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ABSTRACT

The progress in the electronic industry has led to the development
of wireless devices capable of high data processing. The advanced ca-
pability of these devices has created data hungry services such as multi-
media content, streaming video, real-time applications, online TV, and
so on, in wireless mobile networks. These data hungry applications
create a high demand for high data transmission rate in mobile wire-
less networks. Considering the conventional single hop mobile network,
increasing the data transmission rate would require an increase in the
transmission power.

By reducing the transmission distance between the transmitter and
the receiver, multi-hop wireless networks have been proposed to increase
the data transmission rate without increasing the transmission power.
Multi-hop networks, being a new network architecture, require new re-
source allocation paradigms.

One of the drawbacks of wireless communication is frequency selec-
tivity. Frequency selectivity can degrade the capacity of a wireless chan-
nel. Orthogonal frequency division multiple access (OFDMA), which is
a multiple access method based on the orthogonal frequency division
multiplexing technique (OFDM), has been used extensively because of
its resiliency to frequency selective channels. Furthermore, OFDMA can
provide frequency and multi-user diversity in a multi-user environment.
Hence, it has been adopted as the basic access scheme by many re-
searchers involved in resource allocation for wireless networks. In ad-
dition, in order to provide high data transmission rate in the downlink,
OFDMA has been applied as the basic access scheme in multiple resource
allocation schemes proposed for two-hop networks.

Though multiple resource allocation schemes have been proposed
for two-hop networks, an OFDMA-based allocation scheme which con-
siders the joint allocation of routes and subcarriers for multiple users in
an intra-cell and inter-cell interference scenario could not be found in
the literature. The optimal solution for such a problem requires an ex-
haustive search which may not be applicable in a practical environment.

In this dissertation, we study multiple successive and iterative re-
source allocation algorithms for single cell and multi-cell environments,
using OFDMA as the basic access scheme. The proposed successive and
iterative schemes take into account the joint allocation of routes and sub-
carriers in a two-hop network. The performance of the two-hop network
when the proposed schemes are applied is compared to that of the con-
ventional single hop network. To approximate the optimal solution of
the joint route and subcarrier allocation problem, we propose an evolu-
tionary allocation scheme. With low levels of computational complexity,
the evolutionary scheme can provide similar performance compared to
the optimal solution.
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CHAPTER 1
Introduction

Wireless Communications
A Brief Overview

In the village where I grew up, there is this belief that all babies have to
cry on their upcoming to this world. To the villagers, this cry represents a
message from the newborn to the audience stating that he/she is well alive
and healthy. This belief might not be scientifically proven, however it reveals
the fact that, as human beings, communication is a key requirement to our
survival.

Communication can be defined as the exchange of information (messages)
between at least two entities (a transmitter, and a receiver) through the means
of a transport system (medium). In our previous example, the newborn will
represent the transmitter, his/her audience the receiver, his/her cry the mes-
sage, and the air molecules in the space between them would be the media. In
most other cases, the transmitter and the receiver are not located in proximity.
Hence, the necessity to develop technologies which enable these two entities
to communicate reliably.

Throughout the years two main communication technologies have been
thoroughly studied and developed: wired communication technology and
wireless communication technology. Wireless communication technology dif-
fers from wired communication technology by the absence of a wire assur-
ing the transmission between the transmitter and the receiver. While wired
communication technology can reliably ensure high data transmission rate be-
tween two entities located at intercontinental distances, it remains impractical
in many cases, by example in the case of two mobile entities. In this particular
scenario, wireless communication technology should be used as it allows the
mobility of the entities.

1.1 Wireless Channel Propagation

In wireless mobile communication systems, the transmission of messages hap-
pens through the means of wireless channels. A wireless channel is created
by the radiation of electromagnetic energy from the antenna of a transmitter

9



CHAPTER 1. INTRODUCTION 10

1τ

iτ

mτ

3τ

2τ

Transmitter Receiver

4τ

Figure 1.1: Multipath wireless channel

to that of a receiver. This electromagnetic energy constitutes the transport
support of the transmitted signal.

A signal transmitted in a wireless channel follows multiple paths before
reaching its destination (See Figure 1.1). The creation of these multiple paths
is caused by the presence of scatterers and reflectors, such as buildings, mov-
ing entities, skyscrapers, hills, etc., in the environment. The occurrence of
these multiple paths distorts the transmitted signal in many different ways.
The multipath signals can be added constructively or destructively depending
on the arrival time of the different propagation paths.

Suppose that x(t) is the equivalent baseband signal expression at time t,
the received multipath propagation signal r(t) can be expressed as follows:

r(t) =
√
2R{∑

i

ai(t) (x(t − τi(t))ej2πfc(t−τi(t)))} + n(t) (1.1)

=
√
2R{(∑

i

ai(t)x(t − τi(t))e−j2πfcτi(t)) ej2πfct} + n(t), (1.2)

where R(z), ai(t), and τi(t) denote respectively the real part of the complex
number z, the attenuation factor, and the propagation delay of the i-th path at
time t; fc represents the carrier frequency of the transmitted signal, and n(t)
the additive Gaussian noise at the receiver. From the second part of Equa-
tion (1.1), we express the frequency response H(fc, t) of the channel at time
t as:

H(fc, t) =∑
i

ai(t)e−j2πfcτi(t). (1.3)

Denote the maximum time difference between two propagation paths as ∆ts =
max ∣τi(t) − τj(t)∣, the frequency response of the channel H(fc, t) changes
significantly when fc changes by 1/∆ts.

In wireless communications, ∆ts and Wc = 1/∆ts are usually referenced
as delay spread and coherence bandwidth of a channel. The coherence band-
width Wc determines the rate of change of the channel in the frequency do-
main. If the coherence bandwidth Wc of a channel is smaller than the signal
bandwidth Ws (Wc <<Ws), the channel is said to be frequency selective. Fig-
ure 1.2 represents the plot of a frequency selective channel with 5 propagation
paths. It can be observed that the magnitude of the frequency response of the
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Figure 1.2: Frequency response of a frequency selective channel

channel varies significantly with frequency. Frequency selectivity can cause
inter-symbol interference which can degrade considerably the performance of
a wireless channel.

1.1.1 Orthogonal Frequency Division Multiplexing

The orthogonal frequency division multiplexing (OFDM) can be implemented
to prevent inter-symbol interference and simultaneously provide frequency di-
versity in a frequency selective channel [1]. OFDM divides the channel band-
width Ws into N orthogonal narrowband subchannels ∆f = Ws/N (see Fig-
ure 1.3). N is chosen such that ∆f is small enough and that the frequency
response of the channel is approximately constant for ∆f . If the subchan-
nel bandwidth is greater or equal to the coherence bandwidth ∆f ⩾ Wc, the
channel is no longer frequency selective and inter-symbol interference can be
eliminated.

An OFDM system can be implemented with low complexity using the fast
Fourier transform (FFT) algorithm. In Figure 1.4, we show the block dia-
grams of an OFDM system using inverse Fast Fourier transform (IFFT) at the
transmitter and FFT at the receiver. In the transmitter side the serial input
symbol data (X0,X1, . . . ,XN−1) is converted to parallel symbol streams using
a serial-to-parallel converter. The parallel stream is modulated using an IFFT
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modulator to produce the OFDM symbols (x0, x1, . . . , xN−1):

xm =
1√
N

N−1
∑
k=0

Xk exp (j2πm
k

N
), m = 0,1, . . . ,N − 1. (1.4)

The obtained parallel OFDM sequence (x0, x1, . . . , xN−1) is converted back to a
serial stream x[n] = (x0, x1, . . . , xN−1) for further processing before transmis-
sion to the wireless channel. At the receiver the sampled received signal y[n]
is converted to a parallel stream (y0, y1, . . . , yN−1) which is fed to a demodu-
lator FFT to produce the demodulated OFDM sequence (Y0, Y1, . . . , YN−1):

Yn =
1√
N

N−1
∑
k=0

yk exp ( − j2πn
k

N
), n = 0,1, . . . ,N − 1. (1.5)

The demodulated OFDM signal (Y0, Y1, . . . , YN−1) is sent to a detector whose
output Ŷ0, Ŷ1, . . . , ŶN−1 is converted to a serial data stream. OFDM is widely
applied in wireless communication systems to mitigate the effect of frequency
selective channel and to provide frequency diversity.

