cooperative Communication
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To overcome these limitations, wireless communication systems are being
developed departing from the conventional way of point to point communication.
Stemming from the broadcast nature of wireless channels and the idea of allowing a
network node to forward the information of other node or nodes in multi-hop
networks such as sensor and adhoc networks, a new way of wireless communication

known as cooperative communication has been developed.

Cooperative communication technology can establish a reliable wireless
communication link between a mobile terminal (MT) and a base station (BS) by
creating independent wireless propagation paths with the help of other intermediate
nodes known as relay terminals (RTs) as shown in Figure 1.2. Cooperative

communication can achieve almost the same advantages as MIMO systems.

Multi-carrier transmission known as Orthogonal Frequency Division Multiplexing
(OFDM) is a dominant technology in many wireless communication systems and is
proposed as a key element in next generation wireless networks [3]. OFDM provides
simple equalization solution at the receiver by transforming frequency selective
channels into frequency-flat fading channels. The combination of cooperative relaying
and OFDM is a very promising design for next generation of wireless networks with

increased system throughput and spectral efficiency [4].

Similar to other physical systems, resources such as bandwidth and power are
limited in wireless networks. The efficiency of wireless networks depends on the
efficient use of these resources. In recent years, solving the problem of resource allocation

in multi-user, multi-carrier systems has become an active area of research.
1.2 Motivation and Research Challenges

Future wireless communication demands high speed and reliable transmission
with limited resources. Cooperative communication is proposed to fulfill these

demands in future wireless networks.

1.2.1 Motivation

There are a number of factors which motivate us to work in the area of

cooperative communication with a focus on resource allocation. Firstly, cooperative

4



Chapter 1: Introduction

systems provide most of the benefits of MIMO systems in situations where MIMO
systems are not feasible due to size, cost or hardware constraints. Secondly, these
networks provide higher spatial diversity. In wireless communication, fading due to
multipath propagation is a major channel impairment. In conventional wireless
networks, the channel between the source and destination can become poor due to
small or large scale fading and retransmission is required, even though the distance
between them is not large. But in the same situation, a cooperative network can exploit
spatial diversity by using a relay with a good channel to forward the message to the
destination. Thus the probability of successful transmission in cooperative networks is
potentially higher than that in conventional wireless networks. It is also noted that
cooperative networks provide better results against large scale fading (shadowing) as
compared to MIMO systems because distributed virtual antennas in cooperative
networks experience different shadowing due to their large separation in space. Thirdly,
cooperative diversity achieves higher data-rate transmission due to improved spectral
efficiency. Fourthly, communication between two distant users requires higher power
because the received signal power decreases as the distance between users increases and
this leads to power inefficiency. Alternately, cooperative network increases the power
efficiency significantly by providing relays between distant users, hence increasing
coverage area as well. Fifthly, like other wireless systems, multipath propagation can
become an advantage in cooperative networks if radio resources are used
opportunistically according to varying channel conditions [5]. Sixthly, different IEEE
working groups and international research forums are working to develop relay-based
cooperative communication networks. Relay-based cooperative communication
technology has been included in three standards, i.e., IEEE 802.16j; and IEEE 802.16m;
for broadband wireless access in metropolitan areas, and the Third Generation
Partnership Project (3GPP) long term evolution advanced (LTE-advanced) for next

generation mobile networks [1] .

Last, but not the least, efficient allocation of available resources has already been
proven effective in improving the performance of different communication systems.
Traditional resources include bandwidth, power, time and now antennas in MIMO

networks as well. In cooperative communication, resource allocation also includes the
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selection of relay nodes. Since there are many entities involved to achieve a desired goal
in cooperative networks, the resource allocation problem becomes even more

important.

1.2.2 Research Challenges

Cooperative communication is a hot research topic currently. Resource allocation
is also a key challenge in cooperative networks. There are a number of research
challenges in implementing and adopting cooperative networks due to its short history.

In a broad sense we can categorize them into the following four classes:

1 Relaying Protocol Design
2 System Optimization

3. Coding
4

Cross-Layer Design Issues

Our research is focused on system optimization and our discussion in this thesis
is mainly focused on research challenges regarding resource allocation. In Multi-carrier
cooperative communication, relays, subcarriers, power and antennas are the major

resources.

Relay Selection: Sclection of a suitable relay is a challenging issue in cooperative
communication systems. For example, the desired performance cannot be achieved if
any of the channel links, such as the source-relay link or relay-destination link,
experiences deep fading. Hence, improper selection of relays will result in wastage of
limited system resources. The relay selection criterion involves maximizing or
minimizing the objective function for each transmission. Possible objective functions
include throughput, error rate, signal to noise ratio (SNR) and transmission power. The
main purpose of relay selection or allocation is to improve system efficiency. Diversity
order can be increased by allowing more than one relay to cooperate as shown in Figure
1.3. But increasing the number of relays can potentially increase the overhead and
complexity in the system [6]. A balance in relay selection must be found in order to
achieve high efficiency because all relays may not have good channel conditions.

Synchronization among participating relays is another potential challenge.
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Subcarrier Allocation: In multi-user, multi-carrier systems, different subcarriers
experience different and independent channels for different users. Some of the
subcarriers may experience deep fading for some users and hence are not suitable at that
time instant. Therefore, allocation of subcarriers to different users according to channel
conditions, will improve system performance in multipath frequency selective fading
environment. Multi-user diversity can also be exploited by adaptive allocation of these

subcarriers [7] .

\ 4

WE

Direct Link

Destination

Source

Relays

Figure 1.3: Cooperative Communication with Multiple Relays

Power Allocation: Power is always a critical resource in wireless networks. System
performance can be improved by efficient use of this resource. Power optimization
generally extends the life-time of networks where uset’s equipment is battery-operated.
Power allocation in multi-user multi-carrier cooperative systems becomes a more

challenging and important problem due to the increased number of entities involved.

Antenna: The capacity of the cooperative network can be increased by increasing the
number of antennas at each relay [8]. But again, increasing the number of antennas
increases the complexity of the system. The tradeoff between complexity due to the

increased number of antennas and the achievable capacity needs to be analyzed. Power
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allocation becomes more critical with an increase in the number of antennas in the
system. Development of efficient precoding techniques in multi-antenna relay-based

cooperative networks is also a potential challenge.
1.3 Research Problem

Multi-carrier cooperative communication is a major candidate technology for next
generation wireless networks which support higher data rates and better QoS than
recent systems. This requires efficient utilization of all the limited radio resources.
However, the problem of resource allocation in multi-carrier cooperative systems has
not yet been fully addressed. A critical review of the related work done on resource

allocation will be presented in the next Chapter.

1.4 Scope, Aim and Objectives of the Research

The aim of our research is to optimize the performance of multi-carrier
cooperative system in a multi-user environment by an efficient use of limited resources.
Although considerable research has been carried out on resource allocation in multi-
carrier cooperative networks, there are still many issues that have not been fully
addressed. The different objectives of our research are detailed below:

Most of the work on resource allocation in cooperative networks is based on a
single source-destination pair. But in practical scenarios, interference due to multiple
users also plays a critical role in system performance degradation [9]. In most of the
literature, it is also assumed that the same subcarrier is used in both the first and the
second hop of cooperative transmission. But due to independent channel fading on the
same subcarrier over the two hops, the system performance may not be optimal. The
system performance can be enhanced further by subcarrier pairing in the two hops
according to their channel conditions [10]. Therefore, our objective is to present
subcarrier pairing based low-complexity resource allocation algorithms in multi-user
environment in one-way relaying (OWR) networks as proposed for 3GPP LTE-
Advanced [11].

Two-way relaying (TWR) has also been proposed for next generation standards

along with OWR [12]. The resource allocation problem in TWR needs more attention,
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as not much work is available in the literature. Our objective is to analyze the
performance of TWR networks by proposing low-complexity resource allocation

algorithms that aim to enhance system sum-rate while ensuring fairness among users.

By introducing relays in conventional cellular networks, we can extend coverage
area, eliminate blind spots in cells and provide high data rates. But this increases
processing delays and computational complexity in these networks. Most of the
resource allocation techniques reported in the literature does not address this issue. The
objective of our research is to design our resource allocation algorithms keeping in mind
this issue. The proposed algorithms reduce processing delays by providing load

balancing at relays.

In cellular networks, inter-cell interference (ICI) plays a critical role in the system
performance. In relay-based wireless networks it becomes more important due to an
increase in the number of interfering sources. Our objective is to analyze the relaying

network under ICI under different relaying protocols.

The objective of our research is also to provide a comparative analysis of our
proposed algorithms. The analysis will elaborate on performance comparison and

computational complexity.

1.5 Research Contributions

In this thesis, we solve resource allocation problems by proposing low-complexity
resource allocation algorithms in relay networks with different scenarios and
assumptions. The resource allocation is formulated into optimization problems with

different objectives and constraints.
The main contributions are summarized as follows:

1. A joint optimization problem in single relay network is formulated for the
allocation of subcarriers and power. A two-step approach has been introduced
to avoid Non-deterministic Polynomial-time (NP)-hard solution of the joint
optimization problem.

2. The importance of subcarrier pairing in relay networks has been highlighted.
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1.5.1

A joint optimization problem is formulated under the constraints of
subcarrier pairing, relay selection, and fairness in multi-user and multi-relay
OWR wireless networks. A low-complexity iterative subcarrier pairing and
allocation algorithm is proposed.

A low-complexity joint load balancing and proportional fairness based
resource allocation algorithms in TWR cooperative networks have been
established.

A theoretical and simulated analysis of relay networks under ICI has been

presented with both OWR and TWR networks.
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1.6 Otrganization of the Thesis

This thesis is organized as follows:

Chapter 1 describes the motivation, aim and the objective of the research. It also

highlights the research challenges in cooperative networks and contributions of the
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author during the elaboration of his PhD studies.

Chapter 2 provides some preliminary knowledge on cooperative networks and resource
allocation in these networks. This Chapter also includes a literature review about

resource allocation in relay networks.

Chapter 3 analyzes the performance of cooperative relay networks in fading
environment. A comparative analysis of two basic protocols namely AF and DF is
presented with different RB scheduling techniques. A joint optimization problem is
formulated and a two-step low-complexity approach is proposed for the allocation of
RBs and power. The performance of both protocols is evaluated in terms of the system

throughput and individual throughput achieved by users in OWR networks.

Chapter 4 highlights the importance of subcarrier pairing in relay networks. Initially a
problem is formulated only to check the performance of subcarrier pairing in relay
networks for both AF and DF protocols in OWR networks. To reduce complexity, a
joint optimization problem is formulated under the constraints of subcarrier pairing,

relay selection and fairness in multi-user and multi-relay wireless networks.

Chapter 5 provides a low-complexity fairness-aware joint load balancing and
proportional fairness based resource allocation algorithms in TWR cooperative
networks. By considering both TWR-Analog Network Coding (ANC) and TWR- Time
Division Broadcast (TDBC) protocols, a binary integer linear programming (BILP)
optimization problem is formulated to maximize the overall system sum-rate while
maintaining proportional fairness among users. Since the complexity of such a BILP
problem is extremely high due to large number of subcarriers and users in real
applications, low-complexity algorithms are proposed for practical implementation in

this Chapter.
Chapter 6 provides a brief theoretical and simulation analysis on ICI in relay networks.

Chapter 7 concludes the thesis and presents proposals for future enhancement to

current work.
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A visualization of the thesis structure is presented in Figure 1.4. The variations of

network and optimization variables in different chapters of this thesis are shown in

Table 1.1.
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Chapter | Chapter | Chapter | Chapter
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Table 1.1: Variations of Networks and Optimization Variables in Thesis




Chapter 2 Overview of Cooperative Communication and

Resource Allocation

An overview of relay-based cooperative communication is presented in this Chapter.
Different relaying techniques and relaying protocols are discussed. Some related work

on resource allocation is also listed in this Chapter.
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2.1 Historical Background

Although the idea of cooperative communication originated from the concept of
relaying that was introduced by Van der Meulen [13] in 1971 and Cover and El Gamal
[14] in 1979, the early concept of using relays was different from the recent concept of
relays being employed in cooperative communication. The authors in [13] and [14]
considered AWGN channel only and there was no concept of diversity at that time. In
[14], the authors analyzed the capacity of a three-node network consisting of a source, a
relay and a destination. They elaborated on different ways that a relay can assist a
remote source in extending coverage. In cooperative communication, the relays are used
to achieve diversity in fading wireless channels in addition to extending the coverage
area. Despite these differences, as far as signal processing at the relay is concerned, they
are almost the same. Therefore cooperative communication is interchangeably known as
relay communication. Sendonaris et al. were the first to introduce the concept of
cooperative diversity in cellular networks [15], while ILaneman et al. introduced
cooperative communication in ad hoc networks [16]. Since the publication of [15] and
[16], in 2003 and 2004, respectively, cooperative communication has become a hot

research topic and has received a lot of attention in the research community.

2.2 Cooperative Protocols

Many cooperation techniques known as protocols have been proposed based on
the concept of relaying. Some of these are amplify & forward (AF) [17], decode &
forward (DF) [16], compress & forward (CF) [18], demodulation & forward [19],
adaptive relay protocol [20] and coded cooperation [21]. All of these are somehow
variations of the two basic protocols, AF and DF. Here we briefly discuss these two

protocols.

2.2.1 Amplify and Forward

AF 1s the simplest cooperative protocol that was proposed in [17] and more
precisely analyzed in [16]. In AF, the amplified version of the received signal at relay is
forwarded to the destination. The destination receives two versions of the same signal,

one from the source and the other from the relay, thus achieving spatial diversity. The
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performance of this protocol has been widely investigated. The advantages of this
protocol are simplicity and low cost. But the major disadvantage is the noise
amplification, as the relay receives a noisy version of the signal and forwards this
without any alternation/filtration. Obviously this cooperation highly depends on the
condition of channel between the source and the relay. The processing of sampling,
amplifying, and retransmitting analogue values is another potential challenge in amplify

and forward relaying protocol [22].

2.2.2 Decode and Forward

DF is another commonly used protocol that was also investigated in [15, 16]. In
some literature this is also addressed as detect and forward protocol [23]. In this type of
protocol, relay attempts to decode the received signal to get the original data bits. After
this decoding, the data bits are encoded and transmitted to the destination. This type of
protocol looks more practical and also eliminates the noise which is amplified in AF
protocol. Thus, this method can considerably outperform AF. But the problem with this
protocol is that, if decoding errors occur at the relay due to deep fading in the link from
the source to the relay, the relay will transmit these incorrect bits to the destination,

leading to error propagation and even worse performance.

2.3 Cooperative Relaying

Due to the practical half-duplex nature of devices, there are two types of

cooperative relaying proposed in the literature, namely OWR and TWR.

2.3.1 One-Way Relaying (OWR)

Conventional cooperative networks are known as OWR cooperative systems. In
OWR systems, two separate phases of transmission are required for the MT and the BS
to exchange information via cooperation due to half-duplex operation of the relays.
Hence a total of four time slots are required to complete the exchange of information

between the MT and BS.

In the first phase, MT broadcasts its signal and it is received by both the relay and
the BS. In the second phase, the relay transmits the signal to the BS. Then, the same two

phases are repeated in reverse for the BS to send data back to the MT. In this type of
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relaying, there is a loss of half of the spectral efficiency as compared to full-duplex
relaying. Full-duplex relaying, in which a relay is able to transmit and receive on the
same frequency at the same time, is practically more complex. Therefore, from a
practical point of view, half-duplex relaying is preferred over full-duplex operation even

with this loss of spectral efficiency [24].

2.3.2 Two-Way Relaying (TWR)

To overcome the spectral loss in OWR, two types of TWR have been proposed in
the literature [12]. The first type assumes that no direct link is available between MT and
BS and only a relay link is available for transmission. Therefore, two time slots are
required to complete the exchange of information between the MT and BS. The second
type takes into account the direct link, and requires three time slots in order to complete
the exchange of information [25]. These two types of AF-based TWR are known as
ANC protocol and TDBC protocol, respectively [20].

2.4  Subcarrier and Resource Block

In Long Term Evolution (LTE) system, Resource Block (RB) is the minimal unit
to be allocated. A single RB consists of twelve consecutive OFDM subcarriers [27].
OFDM uses a large number of subcarriers having smaller bandwidth for multi-carrier

transmission.

One resource block
(12x7 = 84 resource elements)

s =
y”’b%) ] R e B ) i - i o
12 sub-carriers, 180kHz

Figure 2.1: The LTE Downlink Physical Resource Based on OFDM [2§]

The basic LTE downlink physical resource grid is shown in Figure 2.1. In the
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frequency domain, the spacing between the subcarriers is 15 kHz. The RBs have a total
size of 180 kHz in the frequency domain and 0.5ms in the time domain. Fach user is
allocated a number of RBs in the time—frequency grid. The allocation of RBs to users
depends on the scheduling mechanisms in the frequency and time dimensions [28]. In

rest of the thesis the term subcarrier and RB is used alternately.
2.5 Related Work

In recent years there has been an extensive amount of research undertaken and
published in the area of cooperative networks. Ranging from protocol design, relaying
schemes, to coding and application aspects, the research area of cooperative
communication is very broad. Each aspect can also be further sub-categorized due to its
rich and diverse content. To make our review concise and focused, we have categorized
the literature into three major topic areas, namely: Relaying Protocol Design, MIMO-
OFDM Cooperative Systems and Resource Allocation. Since our research is focused on
system optimization with resource allocation, a detailed literature review on resource

allocation is presented after a brief review of the other two topics.

2.5.1 Relaying Protocol Design

There are several cooperative protocols proposed in the literature with different
designs and limitations. In [16], two simple relaying protocols, AF and DF are proposed
and Bit Error Rate (BER) performance and outage probability analysis have been
presented. It is found that a proper combining technique is required to achieve spatial
diversity in the AF protocol while DF may lead to worse performance if error
propagation occurs. A closed-form Symbol Error Rate (SER) formulation for the AF
protocol is presented in [29]. It is shown that optimum performance of the AF
protocol with equal power allocation can be achieved when source and destination
nodes are at equal distances from the relay node. The noise amplification problem in
AF protocol is discussed in [19] and a new modified version of the AF protocol known
as Demodulation and Forward (DemF) is proposed. A simple demodulation process is

proposed at the relay to eliminate the noise effect in the AF protocol.

Another protocol known as CF is proposed, where the relay does not decode the

received signal completely but quantizes (or compresses) it and then transmits the
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quantized version of the signal. This protocol increases the complexity at the relay.
Adaptive Relay Protocol (ARP) is proposed in [20]. In this protocol, the relay makes a
decision as whether to choose AF or DF depending on the decoding result. It is shown
that this protocol considerably outperforms both the AF and DF protocols. All these
protocols were first proposed in OWR, where the spectral efficiency is reduced by half
due to the higher number of time slots required to complete the exchange of
information between two users. This loss of spectral efficiency is noticed by Rankov in

[12] and bidirectional communication known as TWR was proposed.

2.5.2 MIMO-OFDM Cooperative System

In [30], the authors provide a performance analysis of AF , DF and adaptive
protocols in a SIMO-OFDM network. Their analysis shows that adaptive relaying
provides better BER performance than both protocols, provided that accurate channel

information is available.

In [31], an Alamouti space time coded OFDM system is proposed for cooperative
networks. In this paper, both Cyclic Prefix (CP) and ICI self-cancellation scheme are

proposed to mitigate the effects of both timing errors and ICI.

The performance of the cooperative system when multiple antennas are used at
the relay is investigated in [32]. The coded DF protocol is analyzed with a Maximum
Ratio Combining (MRC) and Transmit Beam-forming (IB) techniques at the receiver
and transmitter, respectively. It has been shown that the proposed system achieves full

diversity when relay antennas are synchronized and no frequency offset is present.

Some work in MIMO-OFDM cooperative network can be found in the literature,
e.g., cooperative OFDM system for Wireless Personal Area Network (WPAN) [33],
cooperative MIMO-OFDM for downlink multi-cell network [34], and cooperative
MIMO-OFDM for uplink Wireless Interactive Broadcasting (WIB) [35].

2.5.3 Resource Allocation

The resource allocation problem for OFDM-based networks without relays has
been extensively investigated in the literature. Two individual surveys on uplink and

downlink OFDM wireless networks can be found in [36, 37], respectively. The existing
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open literature on the problem of resource allocation in cooperative networks can be
categorized into two groups. The first group focuses on the allocation of individual
resources and mainly focuses on relay selection or power allocation, while the second
group emphasizes the joint allocation of more than one resource. In next sub-sections

we highlight some major contributions from both groups.

2.5.3.1 Power Allocation

A review of different power allocation schemes in relay networks under different

network configurations is given in this section.

In [38], three different schemes (Max-min SNR based Allocation, Power
minimization based Allocation and Throughput Maximization based Allocation) are
investigated for power allocation in multi-user relay networks. The proposed schemes
are also reformulated using Geometric Programming (GP). In Max-min SNR based
Allocation, worst users are of the major concern, therefore fairness among users is
considered. In this scheme the optimization problem is considered which aims at
maximize the minimum SNR over all users with source and relay power constraints.
This scheme improves the performance of worst user at the cost of loss in network
throughput. In Power minimization based Allocation, threshold SNR for users is
defined and this threshold SNR is used as a constraint with an objective of minimizing
the maximum transmit power for all sources. The third proposed scheme, Throughput
Maximization based Allocation is based on maximizing the product of SNRs which is
approximately the same as maximizing the overall throughput. Authors proposed that
allocation of power to the users with bad channel at low SNR region is better than
allocating power to the users with good channel at high SNR region. A joint optimal

admission control and power allocation is also investigated in this paper.

In [39], power allocation problem is developed in multi-user cooperative network
using single-carrier frequency division multiple-access (SC-FDMA). The use of SC-
FDMA in uplink is justified as it offers the same advantages as OFDM but with low
peak-to-average power ratio (PAPR) [40]. Two problems were investigated in this
paper. In the first problem, the objective function is to minimize the total transmit

power while maintaining fairness in terms of minimum SINR for each user. In the
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second problem, the objective function is maximizing the minimum SINR among all
users with a constraint of total relay power. Power allocation algorithm based on min-
total relay power and max min SNR for multi-user relay network has been addressed in

[41] and [42], respectively, with guarantee of fairness for all user in terms of QoS.

An efficient power allocation scheme based on auction framework is proposed for
many-to-one cooperative network in [43]. The network of interest is ad-hoc network in
which relay acts as auctioneer and source nodes are bidders. The relay announces a
price, the source nodes report back their cooperative power demanded at that price in
terms of bidding and power is allocated to source nodes at the current price whenever
they are “clinched”. The relay then raises the announced price and the process repeats

until the total power demand meets the available power supply.

In [44], the power allocation problem for an OWR cooperative network is
formulated as an optimization problem to minimize the outage probability. The total
power and maximum power per hop are used as two power constraints in this
optimization problem. The Lagrange Multiplier method has been used as an

optimization tool.

System performance is optimized using power allocation by considering simple
AF in a three-node cooperative network in [45]. The power allocation algorithm
developed in this paper requires knowledge of the mean channel gains instead of the

instantaneous channel gains used in [44].

In [40], the power allocation problem for multi-relay network with single source
and destination is considered. The optimization of power allocation by using convex
programming has been studied under two different assumptions on the availability of
channel state information (CSI) at the relays. In the first assumption, each relay has
knowledge of all source-relay links while in the second assumption each relay knows
only the CSI of the link between the source and itself. An SER performance
comparison with an equal power allocation scheme has been presented. Some other
work can be found in the literature, e.g., power allocation problem for downlink
cellular network has been addressed in [47], in [48] a lifetime maximization objective is

used to allocate power in a two-hop cooperative network and in [49] the performance
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analysis of a multicast cooperative network with power optimization has been

presented.

2.5.3.2 Relay selection

When multiple relays are available for cooperation, selection of suitable single or
multiple relays is one of the challenging issues in cooperative networks; In [50], authors
for the first time propose an opportunistic relaying scheme for cooperative networks in
which the best relay is selected for cooperation between source and destination. The
proposed relay selection scheme depends on end-to-end instantaneous channel
conditions. It is presented that this selective relaying improves system performance and

it also approaches the maximum diversity gain as the number of relays increases.

In [51], authors analyze different relay-selection diversity schemes proposed in the
literature and determine their diversity orders. According to their analysis, schemes
based on the harmonic mean, SNR and worst link quality can achieve full diversity with
the knowledge of full CSI. In this paper, cooperation via multiple relays has also been

introduced based on SNR.

In [26, 52, 53], authors propose an AF relay-selection protocol in TWR networks
with two sources and a number of relays. In [20], the relay selection schemes for both
ANC and TDBC protocols are proposed to minimize the outage probabilities. The
max-min criterion is adopted to maximize the mutual information of two opposite
directional flows. In the scheme proposed in [52], the two sources first simultaneously
transmit to all the relays, and then, a single relay with a minimum SER will be selected
to broadcast the received signals back to both sources. To facilitate the selection
process, we propose a simple suboptimal min—max criterion for relay selection, where a
single relay that minimizes the maximum SER of two source nodes will be selected.
While in [53], both single-relay-selection (SRS) and multiple relay-selection (MRS)
schemes are discussed. An SRS scheme which chooses the relay that results in the
highest worse receive SNR of the two users is proposed. An MRS algorithm is also
introduced, by ordering the relays in descending order of the worse end-to-end SNR.
Both the SRS and the MRS schemes achieve full diversity, while the latter achieves a

larger array gain.
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Multi-relay selection scheme for cooperative relaying considering the SNR
maximization and power efficiency optimization is proposed in [54]|. This work
proposes two quantum particle swarm optimization (QPSO) based relay selection
schemes with the SNR optimization target and power efficiency target,

respectively.

2.5.3.3 Joint Resource Allocation of Multiple Resources

Like MIMO and OFDM systems, efficient use of all available resources is also
critical for cooperative networks to cope with fading channel conditions. Now we
highlight some of the work related to allocation of multiple resources in multicarrier

cooperative networks.

In [55], the authors investigate centralized resource allocation methods for
multiuser Orthogonal Frequency Division Multiple Access (OFDMA) cooperative
systems. In this paper, their work is limited to multi-source and single destination
network with DF protocol and knowledge of full CSI is assumed. Authors assume full-
duplex operation of all nodes which appears impractical due to the limitations of
practical devices. Primal-dual decomposition optimization approach has been used for

joint allocation of subcarrier and relay selection along with power allocation.