1.2 Channel Capacity

The main objective of a communication system is to be able to transmit a
message from a transmitter which can be decoded with a certain degree of
accuracy at the receive end. That message is chosen from a set of messages
with a specific transmission rate. When designing a wireless communication
system, one is interested in knowing the transmission rate that can used to
communicate without error through the specific channel. The capacity of a
channel is a measure of the maximum message rate that can be used to com-
municate through that channel with a probability of error which tends to zero.

Claude Shannon has been the first to propose a formula to measure that
information rate in his paper “A mathematical theory of communication” [2] for
a noisy channel. According to his theory, the maximum rate C with which one
can communicate reliably through an additive white Gaussian noise (AWGN)
channel can be expressed as [1]:

C = 1

2
log2 (1 +

S

N
) [bits per Hz] (1.6)

with N and S being respectively the noise power, and the received signal
power at the receiver.

In a band-limited and power-limited AWGN channel, the channel capacity
is given by:

C =W log2 (1 +
S

NW
) [bits/s], (1.7)

where W denotes the bandwidth of the channel. Dividing Equation (1.7) by
the available bandwidth W , the maximum achievable spectral bit rate can be
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expressed as :

C = log2 (1 +
S

NW
) [bits/s/Hz]. (1.8)

The ratio S
NW usually referred to as the signal-to-noise power ratio (SNR) is

often used when evaluating or designing a wireless communication system.

1.2.1 Demand of Increased Channel Capacity

Mobile cellular networks operate on wireless communication channels. Ac-
cording to the Ericsson Mobility Report, it is expected that mobile subscrip-
tions in mobile cellular networks will reach 9.3 billion by the end of 2018[3].
Based on the same source, mobile subscriptions have grown by around 9 per-
cent each year. This increase of mobile subscribers translates to a high demand
for increased capacity in mobile cellular networks. Based on a report submit-
ted in 2012 by Cisco, it is expected an exponential increase in global mobile
data traffic is expected in the next few years [4](see Figure 1.5).

The recent advance in complementary metal oxide semiconductor (CMOS)
technology has facilitated the development of mobile devices with high pro-
cessing capabilities. The high processing capabilities of these terminals has
boosted the creation of many data hungry applications, such as online TV,
real time audio, and video streaming, in mobile cellular networks. These new
services which are most of the time IP embedded services, require high speed
data transmission [5].

In order to keep pace with the evolution of information and communica-
tion technology, the next generation mobile cellular network has to guarantee
a high capacity network that can provide a high information transmission rate
while ensuring a better quality of service.

1.2.2 Channel Bandwidth Utilization

Let us denote the required information rate of a system by R (bits/s), and the
average received energy per bit by Eb = S/R, the band-limited and power-
limited capacity in Equation (1.7) can be expressed by:

C =W log2 (1 +
Eb
N
⋅ R
W
) [bits/s/Hz]. (1.9)

Based on Shannon’s theory, reliable communication is possible if

R ⩽ C. (1.10)

Let us define the bandwidth utilization λ as the ratio between the information
rate R and the available bandwidth W :

λ = R
W
, (1.11)
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Figure 1.5: Global mobile data traffic forecast

based on Equations (1.7) and (1.10) we can write:

λ ⩽ log2 (1 +
Eb
N
⋅ λ) . (1.12)

Applying a lower bound on Eb/N , we obtain:

Eb
N
⩾min(Eb

N
) = 2λ − 1

λ
. (1.13)

According to Equation (1.13), for a fixed bandwidth, the augmentation of the
bandwidth utilization or information rate requires an exponential increase of
the average received energy per bit:

lim
λ→∞

2λ − 1
λ
=∞Ô⇒min(Eb

N
)→∞. (1.14)

Hence, in order to accommodate the increased demand of high information
rate in mobile wireless networks, it is necessary to increase the received signal
power S. In the next section, we discuss a proposed solution adopted by many
researchers in the field of wireless communications.
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1.3 Mobile Cellular Network

A mobile cellular system can be divided into two main parts: the core network
and the radio access network (See Figure 1.6). The core network (CN) is
responsible for user data management, user authentication, user billing, user
services management, etc.. As for the radio access network, it creates and
manages the communication links between the users and the CN. Our study
focuses on the radio access network.

In general, users are spread through large geographical areas of hundreds
of kilometers of radius. At the time of this study, mobile cellular networks op-
erate in the frequency range of 100MHz ∼ 6GHz. It is expected that frequen-
cies in the range of 28GHz and 38GHz might be used in the near future [6, 7]
in mobile wireless networks. In wireless communications, the attenuation due
to free space propagation loss γ in a wireless channel depends on the trans-
mitted signal carrier frequency fc and is expressed as:

γ = 20 log (4πfcd
c
) (dB). (1.15)

where d and c represent respectively the transmission distance and the speed
of light. The attenuation path-loss increases with the frequency of the trans-
mitted signal. Frequencies in the range of GHz and hundreds of MHz are used
in mobile cellular networks, therefore, the attenuation loss due to path-loss
is excessive in mobile cellular networks. The attenuation path-loss limits the
transmission distance between the transmitter and the receiver.
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1.3.1 Single Hop Network

To limit the attenuation loss due to path-loss and provide radio access to all
users in a mobile cellular system, the large geographical area is partitioned
into small areas of radius spanning from 100 meters to 5000 meters depend-
ing on the environment. A partition is commonly referred to as a cell. In the
physical environment, the delimitation of a cell based on geographical par-
titioning is impractical because of the impairment property of wireless chan-
nels. In practice, the received signal strength at the receiver determines the
cell boundary.

In the conventional cellular network, a cell is generally represented by the
coverage area of a base station (BS) (see Figure 1.6). The BS guarantees the
data transmission between the CN and the users located inside the cell. The
users communicate directly with the BS. This type of network architecture is
referred to as single hop network (SHN) because of the direct route between
the users the BS.

Recall that in the previous section, we discussed the fact that high re-
ceived signal power is necessary to increase the information rate in mobile
wireless networks. We consider a SHN where a BS is transmitting at an aver-
age transmission power Ptrans to a mobile terminal (MT) located at a distance
d (see Figure 1.7 a)). Suppose that the attenuation path-loss is the only at-
tenuation encountered by the transmitted signal, the average received signal
power Prec at the MT can be written as:

Prec ≃ Ptrans ⋅ d−α. (1.16)

with α being the path-loss exponent. The values of α are in the range 2 < α ≤ 4
depending on the environment. For a large transmission distance d, which is
common in the case of SHN, the received signal power at the MT is very
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weak. Hence, providing a high received signal power for that MT necessitates
a significant increase of the transmission power at the BS.

1.3.2 Multi-Hop Network

Instead of transmitting the signal directly from the BS to the MT, we introduce
r− 1 relay stations which subdivide the large transmission distance d between
the BS and the MT into r identical transmission distances (see Figure 1.7(b)).
We assume that the available transmit power Ptrans is equally shared among
the r transmitting nodes (counting the BS). In an ideal environment, the re-
ceived signal power Prec at the MT from the (r − 1)-th relay station can be
written as

Prec ≃
Ptrans

r
⋅ (d
r
)
−α
= (Ptrans ⋅ d−α) ⋅ rα−1. (1.17)

Since α > 2, for r > 1 the value of rα−1 is greater than 1, rα−1 > 1. Hence,
by introducing relay stations between the BS and the MT, the received signal
power Prec at the MT can be enhanced by a factor of rα−1 without increasing
the transmission power.