Kommate [56] has addressed the resource allocation problem in OFDMA-based
multiuser cooperative network using TWR. A Lagrange dual decomposition method is
adopted to allocate different resources by decomposing into per subcarrier based sub-
problems. The research considers only a single cell of the cellular network. The
proposed algorithm has the flexibility of choosing either direct link or relay link and

either OWR or TWR.

In [7], a joint resource allocation problem has been formulated for multi-cell
OFDMA based cooperative network. To avoid high complexity, resource allocation is
carried out in two stages. The resource allocation problem is solved by mixed integer
programming. The main focus of this paper is to mitigate ICI and maximize system
throughput. The research is limited to the downlink with one-way AF relaying

protocol. Although overall system throughput has been increased with the proposed
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algorithm, it cannot ensure fairness among users in terms of maintaining minimum

throughput for each user.

In [57], the relay selection, power allocation and subcarrier assignment problem is
formulated as a joint optimization problem with the objective of maximizing system
throughput, and is solved by two-level dual decomposition and sub-gradient method.
To further reduce the computational complexity, two low-complexity sub-optimal
schemes are also proposed. While in [58], the author addresses the problem of resource
allocation in TWR-AF networks. The branch-and-bound algorithm is used to solve the
optimization problem under power constraints. To reduce computational complexity, a
sub-optimal solution is also derived. The work in [59], aims to investigate the downlink
performance of general relay-assisted network with optimized system parameters in
multi-cell environment. A genetic algorithm (GA) based resource allocation has been
proposed. In [60], subcarrier allocation, power allocation and relay selection are
examined for OWR-AF relaying networks. An iterative approach has been adopted for
the optimization. A joint power and bandwidth allocation with QOS support algorithm
is proposed in [61]. A convex optimization technique is used to solve this optimization

problem in heterogeneous networks.
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Relay Networks

This Chapter analyzes the performance of cooperative relay networks in fading
environments. A comparative analysis of two basic protocols, namely AF and DF, is
presented with different RB scheduling techniques. A joint optimization problem is
formulated and a two-step low-complexity approach is proposed for the allocation of
RBs and power. The performance of both protocols is evaluated in terms of the system

throughput and individual throughput achieved by users in OWR networks.
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3.1 Introduction

The demand of higher transmission rate and reliability of data transfer in mobile
cellular networks is continuing to grow. To meet these high growing needs, highly
spectral-efficient and cost-effective schemes are required. The cooperative relay
communication has been proposed to meet these demands in future wireless networks
[16]. The deployment of RT between BS and MT is a cost effective solution as
compared to deploying more BSs to improve throughput or extend coverage area. On
the other hand, implementation of relays increases the contention on the available
resources and this may reduce system performance if efficient methods of radio
resource management are not implemented. An efficient use of all available resources

always provides better performance in wireless communication systems [62].

Multi-carrier transmission such as OFDM is a dominated technology for many
wireless communication systems and is also proposed as a key element in the next
generation wireless networks. OFDM provides simple equalization solution at receiver
by transforming frequency selective channels into frequency flat fading channels [63].
The combination of cooperative relaying with multi-carrier system provides a promising
design for the next generation of wireless networks to increase system performance and
bandwidth efficiency. In multi-carrier systems, each subcarrier experiences an
independent channel for different users. Some of the subcarriers may experience deep
fading for some users and hence are not suitable at that time instant [55]. Therefore,
allocation of subcarriers to different users according to channel conditions will improve
system performance in multipath frequency selective fading environment. On the other
hand, power of handheld devices is always a critical resource in wireless networks.
System performance can be improved by efficient use of this resource. Power
optimization generally extends the life-time of networks where uset’s equipment is
battery-operated. Power allocation in multi-user multi-carrier cooperative systems
becomes a more challenging and important problem due to the increased number of

entities involved.

Most of the current research on resource allocation focuses either on AF or DF

protocols [37, 55, 64, 65]. In [37], the authors address the resource allocation problem in
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multi-user OFDMA cooperative systems with DF protocols. The authors in [65]
provide distributed resource allocation methods for fixed relays in multi-carrier relay
systems. The cognitive techniques are applied at relays to enhance the spectral efficiency
and fairness among users. In [66], it is proved that the optimum system performance in
terms of throughput in multi-user OFDM systems can be achieved only when subcarrier

is allocated to a user with best channel conditions for that subcartier.

In this Chapter we investigate the problem of subcarrier assighment and power
allocation in an OFDM-based OWR network with both AF and DF protocols. The
optimization problem is formulated as a cell throughput maximization problem with

data rate and power constraints.

The rest of the Chapter is organized as follows. Section 3.2 describes the system
model and basic assumptions. Brief analysis of the system throughput is described in
Section 3.3, while problem formulation and description are presented in Section 3.4. A
two-step approach for resource allocation and an introduction to conventional RB
allocation techniques are presented in Section 3.5 and Section 3.6, respectively.
Furthermore, performance evaluation with simulation results is illustrated in Section 3.7.

Finally, summary and conclusion of this Chapter is provided in Section 3.8.
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3.2 System Model and Assumptions
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Figure 3.1: A Segment of Cooperative Relay Network
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In this Chapter we consider a two-hop multi-user relay-assisted cooperative
network as shown in Figure 3.1. From practical scenario we can assume that a relay
terminal is located at the roof of a high building and there are M MTs present in that
building. All the nodes are equipped with single antenna. The RT is assumed to be
operated in half-duplex mode. It means that it cannot transmit and receive at the same
time and the same frequency, which is a common assumption in the literature. By
considering multi-carrier transmission, it is assumed that there are K RBs; each consists

of twelve consecutive subcarriers as described in the previous Chapter.

3.2.1 Protocol Description

A downlink transmission as shown in Figure 3.1 is considered only, where MTs
receive information from the BS through the RTs. The uplink transmission can be
treated in the same way. In cellular OWR cooperative communication as described in
Chapter 2, BS communicates with each MT in two phases. In the first phase, BS
transmits its signal to RT. In the second phase, RT amplifies in AF and decode in DF

the received signal and re-transmits to the MT.

3.2.2 Propagation Model

The propagation channel is assumed as Rayleigh fading channel and each

subcarrier in a single RB experiences the same channel but different RBs experience
different channel conditions. It is also assumed that noise power given as ¢° is identical

across all RBs on all the nodes. There is perfect synchronization among the nodes and
no inter-carrier interference is considered. For centralized resource allocation it is

considered that full CSI is available at the BS.
3.3 Mathematical Formulation
3.3.1 System Throughput
For mathematical analysis of the system throughput, we assume that the same
order RB is used in the first and second hops for the 7" MT, respectively. Let Pﬁ » and

Pﬁé’m be the transmitted powers of BS and relay for the »" MT using the £" RB,
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respectively. The terms bﬁR’m, /7§M,m and bﬁM,m are the channel coefficients for

channels from BS to the RT for the " MT, BS to the " MT and from the RT to the

"™ MT, respectively. The respective noise powers at the RT and the 7" MT are denoted

as 01% and 0]2\/[. For the analysis of throughput, we denote the instantaneous SNRs at

the 7" MT using the RT for AF and DF protocols as yf » and yﬁm, respectively.

Following [2], these SNRs are given in (3.1) and (3.2), when relay link is used only for

transmission.

20k Lk 2le |2
£ _ Em PB,m‘bBR,m‘ ‘bRM,m‘

L 5 5 3.1)
2 EE| 2
omt L ‘bRMm‘ oR
£k 1P ok |k

£ . PB,M bBR,m PR,m bRM,m (3.2)
Yom — rmn( 2 > 2
oR oM

Here in (3.1), g° is the amplification factor at the RT on the £" RB for the #"

MT and is given in (3.3)

£
PR,M

n = 5
£ |k 2 3.3)
PB,m‘bBR,m‘ +oR

On the other hand, to get the benefit of multi-path diversity, a direct link
transmission between two nodes can also be used along with relay link transmission.
Using direct link between BS and MT too, the overall SNRs obtained via MRC can
easily be calculated by adding SNRs for the direct link, as shown in (3.4) and (3.5).

2k e Ple PPk e P
P PB,m‘bBR,m‘ ‘/ﬂRMw‘ PB,w‘bBMﬂ‘ (3.4)
M 2, k2 k2 2 o3

OM T &m |PRM,m| OR
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2 2 2
£ |k £ |k £ |k
P PB,M‘/?BR,W‘ PR,m‘bRM,m‘ PB,m‘bBM,w‘
Y2, = min ( 2 3 2 )+ 2 (3.5)
oR o o

Using the Shannon capacity theorem, the instantaneous rate achieved by the 7"

MT using the RT over the £" RB for AF and DF is given as [2]:
=L, (1+y5)

where % is equal to either y{em or yf ,, depending on the system protocol. The factor

'/2 appears here due to the half-duplex operation of relays.

34 Resource Allocation

3.4.1 Joint RB and Power Allocation

The instantaneous throughput of one MT over OWR-AF protocol is given in

(3.6). The total cell throughput achieved by all MTs can be calculated as:

M K 1 L 2
Rs :wz::léz::l Elogz (1 +am7}m> (37)

where a binary variable @’ is the RB-allocation index. The variable a” is equal to unity

if and only if the £ RB is allocated to the 7" MT, otherwise it is equal to zero. In next
sub-section, we formulate a joint optimization problem for the optimal allocation of

power and RBs for all MTs.

3.4.2 Problem Formulation and Description

Considering joint RB and power allocation, an optimization problem is
formulated for Proportional Fairness Scheme (PFS) that considers both fairness in
terms of individual performance and overall system performance. The main goal of this
optimization problem is to maximize the overall cell throughput, which is given in (3.7)
with minimum data rate requirement and power constraints. This optimization problem

can be stated as follow:
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o M K 1 £ £
Maximize mz=:1 g,:l Elogz (I+a,y,) (3.8)

Subject to the following constrains:

C1: RB-Allocation Constraint: The RB-Allocation constraint is that each RB can be

used only by one MT and hence by one RT to avoid intra-cell interference.

M © B

Z a, <1 , a, E{O,l} Yk (3 9)

m=1 ’
C2: Data-Rate Constraint: This constraint ensures that each M'T meets its minimum

data rate requirement. Let 7, . be the minimum rate requirement (MRR) for

,min
the 7" MT.
bk
am rﬂl 2 rm,min Viﬁ (310)
k=1
C3: Power Constraint: The total maximum transmission power for each RB is

optimized by a power constraint:

£ g £k nk
(PB,M + PR,?%) gam PT,m V/é, N m (3.11)

PE, =0, PE,=0 Y& Vm (3.12)

where P}ém is the total transmission power for two-hop transmission over the £" RB

for #™ MT.

Since the problem formulated in (3.8) is combinatorial and NP-hard due to both
discrete (RB allocation) and continuous (Power allocation) variable values, its
computational complexity is too high [55]. To avoid this complexity, the resource
allocation is accomplished for PFS in two steps. In the first step, equal power allocation
is applied for two-hop transmission over each allocated RB. While in the second step,

power optimization is applied to maximize the overall cell throughput.
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3.5 Two-Step Approach for PFS

3.5.1 RB Allocation

The optimization problem as described in (3.8) is re-formulated with a two-step
approach based on Proportional Fairness, where the RB allocation is made with fixed
equal power allocation in the first step. This allocation of RBs is based on MRR of
individual MTs. Furthermore this first step is purely based on three principles, namely,

Priority, Fairness, and Maximization.

a)  Priority: The priority of MTs is determined in each round based on their received
SNRs over the two hops among all unallocated RBs. There is a total of K number of
rounds corresponding to the total K number of RBs. The MT with the highest received
SNR in each round has the highest priority for RB allocation until it meets its own
MRR. Due to this process, each MT gets equal chances to use its best channel gains

until it meets its MRR.

b)  Fairness: This principle guarantees that MTs with good channel conditions are
not allowed to use all the resources at the expense of others. The MT that meets its
MRR is temporary removed from the RB allocation process so that remaining MTs can
meet their MRRs. This process continues until either all the MTs meet their MRRs or all

the RBs are allocated to MTs.

c)  Maximization: The RB allocation process continues if there are still unallocated
RBs after all the MTs meet their MRRs. This process aims to maximize the overall
throughput of the system after meeting MRRs for all the MT's by previously following
the fairness principle. The remaining RBs are allocated to the MTs following the priority

principle to maximize the overall network throughput.

3.5.2 Power Allocation

After the allocation of all RBs and satisfying MRR, the power is allocated to BS
and RT on all assighed RBs by optimizing the objective function under the power

constraints.
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o M K 1 £ £
Maximize 3:11 g,:l Elogz (I+a,y,) (3.13)

Subject to: (3.11) and (3.12)

3.5.2.1 Gradient-based Method

MATLAB optimization toolbox can also be used efficiently to optimize the
power in such problems. An optimization tool “FMINCON” which is designed to find

the minimum of a given constrained nonlinear multivariable function is applied.

Maximization is achieved by multiplying the objective function with -1 before
applying this optimization command. FMINCON is a gradient-based method that is
designed to work on problems where the objective and constraint functions are both

continuous and have continuous first derivatives.

When the problem is infeasible, FMINCON attempts to minimize the maximum
constraint value. This built-in function is flexible since it includes both equality and
inequality constraints [67]. The flow chart of the algorithm for the two-step approach

for resource allocation is given in Figure 3.2.