This type of network which makes used of relay stations to increase the
received signal power at the MT is called multi-hop network. Multi-hop net-
works have been proposed by many researchers [8, 9, 10, 11, 12, 13, 14,
15, 16, 17]. Depending on the mobility of the relay stations, the proposed
multi-hop network architecture can be divided into two groups: mobile relay
network (MRN) and fixed relay network (FRN).

1.3.3 Mobile Relay Network

In a MRN, the relay stations are considered to be mobile nodes [8, 9, 10,
14, 17]. Most of the MRNs envisage the cooperation of mobile users such as
smart-phones to act as relay stations in the transmission between the BS and
a targeted MT (See Figure 1.8).

MRNs provide many advantages in the fact that they make use of an ex-
isting infrastructure, the MTs. However, the challenges of their application in
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mobile cellular networks are nonetheless multi-fold. Some of the main chal-
lenges are the users readiness to share their limited power resources and the
routing complexity involved with the mobility of the relay MTs.

1.3.4 Fixed Relay Network

Contrary to the MRN, which considers the relay stations to be mobile, the
FRN assumes that the relay stations are fixed nodes [15, 16] (see Figure 1.9).
The fixed relay nodes can be deployed by the operator or by a third party
depending on the business schematic. Compared to the MRN, the FRN can
be easily implemented without changing the current business model. On the
technical side, its implementation is more straight forward than the MRN.
Hence, we decided to choose a FRN as our multi-hop network design.

An example of a FRN is the virtual cellular network (VCN) proposed in [15,
16]. The VCN redefines the concept of cell as a virtual cell (VC). The relay
stations are called wireless port (WP). A VC designates a group of WPs where
one of the WPs named as central port (CP) acts a gateway to the CN (see Fig-
ure 1.10).

The CP is considered to be a WP with advanced capability. Any WP can
be chosen as the CP, it is left to the discretion of the operator to configure
the desired WP as the CP. The flexibility of choosing the CP by changing the
configuration of a WP in the software level facilitates the expansion of the
network to support additional loads.

The grouping of WPs to form a VC may not necessarily be fixed. VCs
may be constructed using different number of WPs. An MT can connect with
any surrounding WPs for transmission or reception. Furthermore, an MT can
belong to two distinct VCs depending on the configuration paradigm. The
transmission and reception links of an MT can be taken in charge by two
neighbouring VCs as illustrated in Figure 1.10. Figure 1.10 illustrates the
case of four VCs with different number of WPs. A group of four WPs the VC1
while only two WPs are used to construct VC2. MT1, MT2, and MT3 belong
simultaneously to VC1 and VC4. VC1 ensures the data transmission in the
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downlink from the CN to the MT1, MT2, and MT3 through CP1, while MT1,
MT2, and MT3 are connected to VC4 for data transmission in the uplink to the
CN.

It has been shown in [15] that the VCN can reduce the power consumption
of the MTs and the WPs. By applying Maximum Ratio Combining at the CP
in the uplink transmission, the authors of [15] have also shown that for a
number of eight WPs the transmission power of an MT can be reduced to less
than 1/100 of its value for SHN.

Though our work can be applied to any FRN, for consistency and simplicity
we use the nomenclature central port for base station and wireless port for
relay stations as defined in the VCN.

Taking into account that a migration step will be necessary to upgrade the
current SHN into a multi-hop VCN, a two-hop VCN can be considered as an
intermediary design. Hence, we have decided to focus our study on a two-hop
VCN.
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1.4 Resource Allocation in Two-Hop Networks

Mobile cellular systems operate on a scarce and highly priced resource, the
spectrum. Multiple users are competing for this common resource. To sat-
isfy each user in a fair way, optimal resource allocation methods are to be
implemented.

In mobile cellular networks, multiple access methods can be considered
when allocating resources to multiple mobile users. Time division multiple
access (TDMA) subdivides a fixed time-frame into a given number of times-
lots. A number of timeslots are allocated to each mobile user. During the
assigned timeslots, transmission to or from the allocated MT occupies the en-
tire bandwidth. TDMA constitutes the multiple access method implemented
in the second generation (2G) mobile cellular network Global System for Mo-
bile Communications (GSM) [18]. Some TDMA based resource allocation
schemes for multi-hop networks are investigated in [19, 20, 21].

Another well known multiple access method assigns a unique sequence
code to each user. The transmitting data of each user are coded using the
assigned sequence coded and transmitted simultaneously through the entire
bandwidth. This access method is commonly referred to as code division mul-
tiple access scheme (CDMA). CDMA had first been implemented in mobile
cellular networks in the first generation (1G) mobile cellular system IS-95
technology [22]. Its application on multi-hop networks has been investigated
in [23, 24, 25].

Orthogonal frequency division multiple access (OFDMA), which is based
on the OFDM technique defined in the previous chapter, represents another
multiple access method used in mobile cellular networks. OFDMA is re-
silient to frequency selective channels and can provide multi-user diversity
in a multi-user environment. Hence, it has been widely applied in resource
allocation schemes in both single hop [26, 27, 28, 29, 30] and multi-hop net-
works [31, 32, 33, 34]. The Third Generation Partnership Project Long Term
Evolution (3 GPP LTE), and WiMAX [35, 36] have implemented OFDMA as
their basic access scheme in the downlink because of its high data transmis-
sion rate capability.

In mobile cellular networks, resource allocation is necessary in both uplink
and downlink transmissions. In this thesis, we only consider resource alloca-
tion in the downlink transmission. The uplink transmission can be considered
as future studies. Taking into account the high data transmission rate capa-
bility of OFDMA in the downlink, we have decided to consider OFDMA as our
multiple access scheme in this thesis.
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1.5 Allocation Problems in Two-Hop Networks

We consider a single VC with a setR of WPs including the CP. We assume that
a set M of MTs are randomly distributed inside the VC. For data reception,
the m-th MT is connected to a set Rm of WPs such that:

⋃
m∈M

Rm ⊆R. (1.18)

Using OFDMA as multiple access scheme, the available bandwidth W is di-
vided into a set S of orthogonal sub-carriers. We assume that a set Sm =
{S(0)m ,S(1)m ,S(2)m } of subsets of sub-carriers are used to transmit data to the
m-th MT, with S(0)m , S(1)m , and S(2)m being the subsets of sub-carriers used in
the direct link1, the first-hop, and second-hop link respectively. If data trans-
mission is scheduled for all MTs we have:

⋃
m∈M

(S(0)m ∪ S(1)m ∪ S(2)m ) ⊆ S. (1.19)

The channel capacity Cm of the m-th MT is a function of Rm, and Sm; and
it can be expressed as:

Cm = f (Ξ(Rm,Sm)) . (1.20)

In Equation (1.20), Ξ(z),and f(Ξ(z)) represent respectively the SNR, and the
capacity functions of the links z between the CP and an MT, direct links and
two-hop links inclusively.

GivenM,R,and S, the question is: what is the optimal method to allocate
these resources in a single VC in order to maximize the capacity C of that VC?
Mathematically, this allocation problem can be formulated as:

argmax
R1,...,RM,S1,...,SM

C = ∑
m∈M

Cm, Subject to: (1.21)

1. Calculate the channel capacity of each MT using:

Cm = f (Ξ(Rm,Sm)) , ∀ m ∈M; (1.22)

2. Allocate a set of subsets of sub-carriers to each MT:

Sm = {S(0)m ,S(1)m ,S(2)m }, S(0)m ,S(1)m ,S(2)m ∈ Sm, ∀ m ∈M; (1.23)

3. Choose the subsets of sub-carriers from the set of sub-carriers S:

⋃
m∈M

(S(0)m ∪ S(1)m ∪ S(2)m ) ⊆ S, ∀ m ∈M; (1.24)

4. Select a subset of WPs for data transmission to each MT:

Rm, Rm ⊆R, ∀ m ∈M; (1.25)

1The link between the CP and an MT



CHAPTER 1. INTRODUCTION 23

5. Choose the subset of WPs from the set of WPs R:

⋃
m∈M

Rm ⊆R, ∀ m ∈M. (1.26)

Three approaches can be used to try to solve this resource allocation prob-
lem. Firstly, the problem could be divided into route allocation and sub-carrier
allocation. The route allocation and the sub-carrier allocation problems can
be solved separately and combined later as a solution. Secondly, we can as-
sume that the WPs and the CP are connected using wired connection and
solve the problem of joint allocation of route and sub-carriers in the second-
hop link. Lastly, we can consider the joint allocation of route and sub-carrier
in the first-hop and second-hop links.

1.5.1 Separate Route and Sub-carrier Allocation

We divide the resource allocation problem into two separate allocation prob-
lems, route allocation and sub-carrier allocation.

1.5.1.1 Route Allocation

We assume that ∀ m ∈M, Sm is given. This means that the problem of sub-
carrier allocation is solved. Our resource allocation problem resumes to find
Rm,∀ m ∈M, meaning to determine which set of WPs an MT is connected to
for data reception. Hence, the resource allocation problem in Equation (1.21)
becomes: given Sm,∀ m ∈M,

argmax
R1,...,RM,

C = ∑
m∈M

Cm, Subject to: (1.27)

1. Calculate the channel capacity of each MT using:

Cm = f (Ξ(Rm,Sm)) , ∀ m ∈M; (1.28)

2. Select a subset of WPs for data transmission to each MT:

Rm, Rm ⊆R, ∀ m ∈M; (1.29)

3. Choose the subset of WPs from the set of WPs R:

⋃
m∈M

Rm ⊆R, ∀ m ∈M. (1.30)

This type of resource allocation problem is referred to as route allocation
or route selection. It has been investigated in [37, 38]. This allocation design
only solves part of our problem.
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1.5.1.2 First-Hop and Second-Hop Sub-Carrier Allocation

We suppose that the route allocation problem is solved and that each MT is
connected to a subset of selected WPs. This means that ∀ m ∈ M, Rm is
given. Our allocation problem is to find the subsets of sub-carriers S(0)m , S(1)m ,
and S(2)m , ∀ m ∈M, allocated in the direct link, the first-hop link, and second-
hop link for each MT. If we consider that the same bandwidth W is used in
the links between the CP and the WPs, and in the links between the WPs and
the MTs, we should take into account that resource allocation between the
CP and the WPs is coupled with that between the WPs and the MTs. This is
because the primary objective is not to transmit data to the WPs but to the
MTs. If plenty of resources are allocated in the first-hop link without enough
resources available to relay the data to the MTs, the resources used in the first-
hop link are wasted. Furthermore, for complete data delivery, the number of
sub-carriers allocated in the second-hop link for data transmission to an MT
must equal that allocated in the first-hop link for that MT:

∣S(1)m ∣ = ∣S(2)m ∣, S(1)m ,S(2)m ∈ Sm, ∀ m ∈M, (1.31)

with ∣A∣ being the cardinal of a set A. The cardinal of a set is defined as
the number of elements in that set, here ∣S(1)m ∣ represents the number of sub-
carriers in the set S(1)m .

Considering that route allocation is done, the second part of our resource
allocation problem can be expressed as: given Rm,∀ m ∈M

argmax
S1,...,SM

C = ∑
m∈M

Cm, Subject to: (1.32)

1. Calculate the channel capacity of each MT using:

Cm = f (Ξ(Rm,Sm)) , ∀ m ∈M; (1.33)

2. Allocate a set of subsets of sub-carriers to each MT:

Sm = {S(0)m ,S(1)m ,S(2)m }, S(0)m ,S(1)m ,S(2)m ∈ Sm, ∀ m ∈M; (1.34)

3. Choose the subsets of sub-carriers from the set of sub-carriers S:

⋃
m∈M

(S(0)m ∪ S(1)m ∪ S(2)m ) ⊆ S, ∀ m ∈M; (1.35)

4. The number of sub-carriers allocated in the first-hop link is equal to that
of sub-carriers allocated in the second-hop link:

∣S(1)m ∣ = ∣S(2)m ∣, S(1)m ,S(2)m ∈ Sm, ∀ m ∈M. (1.36)

Some proposed resource allocation schemes which made the assumptions
that the route selection problem is solved can be found in [33, 39, 40, 41, 42,
43].
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1.5.1.3 Drawback of This Approach

The solution of the route allocation problem in Equation (1.27) can be coupled
with that of the sub-carrier allocation problem in Equation (1.32) to provide
a complete solution to our resource allocation problem in Equation (1.21).
The disadvantage of this approach is that it cannot provide joint route and
subcarrier diversity. Furthermore, in an OFDMA system, the received signal
power at an MT on a sub-carrier can vary considerably depending on which
WP’s link that sub-carrier belongs to. Hence, the previously chosen WP might
not provide the best channel quality for this specific sub-carrier.

1.5.2 Joint Route and Second-Hop Sub-Carrier Allocation

A second approach is to consider that the WPs are connected to the CP using
dedicated links such as fibre optic. In this case, the set of subsets of sub-
carriers used to transmit data to the m-th MT becomes Sm = {S(0)m ,S(2)m }. This
assumption relaxes the constraint in Equation (1.23) in the sense that no more
sub-carrier allocation is necessary in the first-hop link between the CP and the
WPs. Our resource allocation problem resumes to a route selection problem
and sub-carrier allocation in the direct and second-hop links which can be
formulated as:

argmax
R1,...,RM,S1,...,SM

C = ∑
m∈M

Cm, Subject to: (1.37)

1. Calculate the channel capacity of each MT using:

Cm = f (Ξ(Rm,Sm)) , ∀ m ∈M; (1.38)

2. Allocate a set of subsets of sub-carriers to each MT:

Sm = {S(0)m ,S(2)m }, S(0)m ,S(2)m ∈ Sm, ∀ m ∈M; (1.39)

3. Choose the subsets of sub-carriers from the set of sub-carriers S:

⋃
m∈M

(S(0)m ∪ S(2)m ) ⊆ S, ∀ m ∈M; (1.40)

4. Select a subset of WPs for data transmission to each MT:

Rm, Rm ⊆R, ∀ m ∈M; (1.41)

5. Choose the subset of WPs from the set of WPs R:

⋃
m∈M

Rm ⊆R, ∀ m ∈M. (1.42)

This resource allocation problem has been investigated in [31].
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1.5.2.1 Drawback of This Approach

Though this approach can provide route and frequency diversity, unfortu-
nately the solution of using a dedicated connection between the CP and the
WPs is not always viable. It can be costly depending on the type of connec-
tion used. Furthermore, if wired connection is used, the network becomes
less flexible when it comes to network extension to accommodate new market
demand.