3.6 Conventional RB Scheduling Algorithms

In this sub-section, different non-cooperative single-hop conventional RB-
scheduling algorithms are extended to two-hop cooperative relay networks. These

algorithms are round robin and maximum SNR scheme.

3.6.1 Round Robin Scheme

In round robin scheme (RRS), the allocation of RBs is made in cyclic way to each
MT. In other words, RBs are equally allocated to all pairs, regardless of the channel

conditions.

3.6.2 Maximum SNR Scheme

In maximum SNR scheme (MSS), RBs are allocated to the MTs which have
maximum received SNRs. This scheme optimizes the overall system throughput but

fairness between MT's is not considered. In this way, any MT which has poor received
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SNR due to poor channel conditions may not be allocated any RB.
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Figure 3.2: Flow Chart of Algorithm for Two-Step PFS
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3.7 Performance Evaluation

In this section, we present and compare the numerical results of different RB
allocation schemes in two-hop cooperative relay systems with the help of computer
simulations. The resource allocation techniques have been evaluated in terms of total

achievable system throughput and achievable individual throughput of each MT.

3.7.1 Simulation Setup and Parameters

We use MATLAB environment for all simulations. In these simulations, we
assume that relay is located in between BS and each MT and there is no direct link

available for transmission.

It is assumed that there are 5 MTs present for our simulation. The MRR = 1
Mb/S for each MT. Only one RT is allowed to cooperate with one MT. To achieve

reliable results, all the performances are observed at the average of 1000 random

channel realizations by setting the nominal average SNR = Pf / o® t0 20 dB .

3.7.2 Numerical Results and Discussion

Figure 3.3 shows the overall achievable cell throughput for three RB allocation
schemes for AF and DF system at equal power allocation. The RRS scheme aims to
provide the equal distribution of resources regardless of their channel conditions. But
due to diverse nature of wireless channel, MTs experience different fading at different
locations, therefore RRS may not be able to meet the rate requirement for all MTs with
even equal distribution of resources and it also affects the cell throughput, which is

shown less than that of other schemes in both AF and DF protocols.

On the other hand, MSS provides the maximum cell throughput but without
considering individual rates of MTs. The cell throughput is increased as it assigns
resources to the MTs with good channel conditions only. The PES scheme is designed
to achieve a tradeoff between cell throughput and individual throughput of MTs. Due
to applying three principles given in PES, it is clear that PFS outperforms RRS and

achieves overall system throughput that is very close to MSS.
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Figure 3.3: System Throughput for AF & DF Protocols

Figure 3.4 shows the individual throughput for AF and DF systems, respectively.
In the case of individual throughput, PFS outperform both RRS and MSS. The fairness
between all MTs is achieved in PFS, while MSS and RSS are not able to provide fairness
for all MTs. For example, some of the MTs in both protocols cannot meet its MRR for
both RRS and MMS, while in PES all the MT's achieve equal or higher rate than MRR.
By comparing the results of DF system with AF system it is clear that DF system
outperforms AF system in all schemes, in terms of total achievable system throughput

and individual achievable throughput.
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Figure 3.5: Comparison of PFS-EP and PFS-OP for AF and DF Systems

Figure 3.5 presents the result of power optimization in both AF and DF systems.
The overall system throughput is observed at different total transmission powers. A
sizable throughput gain has been observed by optimizing the power on all RBs. It shows
the comparison of PFS scheme with equal power allocation (PFS-EP) and PFS scheme
with optimized power allocation (PFS-OP) for both AF and DF systems. All results
presented above demonstrate that the PFS shows good tradeoff between total

achievable system throughput and individual achievable throughput in multi-user

cooperative OFDM systems.
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3.8 Summary and Conclusions

The deployment of relay terminal in OFDM-based wireless cellular networks is a
promising design to meet high data rates and extended coverage demands in future
wireless networks. However, the presence of relay terminals makes the issue of resource
allocation more challenging and considerable. In this Chapter, the problem of resource
allocation in multi-user relaying networks with AF and DF protocols has been

addressed. Three RB scheduling techniques known RRS, MSS and PFS, in OFDM-

based wireless networks are investigated and extended to two-hop relay networks.

A joint optimization problem with an objective function of maximizing system
throughput has also been formulated under transmission power and data rate fairness
constraints. Since the formulated optimization problem is NP-hard due to combination
of discrete and continues variables. With time limitation it is difficult to find the optimal
resource allocation by extensive search over all possible solutions. To cope with this
issue, a two-step proportional fairness resource allocation scheme is investigated in this

Chapter.

Simulation results show the effectiveness of PFS over MSS and RSS. Simulation
results show that PFS achieves good tradeoff between fairness in terms of MRR for
each user and total system throughput. DF protocol outperforms AF protocol. The
overall performance of DF-PFES is always better than that of all other schemes in AF
and DF systems. Moreover comparing with equal power allocation at BS and RT,

optimize power allocation brings sizable throughput gain in both AF and DF protocols.
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Chapter 4 Subcarrier Pairing and Fairness Based

Resource Allocation in Multi-User Relay Networks

This Chapter highlights the importance of subcarrier pairing in relay networks. In this
Chapter the resource allocation is investigated for both AF and DF protocols under the
constraints of power, RB-pairing and data rate fairness. To avoid NP-hard solution
with high computational complexity, the solution of optimization problem is found in
two steps similar to Chapter 3. In the first step, RB-pairing and allocation are conducted
jointly at equal transmission power for both the base station and the relay. In the second
step, transmission power is further optimized to maximize the system throughput. To
further reduce the complexity of the first step, a low-complexity iterative algorithm for

RB-pairing and allocation is proposed.
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4.1 Introduction

We have already seen in Chapter 3 that the allocation of subcarriers to different
users according to channel condition will provide significant gain in system efficiency
under fading wireless environment. In most of the literature, it is assumed that the same
subcarrier is used in both the first and the second hop of transmission [25, 60] and we
also used the same concept in the previous Chapter in formulating the algorithm. But
due to independent channel fading on the same subcarrier over the two hops, the
system performance may not be optimal. The system performance can be enhanced
further by subcarrier pairing in the two hops according to their channel conditions [10].
In [10], subcarrier pairing based resource allocation for cooperative multi-relay networks
is addressed for AF protocol. In [68], the concept of subcarrier pairing in relay networks
was introduced in the three-node network using the DF protocol. In [69], resource
allocation with subcarrier paring is investigated under a joint sum-power constraint for
both AF and DF systems. Symbol error performance analysis with subcarrier pairing in
OFDM relaying systems is presented in [70]. In all of these papers, the network of
interest is a single source-destination pair with either single relay or multiple relays. But
in practical scenarios, interference due to multiple users also plays a critical role in
system performance degradation [9]. Therefore in this Chapter, we present subcarrier

pairing based resource allocation in multi-user environment.

The rest of the Chapter is organized as follows. Section 4.2 briefly introduces the
concept of RB-paring in relay networks, while Section 4.3 describes the system model
and the optimization problem is also formulated and described here. Subcarrier pairing
and fairness based resource allocation is presented in Section 4.4, along with the
proposed low-complexity solution for RB-pairing and allocation in multi-user relay
networks. The performance evaluation and simulation results are presented in Section

4.5. Finally, summary and conclusion of this Chapter is provided in Section 4.06.
4.2 Resource Block Pairing

In cooperative relay communication, it is commonly assumed that signal
transmitted on the £" RB is amplified or decoded at the relay and then retransmitted on

the same £" RB towards the destination. But due to independent channel fading on the
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same RB over the two hops, the system performance would not be optimal. The system
performance can be enhanced further by RB-pairing of the two hops according to their
channel conditions. At first stage in this Chapter we investigate Selective Order RB-
Pairing and compare its performance with Fixed Order RB-Pairing using Exhaustive
Search Algorithm (ESA) then we propose a low-complexity RB-pairing and allocation

algorithm.
4.2.1 Fixed Order RB-Pairing (FRBP)

It is the most commonly assumed RB-pairing scheme, where the £" RB in the
first hop is paired with the same order £" RB in the second hop as shown in Figure
4.1(a). This indicates that the signal transmitted by a source over one RB in the first
hop is forwarded by the relay on the same RB in the second hop without considering

channel conditions on the second hop.

o, ]
__________ D =
> B 3

(( )) MT-1 (( )) MT-1
] [«] ] [4] [
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a E MTZ t: E MT-2

w e T _3 M e A _3

Figure 4.1: RB-Pairing Schemes: (a) FRBP (b) SRBP

4.2.2 Selective Order RB-Pairing (SRBP)

In Selective Order RB-Pairing, the RBs in the first hop are paired with RBs of the
second hop according to channel conditions as shown in Figure 4.1(b). If we consider
that each available RB with the highest channel gain in the first hop is paired with the
available RB with the highest channel gain in the second hop for the selected MT, then

the RB-pairing decision is made as follow:
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(k, k') =arg [max(C,),max(C;)] £eC,, ke C, 4.1)

Where C,and C,are the set of RBs that are not paired in the first and the second hops,
respectively. After pairing £ and £', these are removed from C, andC,, respectively.

This process is repeated until all the available RBs in the first hop are paired with
available RBs in the second hop and then these paired RBs are allocated to users. This
process can easily be implemented in single source-destination networks and therefore
we are not considering fairness in terms of data rate for multiple users. Note that this
type of subcarrier pairing and allocation is optimal for single source-destination with
single relay networks [10, 69]. But when we consider multi-user environment and
fairness constraints, this scheme is not appealing because we need to carry out RB-
pairing and allocation jointly to guarantee the fairness among users. Therefore we will

focus on multi-user environment in next sections.

4.3 System Model and Problem Formulation

4.3.1 System Model

Here we consider a similar two-hop multi-user relay-assisted OWR cooperative
network as described in Chapter 3. Again a downlink transmission is considered only.
Let the signal received at RT on the RB with index £ is forwarded to MT over the RB
with index £'. Here, the RB index # may not be the same as £ and they form a RB-pair
(£,£). Following (3.1) and (3.2) using RB-pairing, the SNRs for AF and DF are given
as:

e Sl P
e S ‘2 2

(4.2)
oM T &y |PRM. | R

£ |1k
EE . PB,m‘bBR,m
Vom — min ( 2 > 2 ) 4.3)
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Using the capacity theorem as in Chapter 3, the instantaneous throughput

achieved by the " MT over the RB-pair (£,£') for AF and DF is given as:
' l '
P& (AF ) DF)= ~ loga (1+ P (4.4)

where )/,’fl”é is equal to either ]/ié ;f or }/’2é ’ﬁ depending on the system protocol.

4.3.2 Problem Formulation

In this section, we formulate the problem of subcarrier pairing, allocation and
power optimization in relay networks. The objective function is to maximize the system
throughput with subcarrier pairing under data rate fairness and total power constraints.

First of all we define two binary variables 0**and af* as the RB-pairing index

and RB-allocation index, respectively.

5/@ g 1 If RB£is paired with RB &'
0 Otherwise
4.5)

oy,

e |1 If RBpair (£ )isallocatedto MT 7
10 Otherwise

The total achieved network throughput (K;) over all RBs and MT's can be expressed as:

M K K 1 C o
R,= 2 X X —log, (1-|-§'é”éaf;'é yf;é (4.0)
w=1=14'=1 2

4.3.2.1 RB-Pairing-Based Joint RB and Power Allocation

Considering joint RB and power allocation with RB-pairing, an optimization
problem is formulated in this subsection. The main goal of this optimization problem is

to maximize the overall system throughput, which is given by

o M K K 1 Ve e
Maximize Y Y Y ~logy (1+55F ook yhky @7
m=1f=1k'=1
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Subject to the following constrains:

C1: RB-Pairing Constraint: The RB-Pairing constraint is that each RB in the first hop

can be paired with only one RB in the second hop.

K , K '
S S =1 Ve and 360 =1 Ve (4.8)
£=1 £'=1

C2:  RB-Allocation Constraint: The RB-Allocation constraint is that each RB-pair
can be used only by one MT to avoid intra-cell interference.

M '
)Y af;é <1

=1

, dF ey Ve Ve (4.9)

C3: Data-Rate Constraint: This constraint ensures that each MT meets its MRR. Let

Tom,min be the same MRR as described in Chapter 3.

K K

NI NI W
kZ kZ O e S 2y i Y (4.10)
:1 ':1

C4:  Power Constraint: The maximum transmission power on each RB sets the power

constraint:
(P, + PE,) <o PfY WaVE (411)
P5, =0, Pt,>0 V& Vm 4.12)
where Pj%’f; is the total transmission power for two-hop transmission over RB-pair (£,

£"). The variables in the optimization problem defined by (4.7) are: RB-pairing, RB
allocation, and power allocation. The solution to (4.7) is based on the joint optimization
of these variables subject to the constraints listed in (4.8)-(4.11). This type of joint
optimization problem may be solved by implementing centralized control system, which

will require separate channel for information exchange. However, the solution of such
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an optimization problem is NP-hard due to extremely high computation complexity

[71].