1.5.3 Joint Route and Sub-Carrier Allocation

A third approach is to assume that there was no previous route selection. We
can consider the joint allocation of routes and sub-carriers in the first-hop and
second-hop links. We assume that there is no direct connection with the CP,
which means that ∀ m ∈M, Sm = {S(1)m ,S(2)m }. The allocation problem can be
formulated as:

argmax
R1,...,RM,S1,...,SM

C = ∑
m∈M

Cm, Subject to: (1.43)

1. Calculate the channel capacity of each MT using:

Cm = f (Ξ(Rm,Sm)) , ∀ m ∈M; (1.44)

2. Allocate a set of subsets of sub-carriers to each MT:

Sm = {S(1)m ,S(2)m }, S(1)m ,S(2)m ∈ Sm, ∀ m ∈M; (1.45)

3. Choose the subsets of sub-carriers from the set of sub-carriers S:

⋃
m∈M

(S(1)m ∪ S(2)m ) ⊆ S, ∀ m ∈M; (1.46)

4. The number of sub-carriers allocated in the first-hop link is equal to that
allocated in the second-hop link:

∣S(1)m ∣ = ∣S(2)m ∣, S(1)m ,S(2)m ∈ Sm, ∀ m ∈M; (1.47)

5. Select a subset of WPs for data transmission to each MT:

Rm, Rm ⊆R, ∀ m ∈M; (1.48)

6. Choose the subset of WPs from the set of WPs R:

⋃
m∈M

Rm ⊆R, ∀ m ∈M. (1.49)

Depending on the data relaying method used at the WP, resource allo-
cation schemes related to this allocation problem can be categorized in two
groups, time division relaying schemes, and frequency division relaying schemes.
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Figure 1.11: Time division relaying

1.5.3.1 Time Division Relaying Schemes

We suppose that the frequency in-use in the first-hop link between the CP and
a WP is the same as that reused by that WP to transmit to an MT (see Fig-
ure 1.11):

S(1)m,r = S(2)m,r, S(1)m,r ⊆ S(1)m , S(2)m,r ⊆ S(2)m , ∀ m ∈M, ∀ r ∈Rm; (1.50)

with S(1)m,r, and S(2)m,r being respectively the subsets of sub-carriers allocated in
the first-hop link between the CP and the r-th WP for data transmission to the
m-th MT, and in the second-hop link between the r-th WP and the m-th MT.
With such assumption, to prevent self-interference, the WPs are not allowed
to transmit and receive simultaneously in the same timeframe. The WPs are
constrained to transmit and receive in two different timeframes. Figure 1.11
illustrates the case of a single MT and two WPs where the same frequency is
used to transmit in the first-hop and second-hop links. These schemes can be
referred to as time division relaying schemes and an example can be found
in [34].

Though time division relaying schemes consider the joint allocation of
routes and sub-carriers, the constraint on the sub-carrier in the first-hop link
to be the same as that in the second-hop link removes any degree of frequency
diversity which might exist between the two hops. Furthermore, the channel
conditions of a sub-carrier could fluctuate considerably between the two hops
which will result in a poor resultant link between the CP and the MT.

1.5.3.2 Frequency Division Relaying Schemes

In contrast to time division relaying scheme, a different method is to assign
two different frequencies for data reception and transmission in the first-hop
link and second-hop link respectively (see Figure 1.12):

S(1)m,r ≠ S(2)m,r, S(1)m,r ⊆ S(1)m , S(2)m,r ⊆ S(2)m , ∀ m ∈M, ∀ r ∈Rm. (1.51)
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Figure 1.12: Frequency division relaying

Since the frequency allocated to transmit data between the CP and WP differs
from that assigned between the WP and the MT, a WP can transmit and receive
concurrently in the same timeframe. The schemes applying such technique
can be categorized as frequency division relaying schemes. Some references
of these schemes are [33, 44, 39].

In a two-hop relaying network, both links are required to be not in bad
states for the two-hop transmission to be successful. Allowing different sub-
carriers to be allocated in each hop link offers the advantage to combine sub-
carriers with high channel gain in the different hop links. Consequently, in a
frequency selective fading environment, frequency division relaying schemes
can yield a higher degree of frequency diversity than time division relaying
schemes.
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1.6 Objective of the Research

In a two-hop network, two-hop links resource allocation is only advantageous
to MTs located at the edge of a cell or in the neighbouring of WPs. MTs located
in the neighbourhood of the CP do not necessitate any WP connection, and
resources should still be allocated to them. Therefore, instead of assuming
that there is no direct connection, i.e ∀ m ∈M, Sm = {S(1)m ,S(2)m }, as we did
when introducing the joint route and sub-carrier allocation problem, we also
need to consider sub-carrier allocation for direct connections to the CP, i.e
∀ m ∈M, Sm = {S(0)m ,S(1)m ,S(2)m }.

The frequency division relaying schemes in [33, 44, 39] do not consider
that a sub-carrier can be allocated in two links simultaneously. They assume
that the allocated subsets of sub-carriers to the MTs are disjoints:

(S(1)m ⋂S(2)m )⋂ (S(1)p ⋂S(2)p ) = ∅, ∀ m,p ∈M. (1.52)

Consider Figure 1.13, sub-carrier f6 in use by WP2 to transmit to MT1 can be
reused with limited added interference by WP3 to transmit to MT3. WPs are
low transmit power nodes. If intra-cell interference is accounted for in a re-
source allocation design, a sub-carrier can be reused concurrently in multiple
links in a VC.

Including the sub-carriers allocated in the direct links, in a single VC, the
sub-carrier reuse design can be mathematically formulated as:

∣S(2)m,r⋂S(2)p,w∣ ⩾ 0, ∀ m,p ∈M,m ≠ p, ∀ r ∈Rm, ∀ w ∈Rp, r ≠ w; (1.53)

∣S(2)m,r⋂S(0)p ∣ ⩾ 0, ∀ m,p ∈M, ∀ r ∈Rm; (1.54)

∣ ⋂
m∈M

Sm∣ ⩾ 0, ∀ m ∈M. (1.55)

1.6.1 Single Cell Allocation Problem

Taking into account that resource allocation is necessary for direct link trans-
mission, assuming that a sub-carrier can be assigned concurrently in multiple
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links, the joint route and sub-carrier allocation problem in a single VC can be
formulated as:

argmax
R1,...,RM,S1,...,SM

C = ∑
m∈M

Cm, Subject to: (1.56)

1. Calculate the channel capacity of an MT using:

Cm = f (Ξ(Rm,Sm)) , ∀ m ∈M; (1.57)

Ξ(z), and f(Ξ(z)) represent respectively the signal-to-interference-plus-
noise power ratio (SINR), and the channel capacity functions of the links
z between the CP an MT in a VC. The effect of intra-cell interference in
the VC is taken into account when evaluating Ξ(z).

2. Allocate a set of subsets of sub-carriers to each MT:

Sm = {S(0)m ,S(1)m ,S(2)m }, S(0)m ,S(1)m ,S(2)m ∈ Sm, ∀ m ∈M; (1.58)

3. Choose the subsets of sub-carriers from the set of sub-carriers S:

⋃
m∈M

(S(0)m ∪ S(1)m ∪ S(2)m ) ⊆ S, ∀ m ∈M; (1.59)

4. The number of sub-carriers allocated in the first-hop link is equal to that
allocated in the second-hop link:

∣S(1)m ∣ = ∣S(2)m ∣, S(1)m ,S(2)m ∈ Sm, ∀ m ∈M; (1.60)

5. Select a subset of WPs for data transmission to each MT:

Rm, Rm ⊆R, ∀ m ∈M; (1.61)

6. Choose the subset of WPs from the set of WPs R:

⋃
m∈M

Rm ⊆R, ∀ m ∈M; (1.62)

7. Frequency division relaying is assumed. Considering the two-hop links
belonging to the m-th MT, the sub-carriers used to transmit in the first-
hop link to the r-th WP should be different from that used by that WP to
transmit to MTm:

S(1)m,r ≠ S(2)m,r, S(1)m,r ⊆ S(1)m , S(2)m,r ⊆ S(2)m , ∀ m ∈M, ∀ r ∈Rm;
(1.63)

8. A sub-carrier can be reused simultaneously in multiple links:

∣S(2)m,r⋂S(2)p,w∣ ⩾ 0, ∀ m,p ∈M,m ≠ p, ∀ r ∈Rm, ∀ w ∈Rp, r ≠ w;

∣S(2)m,r⋂S(0)p ∣ ⩾ 0, ∀ m,p ∈M, ∀ r ∈Rm;
∣ ⋂
m∈M

Sm∣ ⩾ 0, ∀ m ∈M. (1.64)
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1.6.2 Multi-Cell Allocation Problem

In a multi-cell environment, the channel capacity of mobile wireless net-
works deteriorates considerably because of co-channel interference. There-
fore, when designing a resource allocation scheme, it is a must to consider the
effect of inter-cell interference in the system.

Consider a system with a set V of VCs. In the v-th VC, (VCv), a set Rv
of WPs including the CP ensure the data transmission between the CN and
a set Mv of MTs. The available bandwidth of the v-th VC is divided into a
set Sv of orthogonal sub-carriers. The WPs and CP are assumed to be able to
transmit concurrently in the same timeframe using different sub-carriers in the
first-hop and second-hop links. A sub-carrier can be reused simultaneously in
multiple links in a VC. A set Sm,v = {S(0)m,v,S(1)m,v,S(2)m,v} of subsets of sub-carriers
are to be allocated to the m-th MT in the v-VC (MTm,v). S(0)m,v, S(1)m,v, and S(2)m,v
represent respectively the subsets of sub-carriers allocated in the direct, the
first-hop, and the second-hop links for data transmission to MTm,v. Denote the
set of WPs in the v-th VC to which MTm,v is connected for data transmission
by Rm,v. The multi-cell resource allocation problem can be formulated as:

argmax
R1,v,...,RMv,v ,S1,v ,...,SMv,v

C = ∑
m∈M

Cm,v, Subject to: (1.65)

1. Calculate the channel capacity of an MT using:

Cm,v = f (Ξ(Rm,v,Sm,v)) , ∀ m ∈Mv; (1.66)

Ξ(z), and f(Ξ(z)) represent respectively the SINR, and the channel ca-
pacity functions of the links z between the CP an MT in a VC. The effect
of intra-cell and inter-cell interference inside each VC and between the
different VCs is accounted for when evaluating Ξ(z).

2. Allocate a set of subsets of sub-carriers to each MT:

Sm,v = {S(0)m,v,S(1)m,v,S(2)m,v}, S(0)m,v,S(1)m,v,S(2)m,v ∈ Sm,v, ∀ m ∈Mv;
(1.67)

3. Choose the subsets of sub-carriers from the set of sub-carriers Sv:

⋃
m∈Mv

(S(0)m,v ∪ S(1)m,v ∪ S(2)m,v) ⊆ Sv, ∀ m ∈Mv; (1.68)

4. The number of sub-carriers allocated in the first-hop link is equal to that
allocated in the second-hop link:

∣S(1)m,v ∣ = ∣S(2)m,v ∣, S(1)m,v,S(2)m,v ∈ Sm,v, ∀ m ∈Mv; (1.69)

5. Select a subset of WPs for data transmission to each MT:

Rm,v, Rm,v ⊆Rv, ∀ m ∈Mv; (1.70)
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6. Choose the subset of WPs from the set of WPs Rv:

⋃
m∈Mv

Rm,v ⊆Rv, ∀ m ∈Mv; (1.71)

7. Frequency division relaying is assumed. Consider the set of two-hop
links of MTm,v, the sub-carriers used to transmit in the first-hop link to
the r-th WP should be different from that used by that WP to transmit
to MTm,v:

S(1)m,r,v ≠ S(2)m,r,v, S(1)m,r,v ⊆ S(1)m,v, S(2)m,r,v ⊆ S(2)m,v, ∀m ∈Mv, ∀ r ∈Rm,v;
(1.72)

8. A sub-carrier can be reused simultaneously in multiple links:

∣S(2)m,r,v⋂S(2)p,w,v ∣ ⩾ 0, ∀ m,p ∈Mv,m ≠ p, ∀ r ∈Rm,v, ∀ w ∈Rp,v, r ≠ w;

∣S(2)m,r,v⋂S(0)p,v ∣ ⩾ 0, ∀ m,p ∈Mv, ∀ r ∈Rm,v;
∣ ⋂
m∈Mv

Sm,v ∣ ⩾ 0, ∀ m ∈Mv. (1.73)

1.6.3 Objective

The resource allocation problems defined above in Equation (1.56) and Equa-
tion (1.65) are non-deterministic polynomial-time hard (NP-hard) resource al-
location problems and cannot be solved using existing allocation algorithms.
Their optimal solution would require exhaustive search which is not practical
in real systems. To the best of the author’s knowledge, these resource alloca-
tion problems have not yet been solved in the literature. Our objective is to
provide some element of solution to these problems.
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1.7 Thesis Contribution

As element of solution to the joint route and sub-carrier allocation problem in
a two-hop network, we have considered the following approaches:

1. To solve the joint route and sub-carrier allocation problem, in Chapter 2
we design the joint allocation of route and sub-carrier as a logical route
allocation problem. We derive the numerical expression involved in the
logical route allocation problem, and formulate the allocation problem
in single cell and multi-cell environment.

2. To reduce the computational complexity of the allocation problems in Equa-
tion (1.56) and Equation (1.65), in Chapter 3, we propose a sub-optimal
successive allocation scheme (SAS) which considers the successive allo-
cation of the logical route per MT. We study the performance of the
successive scheme in a single cell and a multi-cell environment.

3. The successive scheme is not resilient to intra-cell and inter-cell interfer-
ence. Hence, in Chapter 4, we study some iterative allocation schemes
to alleviate the effect of intra-cell interference in a single VC. We propose
a sequential iterative allocation scheme (SIS) and study its performance
in a multi-cell environment.

4. Though the SIS can lessen the effect of intra-cell and inter-cell inter-
ference in a two-hop network, its performance could not approximate
that of the optimal solution. Hence, in Chapter 5, to approximate the
optimal solution, we model the allocation problem using the idea of the
evolution theory. We propose an evolutionary allocation scheme (EAS)
and show that it can achieve similar performance with the optimal ex-
haustive allocation scheme in a single VC. We later extend the study to
a multi-cell environment.

5. Chapter 6 presents a summary of the proposed allocation schemes. Fu-
ture and prospective work are also discussed.



CHAPTER 2
Resource Allocation Problem Formulation

The development of new wireless devices capable of using live streaming ap-
plications and other data hungry applications has created a high demand for
increasing the data transmission rate in mobile wireless networks. The macro-
cell-based network architecture cannot satisfy that augmentation of the data
transmission rate without increasing the transmission power, particularly for
a user located at the cell-edge.

By reducing the distance between the transmission station and the receiv-
ing device, multi-hop networks can augment the data transmission rate of
cell-edge users without increasing the transmission power [8, 9, 10, 11, 12,
13, 14, 15, 16]. Taking into account that a migration step will be necessary
to move from a single hop architecture to a multi-hop architecture, a two-
hop network can be considered as a transition network design for the next
generation of mobile cellular networks.

In order to provide high data transmission rate in the downlink, many
recent wireless transmission technologies have considered OFDMA as the ac-
cess scheme [35, 36]. Researchers involved in radio resource allocation have
extensively investigated the application of OFDMA because of its multi-user
diversity and its resiliency against frequency selective channels [26, 29, 30,
27, 28]. Therefore, OFDMA can be can be considered as the access scheme
of choice for future mobile cellular networks aiming at providing high data
transmission rate.

In a two-hop network, the joint allocation of routes and sub-carriers in the
first-hop and second-hop link can provide route a frequency diversity [44].
Furthermore, frequency division relaying schemes can provide higher degree
of frequency diversity than time division relaying schemes. Most of the fre-
quency division relaying schemes proposed in the literature do not consider
the problem of route selection [33, 39, 40]. If they do, they can only be
applied in a single user case [44].

Multi-cell interference can degrade the capacity of a network considerably.
Therefore, inter-cell interference should be taken into account when designing
a resource allocation scheme.