4.4 RB-Pairing-Based Two-Step RB and Power Allocation

In order to reduce complexity, the same principle as that of the two-step resource
allocation technique proposed in Chapter 3 can be applied here. The only difference is
regarding RB-pairing which can be carried out in the first step along with RB-allocation;
while in the second step, power allocation is made to optimize the objective function

under power limitations only.
4.4.1 RB-Pairing and Allocation Scheme (RBPA)

In the RB-Pairing and Allocation step, we optimize the overall system throughput
by ensuring rate fairness among all users. The total available transmission power (Pr) on

each RB (Pr/K) is equally divided between BS and RT at each RB for RB-pairing and

allocation.

The optimization problem as described in (4.7) is developed and the RB-pairing

and allocation is made using the following criteria:

1:  In each round, the MT with the highest received SNR over two hops has priority
to use that RB-pair. This is possible by assuming known channel condition at BS

or using feedback link from RT and MT to BS.

2:  The MT that has achieved MRR is excluded from this process. This step provides
guarantee that any MT with the best channel could not use all the resources at the

expense of other MTss.

3: If the MRR for all MTs have been achieved and still there are un-allocated RBs,
then these RBs are to be assigned to the MT's with the highest received SNR over

two hops. This step aims to maximize the overall throughput.

4.4.2 Power Allocation

After the allocation of all RBs and providing MRR to each MT, the power is re-
allocated to the BS and RT on all assigned RBs by optimizing the system throughput

under the power constraint only.
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For any RB-pair (£,4'") using (4.2) we have expression for AF as:

Algorithm-4.1

1: Initialize

MTs={1,2,...M},C, ={1,2...K},C, ={1,2,... K}

2: for rounds =1: K

3: Do (m,(k,K)) =arg max (yoX) mEMTs,kEC, K EC,
)

7,

> >

4 a,/f;’k =1, 55F =1

5:Do C,=C,~{k} , C,=C,—{F}

K K ) ! !
G:if X X af"é P r,ﬁ”é Zrm’min

7

k=1£'=1
7: Do MTs=MTs-{m}
8: end if
9:if MTIs=1¢
10: go to 13
11: end if
12: end for
13: Do for all remaining RBs

14: for rounds= 1: length of remaining RBs

15: Do (m,(k,F))=are max (X)) mEMTskEC, K EC,

7, >

16: o =1, 6% =1

17: C,=C,—{k} , C,=C,—{F'}
18: end for

19: Do Power Allocation

20: Exit
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& 'R
M
Maximize ), l1ogz 1+ k%ﬂZ/gRlévm;/éM )
=t 2 %MylSR +B§,m}§M +1 (4.13)

Subject to: (4.11) and (4.12)

2
Here VBR ‘bBR m‘ /0% vk ‘/9 ‘ /oYy, o3 =0& =c2and &” =1 for

all assigned RBs. This simplified optimization problem has now only continuous
variable values and can be solved by using convex optimization techniques [71]. The
optimal power allocation can be obtained by using Lagrange Multiplier techniques. By
using Lagrange Multiplier technique, the optimal power allocations are obtained for AF
[69] and given in (4.14) and (4.15) for any MT .

'7’RM +4 7BR 7’ . )
PEEE i #F vk

b £
PB - 7BR VRM (4‘14)
: £ £
Pf’k /2 if  7BR = YRM

7BR _\/7BR 7 Pk 3

£

=1 k- 7§M
A kR
Pt /2 if  VBR =YRM

.
if  VBR # VRM @13

Similarly for DF, the maximization can be achieved when the SNRs of both
hops are equal [69], i.e., Péé”é'yéR éé év?’RVM

The optimal power allocation for DF is therefore given as
pEA = & PEF (4.16)

7/§R + 7/RM
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£
RE VBR YN
VBR T YRM

The process of RB and power allocation based on RB-pairing is depicted in

Algorithm 4.1.

4.4.3 Computational Complexity
The computational complexity of the RB-pairing in this proposed algorithm is
O(M x KK) . With increasing number of MTs and RBs the complexity becomes too high

which need to be avoided in practical applications. Therefore in the next section we will

propose a new low-complexity Iterative RB-Pairing and Allocation (LIRBPA) algorithm.

4.4.4 The Low-Complexity Iterative RB-Pairing and Allocation (LIRBPA)

To reduce the complexity, we solve the RB-pairing problem by using a one-to-
one optimization solver known as Hungarian Algorithm (HA). The HA [72] is a one-to-
one optimization solver for assignment problems with polynomial complexity. It has
already been used in different resource allocation algorithms in non-relaying networks

[73, 74] . For a description on how HA works please refer to Appendix-1.

The following steps are involved in LIRBPA.

1. The K X K matrix is established in such a way that the demand metric (D’é’/e' )

on each RB-pair is calculated as the maximum of M links.

DA = e A€ e 20 M) (4.18)

m
a
Here r&K indicates the rate achieved by #" MT on RB-pair (&, £').

2. By applying HA on each KxK matrix the best RB-pairing is achieved here.

3. The allocation of these RB-pairs is made iteratively to MT's by implementing the

constraint given in (4.10).
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4. 'The rows and the columns with assighed RB-pairs are eliminated.
5. The MTs satisfying MRR are removed temporarily.
0. 1-5 are repeated until all RBs are assigned or all MTs have achieved MRR.

7. 1f RBs are still available the steps 1-2 is done once to assign RBs to the best

users to maximize the system throughput.

8. The power allocation is then made using methods described in 4.4.2.

RBs in the 1°* Hop

.............. DIK
o
2 BSERN p2t pa2z . D2K
%
(Q\]
[}
E N ... e e
8
2

DEK

Figure 4.2: Snapshot of HA-Matrix for RB-Pairing

The Computational Complexity has been reduced significantly as compared to

the previous solution. The total complexity of step 1 is O(MXKXK) while the

polynomial complexity of one iteration of HA is O(K; ) [15, 21], where K is the

number of unassigned RBs. We need maximum of K iterations to implement RB-pairing

and fairness in terms of data rate among all MTs, therefore the maximum complexity of
step 1 is O(M ><K2) and applying HA with ensuring fairness is O(K4) . While the

complexity of 7" step is O(K3). Then complexity of the whole LIRBPA algorithm is
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loosely upper-bounded as O(M x K® +K3), comparing with the RBPA algorithm there

is a significant reduction in the computational complexity with the same optimization

performance.

4.5 Performance Evaluation

In this section we evaluate the performance of the proposed resource allocation
algorithm with some simulation results. The same channel model and parameters as

described in Chapter 3 are used.

14 T T T T T
--0-- DF-FRBP
—— DF-SRBP(RBPA)
# DF-SRBP(LIRBPA)
--O0-- AF-FRBP
—— AF-SRBP (RBPA)
<] AF-SRBP(LIRBPA))

12~

10 ~

Number of MTs=5
Number of RBs=14

Sysytem Throughput (Mb/S)

-
-
-

)
0 5 10 15 20 25 30
SNR (dB)

Figure 4.3: Achieved System Throughput versus SNR

The performance of system throughput against average received SNR is depicted

in Figure 4.3. We simulate both RBPA and LIRBPA techniques for RB-pairing and
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allocation. It produces the same result but with different computation complexity as
described in Sub-Section 4.4.3 and Sub-Section 4.4.4 respectively. The selective RB-
pairing provides significant gain in system throughput over fixed RB-pairing in both AF
and DF systems. It can also be observed that the difference between SRBP and FRBP
increases with the SNR.

The result presented in Figure 4.3 clearly confirms that RB-pairing provides
significant gain in system throughput as compared to the system throughput when there
is no RB-pairing used and data is transmitted on the same order RB in the 1* and 2™

hop, respectively. The figure shows the performance of system throughput at different

nominal average SNR= Pf"é / o2 values.

40

L L
I Dr FRBP
I Dr-SRBP
35 [ ]AF-FRBP g
[ JAFSRBP N

30 M -

Number of MTs=5

S} )
S a1
1 1

\
1 1

System Throughput (Mb/S)
T
\
1

10 - -

10 20 30 40 50 60
Number of RBs

Figure 4.4: Achieved System Throughput versus the Number of RBs
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Figure 4.4 shows the total achieved throughput for AF and DF systems with

SRBP and FRBP against increasing number of available RBs. In both AF and DF

systems, MRR constraint is implemented. The better performance in term of

throughput is achieved with SRBP than FRBP RB-pairing. It is also noticeable that the

gain in performance with RB-pairing increases as the number of available RBs increases.

Because the more RBs, the more flexibility that the system has in exploiting the channel

diversity gains.
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0.995

Fairness Index
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45
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55
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Figure 4.5: Variations of the Fairness Index against the Number of RBs and MT's

We also employ Jain’s fairness index [75] to assess the performance of our

proposed algorithms. Jain’s fairness index has already been widely used to determine the

proportional fairness among users [76, 77]. It is given by

(4.19)

where  is the normalized sum-rate for the /" user. The value of this index ranges from

0 (worst case) to 1 (best case).
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Average Throughput over RB-Pair

RBs in the Second Hop RBs in the First Hop
c o

Average Throughput over RB-Pair

RBs in the Second Hop 1

RBs in the First Hop

©)

Figure 4.6: Snapshot of Simulated RB-Pairing for AF (a) SRBP (b) FRBP
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Average Throughput over RB-Pair

ER L RBs in the First Hop

Average Throughput over RB-Pair

RBs in the Second Hop 1

RBs in the First Hop

©)

Figure 4.7: Snapshot of Simulated RB-Pairing for DF (a) SRBP (b) FRBP
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It is clear from Figure 4.5 that the fairness index remains around 1 in both cases
with different number of available RBs having fixed number of MTs and with different
number of MTs having fixed number of RBs, respectively. This means that we are

achieving maximum fairness among users in both cases.

Figure 4.6 and Figure 4.7 show the bar graphs of RBs which are assigned to
different MTs using SRBP and FRBP in AF and DF protocols, respectively. Each bar
position shows that how different RBs are paired in the 1% and 2™ hops in different
schemes. The SRBP is clearly shown in Figure 4.6(a) and Figure 4.7 (a), in which the 1%
hop RBs are, paired with different order RBs in the 2™ hop, while Figure 4.6(b) and
Figure 4.7 (b) indicated that RB in the 1% hop is paired with the same order RB in the
2" hop. The different color of bars indicates the different MTs.

14

—B— EPA, DF-SRBP
—0— OPA, DF-SRBP
13 —— EPA, AF-SRBP y

—#— OPA, AF-SRBP

Number of MT's =5
Number of RBs=14
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=
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(=}
I

o

System Throughput (Mb/S)
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Total Transmitted Power for Two Hops (w)

Figure 4.8: Achieved System Throughput versus Transmitted Power
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Figure 4.8 presents the result of power optimization in both AF and DF systems.
The overall system throughput is observed at different total transmission powers. A
sizeable throughput performance gain has been observed by Optimal Power Allocation
(OPA) on all RBs over equal power Allocation (EPA). It is clear that selective order RB-
pairing itself provide higher data rates than conventional same order RB-pairing, but
more system throughput gain can be achieved by optimizing the power for all allocated

RB-pairs.

4.6 Summary and Conclusions

Multi-carrier cooperative relaying communication is of particular interest in future
wireless networks. In this Chapter we focus on subcarrier pairing in dual-hop relay
networks. We present resource allocation algorithm in which subcarrier pairing is

implemented along with fairness constraint in multi-user networks.

We propose two techniques for RB-pairing and allocation. The first one which is
similar to the scheme presented in the previous Chapter. In this two-step approach, NP-
hard optimization problem is solved in two steps. But we see that the computational
complexity of the first step on RB-paring and allocation ensuring fairness among users
is still too high to be applicable in practical applications. Therefore we propose a new
low-complexity iterative RB-pairing and allocation scheme which has much less

computational complexity with same optimization performance.

Simulation results demonstrate that RB-pairing proposed in these algorithms
provides significant gain in system throughput. The proposed algorithms are also
capable to provide maximum fairness in terms of data rate among all users. The simple
model and low computational complexity make these proposed algorithms suitable for

solving such optimization problems in relay networks.
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Chapter 5 Proportional Fairness-Based Resource

Allocation in Two-Way Relaying Networks

Relay-based cooperative wireless network has been widely considered one of the
cost-effective solutions to meet the demands in future wireless networks. In this
Chapter we will focus on TWR networks. In order to maximize the overall sum-rate
while maintaining proportional fairness among users, we investigate different resource
allocation algorithms in TWR networks with both ANC protocol and TDBC protocol.
These investigated algorithms are different from traditional PFS in terms of fairness and
computational complexity as we have applied Access Proportional Fairness (APF) and
Minimum Rate Proportional Fairness (MRPF) along with load balancing at the relays. A
MATLAB simulation has been performed and simulation results show the effectiveness

of these algorithms.
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5.1 Introduction

As described in Chapter 2, two types of TWR have been proposed in the
literature to overcome the spectral loss in OWR. These two types of AF-based TWR are

ANC protocol and TDBC protocol, respectively.