The limitation and the high cost of wireless spectrum in mobile cellular
networks create the necessity to develop algorithms aiming at increasing the
spectrum efficiency. In a two-hop network, the enhancement of the spectrum
efficiency can be achieved by allowing a sub-carrier to be allocated simultane-

34
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ously in multiple links.
In Chapter 1, we defined and detailed the problem of joint route and sub-

carrier allocation with frequency reused in single cell and multi-cell environ-
ment for two-hop networks. As discussed in Chapter 1, this allocation problem
has not yet been solved in the literature. In this chapter, we design the join
route and sub-carrier allocation problem using a new concept called logical
route. We derive the numerical expressions related to the allocation problem
and formulate the resource allocation problem as a logical route optimization
allocation problem, for single cell and multi-cell environments.

2.1 Parallel Relaying Transmission

The allocation of resources in a two-hop cellular network is closely related to
the method of data transmission considered. Therefore, in order to formu-
late our allocation problem, we will first define the data transmission method
used.

2.1.1 Physical Route

We consider a single VC with a setR of R WPs including the CP, a setM of M
MTs, and a bandwidthW . We define a physical route as the path a transmitted
data from the CP takes on to reach an MT. It can be a direct route if it describes
a direct link between the CP and the MT (See Figure 2.1). If the transmitted
data is relayed by a WP, the physical route is said to be a two-hop link route.
Since we consider downlink transmission, the first-hop link is the link between
the CP and a WP, and the second-hop link represents the link between the
WP and an MT. In Figure 2.1, we illustrate the physical routes using dashed-
dotted lines. Three physical routes enable the communication between the CP
and MT1, one direct link route and two 2-hop link routes. A physical route
is represent by a WP (CP included) and an MT. LR(MT1, CP, 6, 6) is used for
consistency.

2.1.2 Logical Route

We divide the available bandwidthW into a set S of S orthogonal sub-carriers.
We assume that the same bandwidth is used in the direct links and in the
first-hop and second-hop links. We define a logical route (LR) as a set of
a physical route and sub-carriers allocated along each link of the physical
route. In the case of a direct route, a logical route is constructed using the
CP and one sub-carrier. To prevent self-interference at a WP and consequently
enable frequency division relaying, we assign two different sub-carriers in the
first-hop and second-hop links if the physical route is a two-hop link route.
Figure 2.1 illustrates a logical route constructed along the physical route going
through WP1, (WP1, MT1), between the CP and MT1. In the logical route
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Figure 2.1: Physical and logical route

LR(MT1, WP1, 7, 3), the sub-carrier index 7 is assigned in the first-hop link
and sub-carrier index 3 in the second-hop link.

2.1.3 Data Transmission Method

We suppose that the transmitting data of the m-th MT (MTm ) at the CP is di-
vided into Dm data streams d(m)1 , d

(m)
2 , . . . , d

(m)
Dm

. In the parallel relaying trans-
mission methods, these data streams are transmitted simultaneously from the
CP to MTm using Dm parallel logical routes [44]. Figure 2.2 illustrates a
parallel relaying transmission of four data streams d(1)1 , d(1)2 , d(1)3 , and d

(1)
4

to MT1. The data streams d(1)1 , d(1)2 , d(1)3 , and d
(1)
4 are transmitted simulta-

neously from the CP using the respective logical routes LR(MT1, WP1, 1, 5),
LR(MT1, CP, 6, 6), LR(MT1, WP2, 3, 7), and LR(MT1, WP2, 5, 4). Though
only one sub-carrier is necessary to construct a logical route in the direct link,
this notation LR(MT1, CP, 6, 6) is used for consistency.

2.1.4 Joint Route and Sub-Carrier Allocation

With the parallel relaying transmission method, the allocation of routes and
sub-carriers is carried out simultaneously using the concept of logical route.
We denote le(m,r, ki, kj) the e-th logical route allocated to the m-th MT via
the r-th physical route (or WPr ), ki and kj being respectively the sub-carriers
assigned in the first-hop and second-hop links. We consider a set Lm of Dm

logical routes allocated to the m-th MT:

Lm = {l0(m,0, ki, ki), . . . , le(m,0, kn, kn), le+1(m,r, kj , kh), . . . , lDm(m,w, kt, ks)},
∀ r,w ∈R, r ≠ 0, w ≠ 0, ∀ ki, kn, kj , kh, kt, ks ∈ S. (2.1)
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Figure 2.2: Parallel relaying transmission

Recall that in the Chapter 1, we have defined the set of subsets of sub-carriers
allocated to the m-th MT by Sm = {S(0)m ,S(1)m ,S(2)m }. In the set Lm of log-
ical routes, the sub-carriers {ki, . . . , kn} allocated in the direct link logical
routes {l0(m,0, ki, ki), . . ., le(m,0, kn, kn)} represent the elements of the sub-
set S(0)m . The sub-carriers kj , . . . , kt assigned in the first-hop links of logical
routes le′(m,r, kj , kh), . . . , lLm(m,w, kt, ks) are those of the subset S(1)m , and
kh, . . . , ks assigned in the second-hop links are those of the subset S(2)m . Fur-
thermore, the WPs 0, . . . , r, . . . ,w of the set Lm of logical routes represent the
elements of the subset Rm of routes allocated to the m-th MT as defined pre-
viously. Therefore, the problem of joint route and sub-carrier allocation can
be formulated as a logical route allocation problem.

2.1.5 Data Modulation in Parallel Relaying

The implementation of the parallel relaying transmission requires some data
modulation techniques based on OFDMA. The different data modulation tech-
niques applied at the CP, the WPs, and the MTs are detailed in the following
sections.

2.1.5.1 CP Data Modulation

At the CP, the transmitting data of each MT is divided into a subset of data
streams:

D1 = {d(1)1 , d
(1)
2 , . . . , d

(1)
i , . . . , d

(1)
D1
},

⋮ ⋮

Dm = {d(m)1 , d
(m)
2 , . . . , d

(m)
i , . . . , d

(m)
Dm
},

⋮ ⋮

DM = {d(M)1 , d
(M)
2 , . . . , d

(M)
i , . . . , d

(M)
DM
}.
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Figure 2.3: Data modulation at the CP

d
(m)
i represents the i-th data element of the data streams that belongs to the

m-th MT. Each subset of data streams is converted from a serial stream to a
parallel stream (see Figure 2.3).

Depending on the logical route allocation to each MT, the parallel data
streams are matched to the position of their sub-carrier respective. We assume
that a set of Dm logical routes is allocated to the m-th MT, with Im being
the set of sub-carrier indices allocated in the direct and first-hop links of the
logical routes. We designate by gi(m) the function which returns the set Im
when given the index m of the m-th MT:

Im = gi(m), ∀ m ∈M. (2.2)

We denote by Λ(Im,Dm) the mapping function that, given a set of sub-carrier
indices Im and a subset of data Dm, assigns the indices to the given data
and match them to their sub-carrier position respective to produce a subset of
mapped data Am:

Am = Λ (Im,Dm) , ∀ m ∈M, (2.3)

with Am being the subset of mapped data for the m-th MT. The mapped data
subsets for all MTs are obtained as:

A1 = Λ (gi (1) ,D1) ,
⋮ ⋮ (2.4)

Am = Λ (gi (m) ,Dm) , (2.5)

⋮ ⋮ (2.6)

AM = Λ (gi (M) ,DM) .

The mapped data set A before the OFDM modulation is given as:

A = {A1, . . . ,Am, . . . ,AM},
A = {a1, a2, . . . , aD}, with D =D1 +D2 +⋯ +DM . (2.7)
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Figure 2.4: Parallel relaying implementation at a WP

The mapped data set is converted to the OFDM symbols X1,X2, . . . ,XN ,
through the means of IFFT. Zeros are inserted to the mapped data set if nec-
essary for IFFT processing. Parallel to serial conversion is carried out. After
further processing, the signal is transmitted from the CP to the WPs and MTs.