In recent years there has been an extensive amount of research undertaken and
published in the area of cooperative networks. The initial work on cooperative networks
was focused on OWR only; but now TWR has attracted a lot of interest from
researchers due to its high spectral efficiency. In [26] authors have addressed the relay
selection problem for TWR networks. The closed-form expression for outage
probability is derived. A single-pair network is considered, therefore there is no multi-
user interference (MUI). A similar network configuration is used in [78] to address the
relay selection problem in bidirectional relaying with unknown CSI. The problem of
resource allocation in TWR has been addressed in [79] for a two-terminal network with
multiple relays. A fairness constraint is imposed on relays with maximum sum capacity
as an objective function. In [56], a hierarchical protocol for OWR and TWR is
proposed. The transmission mode of each MT as well as relay is already assigned, either
direct or relaying. The joint resource allocation problem is formulated under total power
constraints. Power allocation with data rate fairness is studied in [80] for AF and DF
protocols. In [81], a joint optimization problem of subcarrier assignment and relay
selection in multiple-user-pair bidirectional relaying communication is addressed. A
graph theoretical approach is applied to solve this problem. In [82] resource allocation
problem with subcarrier pairing in OFDM-based TWR relay network is formulated as a
mixed integer programming problem. The optimization problem is solved efficiently by

using the dual method.

By introducing relays in conventional cellular networks, we can extend coverage
area, eliminate blind spots in cells and provide high data rates. But to achieve these goals
we need to reduce processing delay and computational complexity in relay networks.
Since relays are low-power nodes, congestion can occur if many mobile stations make
use of a single relay while other relays remain unused. This problem can be solved by

introducing load balancing on relays in each cell. On the contrary, an uneven load
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distribution could drain out the relay system resources quickly and lead to low system

resource utilization [83].

In a general resource allocation problem as addressed in the literature, the main
focus resides in resource allocation without any traffic or load balancing consideration.
In conventional non-cooperative cellular networks, several load balancing aware
algorithms have been reported [61,84,85]. However, these algorithms cannot be used
directly for relay-based networks due to dual-hop or multi-hop transmission in relay
networks [76]. In [76], authors provide fairness-aware joint routing and scheduling
technique for downlink OWR networks; while in [83], an optimal mobile association
and load balancing has been introduced in downlink OWR cooperative networks. Some

other individual work on load balancing can be found in [86-88].

In Chapter 3 and Chapter 4 we have formulated and investigated different
resource allocation techniques in single relay based OWR networks. However, these
techniques do not consider any load balancing operation at any node in these networks.
Therefore, in this Chapter a fairness-aware joint load balancing and proportional
fairness based resource allocation is investigated in multi-relay based TWR cooperative
networks. The objective function is to maximize overall sum-rate under the load
balancing and fairness constraints. We investigate load balancing with access
proportional fairness (LB-APF) and load balancing with minimum rate proportional
fairness (LB-MRPF) in TWR with both ANC and TDBC protocols. The optimization

problem is formulated as a sum-rate maximization problem with fairness constraints.

The rest of the Chapter is organized as follows. Section 5.2 describes the system
model and basic assumptions. A brief introduction to both ANC and TDBC protocols
is also presented. The mathematical analysis of the system sum-rate and problem
formulation and description are described in Section 5.3. In this section a low-
complexity resource allocation technique is also presented. Furthermore, performance
evaluation with simulation results is illustrated in Section 5.4. Finally, summary and

conclusion of this Chapter is provided in Section 5.5.
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5.2 System Model and Protocol Descriptions

A multi-user cellular network is considered with TWR transmission. Time
Division Duplex (TDD) is used to achieve separation between uplink and downlink
transmission to and from RT respectively and RTs are assumed to be operated in half-
duplex mode with AF protocol only. The BS serves M MTs through R RTs. There are K
RBs available in the cell. It is also considered that the bandwidth of a RB which consists
of number of subcarriers is less than the expected coherence bandwidth of the channel.
Therefore, the channel is assumed time-invariant within a single RB but is time-variant

for different RBs.

S \ /g/ \‘

BS MT
| T1 T2 |

Figure 5.1: TWR-ANC Assisted Transmission Model

5.2.1 Protocol Description
5.2.1.1 ANC Protocol

In ANC protocol as shown in Figure 5.1, both MT and BS transmit their signal
to the relay during the first time slot. The relay receives the combined signal of MT and
BS due to the broadcast nature of wireless channel. The relay amplifies this combined

signal and then retransmits to both MT and BS in the second time slot.

5.2.1.2 TDBC Protocol

In TDBC protocol as shown in Figure 5.2, BS transmits its signal to both MT and
relay during the first time slot, while MT transmits its signal to both BS and relay in the

second time slot. In the third time slot the relay amplifies the combined signal of BS and
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MT and retransmits to both MT and BS.

é é é\
A /ﬁ—a o

BS MT
T1 T2 T3

Figure 5.2: TWR-TDBC Assisted Transmission Model

In both protocols, the received signal at MT and BS consists of their own
transmitted signal known as the self-interference. With the knowledge of the channel
and its own signal, this self-interference can be subtracted from the received signal [2].
5.2.2 Mathematical Description

The achievable rates from BS to MT and from MT to BS in ANC protocol of the
#" MT via the 7" relay on the £" RB is given by (5.1) and (5.2) respectively as in [24]:

1
Ry, (ANC) =~ logy (147, (ANC) G.1)

1
R, (ANC) = —logy (1+7},(ANC)) (5.2)

The factor "2 appears here again due to the half-duplex operation of relays. It

means relays transmit and receive in two different time slots. The y* (ANC) and

;/f,, (ANC) are the received SNRs at the MT and the BS, respectively; and given in

(5.3) and (5.4) assuming identical noise variance at all nodes and complete self-

interference cancellation.
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Ve (ANC) = Pﬁ;ﬂ‘bﬁ&w‘z]ﬁw‘b@ﬂ‘z ' (5.3)
P]ﬁm‘bﬁR,m‘ +(Pl/§é,m+PZ/\e;I,m)‘/9}/%M,m‘ +0-2
2 2
}/i,,(ANC) _ P]/\é;[,m‘b}%/IR,m‘ P}/{é,m‘/yﬁB,m‘ (5.4)

2 2
£k Nk £ |k 2
(P, * PR,m)‘/?RB,m‘ + PM,m‘bMR,m‘ ta

The instantaneous sum-rate is then given by (5.5)
£ _ 1 £ 1 £
Ronr(ANC) = Zloga A+, ,(ANC) + Zlogy 1+, ,(ANC)) (5.5)

Let y& (TDBC) and yf,(TDBC) represent the SNRs at MT and BS

respectively for TDBC protocol and given by [206]:
p y P g Y

¢ (TDBC) = Pﬁm\/oﬁR,m\ZPém\bﬁMﬂ\z , Ph 5 2 .
" Pﬁm‘bﬁR,m\z +(PK, + Pﬁ’m)‘/y{%M,m‘z + o2 o

¢ aoney o Pt Aol bl
" P+ Bt |+ Pt |+ 0 o2

The instantaneous sum-rate of TWR-TDBC protocol is given as:

64



Chapter 5: Proportional Fairness-Based Resource Allocation in Two-Way Relaying Networks

R (IDBC) =

1 1 (5.8)
31082 1+, (TDBO) + Zloga (L+ ¥}, (TDBC))

The factor 1/3 shows that the transfer of information between two nodes is
completed in three time slots. The achievable sum-rate of the network over all MTs and

RBs using any protocol is given as:

_ V3 £
f‘% x Zéermr (5.9)

where éf;J is used as the binary integer RB assignment indicator variable. If the £" RB
is assigned to the »th MT on the rth RT, then 55’, is equal to one, otherwise it is equal

to zero. The term Rf;’,, is equal to Rf,’,,(ANC) or RfM(TDBC) depending on the

system protocol.

5.3 Problem Formulation and Description

In order to maximize the system sum-rate while maintaining load balancing at
relays and proportional fairness among users, a BILP optimization problem is

formulated as

M R K p P
Maximize X X X4, R, , (5.10)
m=1r=1f=1 "~ ’
Subject to the following constraints:

C1: RB-Allocation Constraint: The RB-Allocation constraint is that each RB can be

used only by one RT to avoid intra-cell interference.

M R P
> 20" L1, Ve,
m=1r=1 """

. (5.11)
o0~  €{01}, Y(m,r k)

>
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C2: Load-Balancing Constraint: The load-balancing constraint is that RBs are

equally distributed among all relays.

M K P
2 X0 2u Vr (5.12)

m=1 k=1 """

where #=K /R is the minimum number of RBs to be allocated to any RT. If K

mod R =0, each RT will be assigned exactly K/R RBs.

C3: MRPF Constraint: This constraint ensures that each MT meets the minimum date

rate requirement. Let », . be the MRR for each MT, then

> 3ot RE> v
El gl oy Ky 2 mins V7 (5.13)

C4:  APF Constraint: This constraint is applied when we need to distribute the all RBs

equally among all MTs.

R K p
LI 2k Vm (5.14)

r=1 k=1 7"

where A is the minimum number of RBs to be allocated to any MT. If K mod M =0,

each MT will be assigned exactly K/M RBs.

This BILP optimization problem is non-polynomial in time and the

computational complexity of such problem can be expressed as O(Rx M )K . With
increasing number of R, M and K, the computational complexity might reach prohibitive
limits in practical systems. Therefore, a low-complexity algorithm is necessary to solve

this type of optimization problem.

5.3.1 Hungarian Algorithm (HA) Based Resource Allocation

In this sub-section, we solve our BILP optimization problem described above
by using HA. We have already explained that HA is a one-to-one optimization solver

for assignment problems with polynomial complexity. The other main reason of using
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this algorithm is that load balancing at relays is achieved inherently with this algorithm.

Figure 5.3: Snapshot of HA-Demand Matrix

Let us first define 2 demand metric for any BS-MT link on the £&" RB for each
RT as the product of the achievable sum-rate on that link and the proportional fairness

index (PFI) for that MT, as follow

ko _ kR k
Dy = Wpyptyr >, Vr (5.15)

where a),/f; is the binary integer variable as PFI for the »" MT on the £" RB. The
binary indicator PFI a)fi is equal to zero for all MTs satisfying constraints (5.13) or

(5.14), otherwise it is equal to unity. Here r,f,, is the achievable sum-rate for the 7" MT

on the £" RB for the /" RT. This sum-rate is calculated, without loss of generality, using

the equations (5.5) or (5.8) depending on the protocol types.

The following sub-steps are involved in applying HA to our BILP problem.
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1) The demand metric on each RB for every RT is calculated as the maximum of
M links as
Df =max{olr®y  wE (1,2,...M} (5.16)
m

2)  The total R demand metrics on each RB has been calculated. By applying HA to
the demand matrix as shown in Figure 5.3, the algorithm solves a one-to-one
optimization problem to maximize the total demand. In each iteration, R RBs are

allocated, therefore total K/R iterations are needed to allocate all the K RBs.

3) The rows with assigned RBs are eliminated and MTs are marked with assigned

RBs.

4) The constraint (5.13) or (5.14) is checked for LB-MRPF and LB-APF,

respectively. The PFI of MTs satisfying these constraints are set to zero.

5) The steps 1-4 are repeated until all RBs are assigned or all MTs have achieved
MRR.

0) If RBs are still available in LB-MRPF, the process is repeated except step 4 until
all RBS are assigned.

5.3.1.1 Computational Complexity

By using HA, the computational complexity has been significantly reduced.

Referring to the previous Chapter, the polynomial complexity of one iteration of HA is

O(Kﬂ3 ), where K is the number of unassigned RBs. With K/R iterations, the complexity

of the whole algorithm is O(K 4 R).

The pseudo-code for the HA-based resource allocation algorithm is given in

Algorithm-5.1.
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Algorithm-5.1

10:
11:
12:

13:

14:
15:

16:

17:
18:

R'
K'
2:for k=1: K"

4: D,',é = max {a)'é r/; }

19:
20:
21:
22:
23:

1: Set
MTs={12,3,... M}, RTs={1,2.3,....R}, RBs={1,2,3,.....K}

=Size of RTs

= Size of RBs

3:for r=1:R'

Va
m

5: end for
6: end for

8: for rounds = 1: K'/ R’

Do RBs = RBs-ARBs

K'= Size of RBs
Do for LB-APF

mE {1,2,... M}

9: Hungarian (D) = ARBs=Set of assigned RBs

R K

7:D = {Df},}” =1,2,.R',£=1,2,..K"}, as shown in Figure 5.3

AMTs1=Sect of MTs Satisfying > 2 A =4, VwE MTs

Do MTs = MTs}-AMTs1
Do for LB-MRPF

r=l k=1 "7

R K

AMTs2=Set of MTs satisfying = 2 6% RS >y . /w& MTs

Do MTs = MTs-AMTs2
MTs = ¢ and K'#0 go to 22

if K'=0 go to 23
end if; end if
end for

Repeat only 3-11untl K'=0
Exit

r=l =1 "7
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5.4 Numerical Results and Performance Analysis

In this section, we present and compare numerical results with the help of
computer simulations to evaluate the performance of resource allocation algorithms

described in Section-5.3.1. MATLAB-based simulations have been conducted.

5.4.1 Simulation Models and Parameters

In these simulations we assume random distribution of all RTs and MTs. We
consider that all channels remain constant for one complete transmission while all noise
variances are identical and respective channel gains are reciprocals. To establish

centralized resource allocation techniques it is assumed that CSI is known to the BS.

Parameters Value
Cell Radius 1 Km
Carrier Frequency 2 GHz

OFDM Subcarrier Bandwidth 15 KHz

Number of Subcarrier per RB 12

Nominal Average SNR 20 dB

Table 5.1: Simulation Parameters

The Line- of-sight (LOS) path loss model is used for BS-RT link as we assume
that relays are in LOS of BS which has directional antennas for transmission. The Non
line-of-Sight (NLOS) Path loss model is used for RT-MT links. Both path loss
models follow those defined for the Urban Micro (UMi) environment for the

evaluation of 4G mobile wireless systems [89] and are given as

PL_LOS = 306.7 logy( (d) +22.7 +26 log;o(f.) dB

(5.17)
PL_NLOS= 22.0 logj((d)+28.0 +20 logj (f.) dB

70



Chapter 5: Proportional Fairness-Based Resource Allocation in Two-Way Relaying Networks

where d is the distance between transmitter and receiver in meters and f is the carrier
frequency. No shadowing loss is considered here. Other simulation parameters are given

in Table 5.1.

The proposed algorithms have been evaluated in terms of total achievable system
sum-rate and achievable individual sum-rate of each pair. To compare the performance
of the both proposed algorithms L.LB-APF and LB-MRPF, the Load Balancing with No
Fairness (LB-NF) algorithm is also investigated. In LB-NF, we only consider the load

balancing at relays without any fairness constraints.
5.4.2 Simulation Results and Discussions

Figure 5.4 and Figure 5.5 demonstrate the load balancing at relays of the low-
complexity algorithm proposed in this Chapter. Figures show the assignment of RBs to
each RT in three different algorithms for ANC and TDBC protocols, respectively. It
can be observed that each relay can occupy 5 RBs which is equal to K/R, with K=15
and R=3.

CIrm1

| Iap = = =
iths Number of RBs at each Relay = K/R=15/3=5

o7, 07,

0. 0.

05,

LB-NF

LB-MRPF

Figure 5.4: Load Balancing at Relays in TWR-ANC Protocol

Each bar in these plots represents the magnitude of the sum-rate on respective
RB using different algorithms in both protocols. The difference can be observed in both

protocols in term of allocation of RBs to different RTs and also in terms of sum-rate
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achieved on each RB. The sum-rate has been dropped in TDBC protocol due to the
factor 1/3 instead of 1/2 in ANC protocol even though there are some additional gains
due to the direct transmission between BS and MTs in TDBC protocol as described in
Section 5.2.2. These results also indicate that load distribution at relays also affects the
allocation of RBs due to the presence of constraints. By distributing the traffic load
among relays, we not only reduce the processing delays at relays but also make sure the
use of all resources efficiently, noting that efficient relay selection has been already

made.

[ Irm

M 2 Number of RBs at cach Relay = K/R=15/3=5

LB-NF LB-APF LB-MRPF

Figure 5.5: Load Balancing at Relays in TWR-TDBC Protocol

Figure 5.6 shows the individual achievable sum-rate for each pair in ANC and
TDBC protocols. In this case of individual sum-rate, LB-MRPF outperforms LB-NF.
The MRR for all MTs is achieved in LB-MRPF and LB-APF, while LB-NF is not able
to meet MRR for all MTs in both protocols. This plot only indicates one snapshot of
achievable sum-rate for 5 MTs. It can be observed that in the LB-NF algorithm, some
MTs get much higher sum-rate than others. Even worse there are some MTs which
could not meet their MRR in both protocols. In Figure 5.6(a), it can be observed that
the sum-rate of MT-1 with LB-NF algorithm is less than the required MRR while it is
also clear in Figure 5.6(b) that MT-4 cannot achieve MRR with the LB-NF algorithm.
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Even though the MRR for all MTs is achieved in LB-APF, but on the other hand the
overall sum-rate of LB-APF is lower than that of the LB-MRPF scheme shown as

Figure 5.8 and Figure 5.9.
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Figure 5.6: Individual Sum-Rate for Each MT-BS Pair in TWR (K=15, R=3)
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Figure 5.7: Jain’s Fairness Index with different number of MTs (K=60, R=3)

We again employ Jain’s fairness index to check the fairness performance of our

proposed algorithms. Jain’s fairness index is given by (4.19) in the previous Chapter.

Figure 5.7 (a) and Figure 5.7(b) show that fairness index remains around 90% in
both LB-MRPF and LB-APF while it drops significantly in LB-NF with increasing

number of users in both ANC and TDBC protocols, respectively. We can observe that
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it becomes difficult to maintain fairness as the number of MTs increases, due to the
fixed number of RBs. But still it can be noticed that there is less degradation in fairness

in both proposed schemes as compared to LB-NF scheme.
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Figure 5.8: Overall Sum-Rate versus the Number of RBs

The system sum-rate performance against different number of RBs and MTs for
both protocols can be observed in Figure 5.8 and Figure 5.9, respectively. It can easily
be observed that the overall sum-rate of LB-NF is always the highest against different
number of RBs or MTs. This is due to the fact that this algorithm assigns RBs to MT's
with the best channel gains, hence increasing overall sum-rate at the expense of
proportional fairness among MTs. While LB-APF gives lower sum-rate than others
because it ensures APF among MTs by ensuring assignment of equal number of RBs,
which may compromise on overall and individual sum-rates. A compromise between
sum-rate and fairness has also been made in LB-MRPF and a good tradeoff between

overall sum-rate and individual sum-rate can be observed.
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In Figure 5.9 we can observe that cell throughput is increasing with an increase in
number of MTs in all schemes. This indicates that RBs are assigned to available MT's
with best channel gains on those RBs in all schemes with or without proportional

constraints.
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Figure 5.9: Overall Sum-Rate versus the Number of MTs
55 Summary and Conclusions

Efficient resource allocation algorithms are required to meet the demands of
future relay-based wireless networks. This Chapter provides a fairness-aware joint load
balancing and proportional fairness based resource allocation algorithms in TWR
cooperative cellular networks. By considering both TWR-ANC and TWR-TDBC
protocols, a BILP optimization problem is formulated to maximize the overall system

sum-rate while maintaining proportional fairness among users. Since the complexity of
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such a BILP problem is extremely high due to large number of subcarriers and users in
real applications, therefore low-complexity algorithms are required for practical

implementation.

To reduce computational complexity, HA-based different resource allocation
algorithms have been investigated in this Chapter. Considering the proportional fairness
among users, an efficient allocation of subcarriers is proposed. These algorithms also
exploit the inherent feature of load balancing in HA. Therefore, these proposed
algorithms not only provide the use of all the available subcarriers in efficient manners
but also help to reduce the processing delays at relays, increasing the efficiency of the

system.
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Chapter 6 Inter-Cell Interference in Relay Networks

ICI in multi-cell wireless networks is a major limitation in the performance of these
networks. The number of sources of ICI increases in the relay-based wireless networks
due to an increase in the number of transmitting nodes in the form of relays. In this

Chapter, we highlight and briefly describe the effects of ICI in relay networks.
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6.1 Introduction

Resource management in wireless systems is crucial to achieve the best system
performance. Most of the initial work on OFDM-based relay network is focused on a
single-cell scenario to provide the basic ideas of allocating resources to maximize the
local performance gain. There are few works on multi-cell interference in relay networks

[90-93].

In [90], inter-cell relay cooperation in forming the uplink precoders to maximize
the SINR is investigated and its transmission rate is evaluated for a linear 3 cell
topology. The authors in [91] have proposed a user pairing control method for multi-
cell shared multi-user MIMO relay system. In their method, the RT is set on the cell
boundary and multiple users located on the adjacent cells make pair for relay
transmission. In [92] authors try to transform the non-convex optimization problem to
a convex problem by relaxing the multi-cell interference to a limited Interference
threshold and, then solving the relaxed convex problem which leads to a suboptimal
solution. In [93] authors tried to solve the same problem in [92] but in a multi-cell

relayed network which by relaxing the instant interference to a limited interference.

In previous Chapters we also focus on the single-cell scenario where Intra-cell
interference and MUI are of our interest. However, in next generation wireless
networks, a high frequency reuse factor and small cell size will be necessary in order to
achieve higher data rate; and these lead to severe ICI. In reality, ICI severely degrades
the system performance and hence should be considered in the resource allocation

process.

6.2 ICI Analysis in Relaying Networks

Consider a fixed relay based multi-cell OFDM wireless network. Base stations are
placed in a regular grid, following the hexagonal layout as described in [89]. A basic

hexagonal layout with three cells per site is shown in Figure 6.1.

The ICI typically involves MTs in neighboring cells or sectors being scheduled on

the same RBs. The transmission rate of MT's can be degraded due to ICI, especially the
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MT's present at the edges of cells.

ISD= Inter-Site Distance

Figure 6.1: Sketch of Base Coverage Cell Layout without Relay Nodes [89]

Let us consider an example of three adjacent cells of three sites. By considering
Cell 1 as the target cell, we investigate the interference signals from other two

neighboring cells in both OWR and TWR networks.

6.2.1 ICIin OWR Networks

Usually it is assumed that a dedicated link can be established between a BS and a
fixed RT. Thus ICI can be avoided in this link in the multi-cell scenario. Therefore,
there will be no ICI in the first phase if only the relay link is being used for transmission,
as shown in Figure 6.2. On the contrary, there will be ICI in the first phase if the direct

link between BS and MT is being used as shown in Figure 6.3.
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Interference Signals

(a) The First Phase (b) The Second Phase

Figure 6.2: Multi-Cell OWR Downlink Transmission without the Direct Link

Keeping in view the ICI signals in the first and second phases, mathematically, the

SINR for the first case when there is no direct communication can be written as:

20k 1L 1PLe P
Em PB,M‘bBR,Iﬂ‘ ‘bRM,m‘

2 &2
IM + &r

£

SINRy = 2, L, 6.1)

bRM,m‘ 0R+.Z1PR,Z'
Z:

£
bRMi

2
bﬁM, ;| tepresents the

I
where gfz is the scaling factor as given in (3.3) and ZP}f ;
=1

interference signals in the second phase from all I neighboring cells. The P{éj is the

transmission power of RT in /" neighboring cell while /7}/%1\4, ;1s the channel gain between

RT in the /" cell and the MT in target cell.

From Figure 6.3, it is clear that to include the direct link transmission; we also

need to consider ICI signals on both RT and MT in the first phase of transmission.
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phase from BS to RT and MT in the target cell respectively, the SINR for this

transmission can be calculated as:
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Figure 6.3: Multi-Cell OWR Downlink Transmission with the Direct Link

The Pﬁ ; represents the transmission power of BS in /" neighboring cell. The

/7§R,z' is the channel gains between BS in the /" cell and the RT in target cell while
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/9§M,z' is the channel gains between BS in the 7/ cell and the MT in target cell. The

amplification factor (gfz with interference signals received at RT for »/" MT is given as:

£
PR,w

Oy = (6.3)

2
+012{

2 1
£ |k £ |k
PB,m‘bBR,m‘ + 21 Py i|hBR i
Z:

6.2.2 ICI in TWR Networks

The uplink and downlink transmissions occur simultaneously in TWR. Therefore,
unlikely OWR, the ICI from neighboring cells occurs in both hops of transmission even

if we consider a dedicated link between BS and RTs.

During the first phase in TWR-ANC, the ICI is received from MTs of others cells
scheduled on the same RBs. There will be no ICI signal from BSs of other cell as the
transmission between BSs and RTs are over dedicated links as shown in Figure 6.4(a).
While in the second phase, ICI signals are received by both BS and MT in the target cell

due to the broadcast nature of the signal from RTs as shown in Figure 6.4(b).

Therefore, the SINRs at MT and BS in the target cell can be written as:

20k Lk 12 |2
p2 _ Em PB,m‘/yBR,m bR]\/I,lﬂ
Pn(ANC)= 2k 22, 25 ke 1Pe 2L S okLe 2 69
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2, K2k 2 K25 pk |k e LS ph
BYE VRBA| ORY & = PALIPMRA] PRB| T 1PRB RB,
7= 7=

The amplification factor (gfi with interference signals received at RT is given as:
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(a) The First Phase (b) The Second Phase

Figure 6.4: Multi-Cell TWR-ANC Transmission

On the other hand, in TWR-TDBC networks, there is more ICI present as shown
in Figure 6.5. As we know, the TDBC transmission takes three time slots to complete
the information transfer from source to destination; and the ICI presents in each time

slot.

During the first phase, ICI arises from neighboring BSs to target RT and target
MT, while in the second phase neighboring MTs scheduled on the same RBs produce
ICI signal toward both target BS and target RT. In the third phase, when RTs are
broadcasting the amplified signals, the neighboring RTs produce ICI in target cell on
both BS and MT.
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(a)The First Phase

—

Transmitted Signals

(c) The Third Phase

Figure 6.5: Multi-Cell TWR-TDBC Transmission

Keeping in view all these interferences, the received SINR at MT in target cell can

be expressed as:
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The received SINR at BS in target cell can be calculated in the same way.

6.3 Simulation Setup and Parameters

6.3.1 Cellular Architecture

The cellular network consisting of 7 sites is considered for simulation. FEach site
consists of three hexagonal cells and a RT is added to each cell as shown in Figure 6.6.

The relays are placed at the middle of each cell. The distance between two BSs is 1 KM.
6.3.2 Propagation Models

The shadowing and path losses are considered separately. The LOS path loss
model is used for BS-RT link as we assume that relays are in LOS of BS which has
directional antennas for transmission. The NLOS path loss model is used for RT-MT
links. Both path loss models are given in (5.17) in the previous Chapter. The simplified
model given in (6.9) is adopted for shadowing loss.

pdB, if misinashadowedarea

Lshadow (777) = { (69)

0dB  otherwise

where p is the standard deviation. While shadowing loss is considered at both MT-RT

and RT-MT links, no shadowing loss is imposed for the dedicated BS-RT link.
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Figure 6.6: Simulation Setup for Multi-Cellular Layout with Relays

6.3.3 Antenna Configuration

To take into account the ICI, the antenna pattern for all nodes should be
considered. Here we assume that all BSs are equipped with both sectored directional
antennas to support LOS transmission between BSs and RTs and omnidirectional
antennas for direct transmission between BSs and MTs, while all RTs and MTSs are
equipped with a single omnidirectional antenna, respectively. Figure 6.7 shows the BS

antenna pattern for 3-sector cells.
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Figure 6.7: BS Antenna Pattern [89]

The antenna pattern for sectored antennas as proposed in [89] is given as:

2
A(O) = _mm[u(ij ’Am] (6.10)
&4

where

A(8) = Relative antenna gain(dB) in the direction &;

—-180" <6 <180" is the angle between the direction of interest and the bearing direction

of the antenna;

min [.], denotes the minimum function;
0345 1s the 3 dB beamwidth and 6;43=70°;

A,,= 20 dB is the maximum attenuation;
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Parameters Value

Number of Sites 7
Number of Cells per Site 3
BS-BS Distance 1 Km
Number of RTs per Cell 1
RT-BS Distance 0.5 x Cell Radius
Carrier Frequency 2 GHz
Shadowing for NLOS Link 8.9 dB
OFDM Subcarrier Bandwidth 15 KHz
Number of Subcarrier per RB 12
Noise Power Density -170 dBm/Hz
BS Max. Tx. Power 46 dBm
RT Max. Tx. Power 37 dBm
MT Max. Tx. Power 15 dBm

Table 6.1: Simulation Parameters

6.4 Numerical Results

This section presents the simulation analysis on ICI in both OWR and TWR
networks. For OWR we consider only downlink transmission while for TWR both
uplink and downlink transmissions are considered simultaneously. Cell 1 of Site 1 is
considered as target cell and all other neighboring cells are assumed as interfering cells.
A single MT is placed in each cell at the same position for simplicity. Other simulation

parameters are given in Table 6.1.

89



Chapter 6: Inter-cell Interference in Relay Networks

Figure 6.8 shows the ICI analysis on OWR with and without the presence of the
direct link between BS and MT during transmission. It is clearly shown that higher

transmission rate is achieved with the direct link due to the diversity gain.

15 T T T T T T T

—P»— OWR(No Direct link-No ICI)
—®— OWR-(No Direct link- IC)
—&— OWR-(Direct link-No ICI)
—+— OWR-(Direct link- ICI)

Throughput (Mb/s)

Number of RBs

Figure 6.8: ICI Analysis on OWR Networks with and without the Direct Link

There are two points to be noted here. The first point is that transmission rate is
much degraded due to the presence of ICI, and therefore ICI cannot be neglected in
any practical scenario. The second point is that the difference in transmission rate
between the case with direct link and that without direct link widens as the number of
RBs increases, when ICI is not considered. However, this difference shrinks notably
once ICI is taken into account. This is because of the presence of the ICI signals in the

first phase of transmission when the direct link is also being used for transmission along

with the relay links.
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Figure 6.9: ICI Analysis on TWR Networks with ANC and TDBC Protocols

Figure 6.9 presents an analysis of ICI on TWR network. Both ANC and TDBC
protocols are considered. Like in OWR, the ICI degrades the sum-rate in TWR as well.
As discussed in the previous Chapter, ANC is an efficient protocol than TDBC in terms
of spectral efficiency due to the less number of time slots required to complete the
exchange of information between source and destination, and here the same is again
verified with and without the presence of ICI. As shown in Figure 6.5, TDBC protocol
experiences more interference than ANC protocol. Therefore the sum-rate difference
between ANC and TDBC protocols increases when ICI is taken into account in TWR

networks.

6.5 Resource Allocation with ICI Consideration

The resource allocation problems presented in Chapter 3 to Chapter 5 for OWR
and TWR respectively can easily be extended to multi-cell scenario by using SINRs

instead of SNRs and summation over all cells.
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6.6 Signaling Feedback, Delays and Implementation Issues

In this section we will briefly discuss some key implementation factors for applying

resource allocation algorithms.

6.6.1 CSI Measurement

For centralized resource allocation, CSI measurement should be taken before the
start of the cooperative transmission. For CSI measurement, BSs acquire the CSI for all
links in the networks. This can be achieved by broadcasting the pilot packets for
channel estimation. After receiving the packet, every RT and MT within the cell returns

the measurements results by dedicated feedback uplink channels.

In order to exploit the multi-user and frequency diversities, the resource allocation
process should be conducted periodically with the period not greater than coherence
time for the highest user mobility supported [76]. Since the resource allocation
presented in this thesis should be operated for each OFDM frame, the CSI is required
frequently for maximum mobility, such as 100 Km/hr as per the LTE-advanced [27].
However for lower mobility, the CSI can be acquired less frequently depending on the
coherence time of the channel but it should be less than the coherence time of the

channel for that user.

6.6.2 Timing and Frequency Offsets

In relay-based wireless communication networks, a receiver experiences time delays
between signals from its own cell and from neighboring cells. Therefore, multi-cell
frame-level synchronization is a key implementation issue. Different OFDM frame
synchronization schemes are given in the literature. For example in [94] the cyclic prefix
is used to synchronize the timing offset in different frames. Due to the imperfect
synchronization, the MUI may also occur because of different frequency offsets
between different users. This MUI can be mitigated using some MUI cancellation

techniques such as proposed in [95].
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6.7 Summary and Conclusions

In this Chapter, the different ICI cases of relay networks are analyzed. Simulation
results show that the throughput degrades significantly due to the presence of ICI. The

degradation differs slightly with different network relaying techniques and protocols.

The performance degradation due to ICI may be reduced by extending the

scheduling algorithms presented in previous Chapters to multi-cell scenarios.
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In this Chapter, we summarize our conclusions and discuss some open issues that

can be addressed in future research.



Chapter 7: Conclusions and Possible Future Extensions

7.1 Thesis Conclusions

Future wireless communication systems require the use of advanced technologies
to effectively enhance the utilization of radio resources, which motivates the research on
relay-based cooperative wireless commination in this thesis. We have studied the
resource allocation and performance analysis of OFDMA relay enhanced cellular
networks. Efficient and intelligent resource allocation schemes are necessary to harness
the opportunities in future relay-based OFDM wireless networks where conventional
techniques are not adequate. With the deployment of relay stations in traditional
OFDMA cellular networks, how to allocate resources efficiently and feasibly becomes a
more complicated and crucial problem to be addressed to materialize the diversity gain

of cooperative relaying.

In this thesis, firstly, we focused on OWR and formulated a joint optimization
problem for resource allocation in relay networks using both AF and DF protocols in
Chapter 3. The objective function of our optimization was system throughput under the
constraints of power and data rate fairness. A two-step approach was proposed for the
allocation of subcarriers and power. Three RB scheduling techniques known RRS, MSS
and PFS, in OFDM-based wireless networks was investigated and extended into two-
hop relay networks. The main focus of Chapter 4 was on subcarrier pairing and we
studied resource allocation in OWR considering on subcartier pairing, and fairness in
terms of minimum data rate requirement for each user. A new low-complexity iterative
RB-pairing and allocation algorithm was investigated along with the previously

described two step approach in Chapter 3.

Secondly, TWR was brought into attention in Chapter 5, in which we provided a
proportional fairness based resource allocation in TWR networks. The algorithms
investigated in this Chapter also addressed the issue of load balancing in relay networks.
To reduce computational complexity, three different HA-based resource allocation
algorithms investigated in this Chapter. Considering the proportional fairness among
users an efficient allocation of subcarriers was proposed. Beside this, these algorithms
also exploited the inherent feature of load balancing in HA. Therefore, these proposed

algorithms not only provided the use of all the available subcarriers in efficient manners,
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but also helped to reduce the processing delays at relays, which resulted in increased
efficiency of the system. Finally, we considered multi-cell scenario and investigated

various ICI signals present in relay-based networks in Chapter 6.

In conclusion, we studied resource allocation in relay-based wireless networks
under different protocols and relaying techniques. We formulated the optimal resource
allocation problem under different assumptions and constraints. Simulation results
proved that our algorithms provided a good trade-off between network throughput and

fairness among users in multi-user networks.

7.2 Proposed Future Work

Although relaying for coverage extension in wireless networks is an old concept,
using relays in OFDMA cellular networks has become an important research topic over
the past half-decade. We have studied the resource allocation in OFDMA relay
enhanced cellular networks. However, to provide ubiquitous high-data-rate coverage by
using multi-hop relaying in practical networks, there are several remaining issues for

investigation.

7.2.1 Resource Allocations in Relaying Networks with Partial or Imperfect CSI

We have developed different resource allocation algorithms in relay-based wireless
networks where we have assumed that the central controller or BS knows the perfect
CSI. However, in reality there always exists some uncertainty in CSI due to the time-
varying nature of the wireless channel and limited capacity and reliability of feedback
channels. Therefore, it would be interesting to extend the proposed resource allocation

algorithms to multi-user relay networks with partial or imperfect CSI.

7.2.2 Resource Allocation in Multi-Hop Relaying Networks

In our work, we have focused only on two-hop relaying networks. A possible

extension would be to consider multi-hop networks such as sensor networks.

7.2.3 Distributed Resource Allocation for OFDMA Based Cooperative Relaying

Systems

Another interesting extension of the proposed work is the distributed resource
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allocation in multi-cell relay-based cooperative systems. Relays in cooperative networks
extend the coverage area; however at the same time these relays also create another
source of interference in multi-cell networks as described in Chapter 6. In centralized
systems, all the information is transmitted to and from the central unit, where ICI
signals are properly managed and control information is then sent back to each cell and
relays therein. However, the overhead introduced will also be overwhelming. Therefore,
distributed or semi-centralized approach in which resource allocation can be done in

distributed manner would be an extending future research area to current work.

7.2.4 MIMO Relay Networks

The work presented in this thesis is focused on single-antenna systems and can be
extended to multiple-antenna systems, where beamforming, precoding and antenna
selection in relay-based wireless networks would also be interesting topics for future

research.
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How to Use the Hungarian Algorithm (HA)

APPENDIX-I

The Hungarian Algorithm allows a “minimum matching” to be found, but can be used

for “maximum matching” by multiplying each number by -1 in step-1. Let us consider

an example to understand how it works:

Example: There are four activities (A, B, C, D) that need to be assigned to four persons

(P1, P2, P3, P4). The estimated costs assigning a particular activity to particular person

are given in table below. The assignment is to be made so that the total cost is a

minimum.
A B C D
P18 40 50 46
P2 40 70 20 25
P3 30 10 20 30
P4 | 35 20 25 30
Steps:
1. Arrange the information in a matrix as shown above. Ensure that the matrix is

square by adding of dummy rows/columns. Conventionally, each element in the

dummy row/column is the same as the largest number in the matrix.

2. Reduce the costs in each row by subtracting the minimum value of each row from
that row.
A B C D
P1 | 40 0 10 6 -40
P2 20 50 0 5 -20
P3 | 20 0 10 20 -10
P4 | 15 0 5 10  -20
3. Reduce the costs in each column by subtracting from each element of a column

the least element in that column.

P1
P2
P3
P4

cocodolH

10

10

D

1
0
15
5
-5
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4, Now cover all zeros with minimum number of vertical or horizontal lines or both.

(If the number of lines is equal to the number of rows then go step-8)

A B C D
P1 | 25 10 1
P2 —5—56—90 0
P3 5 10 15
P4 —6 5 5
5. Add the minimum uncovered element to every covered element. (If an element is

covered twice, add the minimum element to it twice).

A B cC D
2

P1 5 1 10 1
P2 | 6 52 1 1
P3 5 1 10 15
P4 1 6 6
6.  Subtract the minimum element from every element in the matrix.
A B C D
P1 |24 O 9 0
P2 5 51 0 0
P3 | 4 0 9 14
P4 O 1 5 5
7. Now again cover all zeros with minimum number of vertical or horizontal lines or

both. (If the number of lines is not equal to the number of rows then return to

step-5).
A B C D
P1 |24—6 9 S
P2 —5—>51+—>6 0
P3 |—+4 0 o—14
P4 —6 1 5 5
8. Select a matching by choosing a set of zeros so that each row or column has only

one selected. This can be easily sorted by giving priority to rows with single zero

element.
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9.

A B C D
Pl 24 0 9 @O
P2 5 51 © O
P3 4 © 9 14
P4 © 1 5 5

Apply the matching to the original matrix. This shows who should do which

activity to give overall minimum cost.

A B C D

Pl | 80 40 50 @0
P2 | 40 70 @O 25
P3 30 G0 20 30
P4 |3 20 25 30

For more details on HA, please refer to

[1]

H. W. Kuhn, "The Hungarian method for the assignment problem " Nava/
Research Logistic Quarterly, vol. 2 pp. 83-97, 1955.

H. W. Kuhn,, "Variants of the Hungarian method for assignment problems", Naval/
Research Logistics Quarterly, 3: 253—258, 1956.

J. Munkres, "Algorithms for the Assignment and Transportation
Problems", Journal ~ of the Society for Industrial and  Applied
Mathematics, 5(1):32-38, 1957.
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