2.1.5.2 WP Data Demodulation and Modulation

At a WP the received OFDM symbols {r̂1, r̂2, . . . , r̂N} are processed using FFT
and decoded to recover the estimated mapped data Â = {â1, â2, . . ., âD}. By
applying the mapping inverse operation Λ−1() to the estimated mapped data,
the set of data streams of each MT can be recovered as:

{d̂(1)1 , d̂
(1)
2 , . . . , d̂

(1)
D1
} = Λ−1 (gi (1) , Â) ;

⋮ ⋮ ⋮
{d̂(m)1 , d̂

(m)
2 , . . . , d̂

(m)
Dm
} = Λ−1 (gi (m) , Â) ; (2.8)

⋮ ⋮ ⋮
{d̂(M)1 , d̂

(M)
2 , . . . , d̂

(M)
DM
} = Λ−1 (gi (M) , Â) .

During the recovering process any data which was not destined to the WP
is discarded. Hence, in Figure 2.4, these data elements are represented by 0.
The Figure 2.4 illustrates the data modulation at a WP.

The recovered data of each MT is either buffered or processed for trans-
mission to the MTs. The same data modulation technique used at the CP is
applied at the WP to relay the data to the MTs. The only difference is that
instead of using the indices of sub-carriers of the direct and first-hop links,
a WP uses the indices of sub-carriers assigned in the second hop link for the
logical routes going through that WP.

2.1.5.3 MT Data Demodulation

The designated data of an MT can be transmitted from multiple WPs including
the CP. Therefore, the data transmission to an MT can be regarded as the
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Figure 2.5: Parallel relaying implementation at an MT

uplink of an OFDMA system where multiple MTs are transmitted to a base
station using different allocated group of sub-carriers. A brief illustration of
data demodulation at an MT is shown in Figure 2.5.

2.2 Single Virtual Cell

The concept of logical route can be used to represent the joint route and sub-
carrier allocation in a two-hop network. Using the concept of logical route,
parallel relaying transmission can be implemented. We have defined above
the different modulation techniques involved in the implementation of paral-
lel relaying transmission. In the following, we formulate the joint route and
sub-carrier allocation problem using the concept of logical route in a single
VC.

2.2.1 Numerical expressions

Let us consider a single VC with a set R of R WPs including the CP. The CP
is referred to as WP0 for simplicity. The available bandwidth in the VC is
denoted by W . Suppose that a setM of M MTs are distributed inside the VC.
An MT can be connected to one or multiple WPs (CP included) simultaneously
for data reception. We say data reception because we assume the downlink
transmission. We assume that parallel relaying transmission method is used
to transmit data from the CP to an MT.

2.2.1.1 Logical Route SINR

In the absence of interference, the SNR γ of a sub-carrier k at node y when the
desired transmitted signal is from node x is given by:

γx–y(k) =
Px–y(k)
N

. (2.9)
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Px–y(k) is the received signal power at node y and N is the noise power spec-
tral. If another device is transmitting using the same sub-carrier, interference
from that node is created at node y. In the presence of interference, the SINR
at node y is expressed as:

βx–y(k) =
Px–y(k)

N + Iz–y(k)
, (2.10)

where Iz–y(k) represents the interference power from the interfering device z
to node y at the sub-carrier k.

In our study, we consider the received signal power Px–y(k) at node y in
a sub-carrier k to be modelled as the product of the log-normally distributed
shadowing loss δx–y, the instantaneous channel fading gain Hx–y(k), the path-
loss d−αx–y between node x and node y, and the transmit power Px(k) of node x
at the sub-carrier k:

Px–y(k) = Px(k) ⋅ d−αx–y ⋅ 10−δx–y/10 ⋅ ∣Hx–y(k)∣2, (2.11)

with dx–y and α being respectively the propagation distance between node
x and node y, and the path-loss exponent. Similarly, as the desired received
signal power, the interfering received signal power at node y, in the sub-carrier
k, when an interfering node z is transmitting in that same sub-carrier, is given
as:

Iz–y(k) = Pz(k) ⋅ d−αz–y ⋅ 10−δz–y/10 ⋅ ∣Hz–y(k)∣2. (2.12)

Consider our system of a set R of R WPs including the CP. We have
assumed that a sub-carrier can be reused simultaneously in multiple links.
Therefore, there could exist multiple interfering nodes transmitting using the
same sub-carrier k inside the VC. In this case, the the total interfering signal
power at node y at the k-th sub-carrier should be expressed as:

Itot.–y(k) = ∑
z∈R
z≠x

(Pz(k) ⋅ d−αz–y ⋅ 10−δz–y/10 ⋅ ∣Hz–y(k)∣2) (2.13)

In a single cell environment, based on Equations (2.10), (2.11), and (2.13),
the SINR at a node y1, when the desired transmit signal is from a node x2 at
the k-th sub-carrier, can be expressed as:

βx–y(k) =
Px–y(k)

N + Itot.–y(k)

=
Px(k)
N d−αx–y10

−δx–y/10∣Hx–y(k)∣2

1 + ∑
z∈R
z≠x

(Pz(k)
N d−αz–y10

−δz–y/10∣Hz–y(k)∣2)
. (2.14)

1Can be a WP or an MT
2Can be a WP or the CP
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We consider the e-th logical route le(m,r, ki, kj) allocated to the m-th MT
via the r-th physical route (or WPr ), with ki and kj being respectively the
sub-carriers allocated in the first-hop and second-hop links. If WPr is the CP
(r = 0), the logical route is a direct link logical route (ki = kj), and the SINR
of the logical route can be calculated using Equation (2.14) since there is only
one link. However, in the case of a two-hop link logical route, the link with the
smaller SINR determines the success or failure of the transmission. Therefore,
the SINR of a two-hop link logical route is the minimum of the SINRs of each
hop link. Hence, the SINR Γ (le(m,r, ki, kj)) of le(m,r, ki, kj) is given as:

Γ(le(m,r, ki, kj)) =
⎧⎪⎪⎨⎪⎪⎩

βWP0–MTm(ki), if r = 0, or ki = kj ;

min (βWP0–WPr(ki), βWPr–MTm(kj)), else.
(2.15)

2.2.1.2 System Capacity

In Chapter 1, we defined the channel capacity of a channel as:

C = log(1 + γ) (2.16)

where γ represents the SNR of the channel. In a multi-carrier system of S
sub-carriers, in the presence of interference, a sub-carrier k has a capacity
Ck [1]:

Ck =
1

S
log2(1 + βk) (2.17)

where βk represents the SINR of the sub-carrier k. Hence, the capacityC(le(m,r, ki, kj))
of the e-th logical route le(m,r, ki, kj) located to the m-th MT via the r-th WP
can be expressed as:

C(le(m,r, ki, kj)) =
1

S
log2 {1 + Γ(le(m,r, ki, kj))}. (2.18)

Suppose that in the VC a set Dm of Dm logical routes is allocated to the
m-th MT, the channel capacity of that MT is given as:

C(Dm) =
1

S

Dm

∑
e=1

log2 {1 + Γ(le(m,r, ki, kj))} (2.19)

Denote the set Ψ of all allocated logical routes in the VC as :

Ψ = {D1,D2, . . . ,DM}. (2.20)

The total channel capacity of the system is given as:

C(Ψ) = 1

S

M

∑
m=1

Dm

∑
e=1

log2 {1 + Γ(le(m,r, ki, kj))}. (2.21)
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2.2.2 Sub-Carrier Reuse

To increase the number of logical route candidates per WP and consequently
maximize the number of two-hop link logical routes that can be allocated
in the VC, we assume that a sub-carrier can be assigned simultaneously in
multiple links. In the absence of this intra-cell sub-carrier reuse, the maximum
number of two-hop link logical routes, which can be assigned in a VC, does
not exceed half of the number of sub-carriers in that VC, ∑1≤m≤M Dm ≤ S/2.
By allowing a sub-carrier to be reused concurrently in multiple links, we can
increase the number of logical routes which can be allocated to ∑1≤m≤M Dm ≤
S. To allow a sub-carrier to be reused simultaneously in multiple links, certain
constraints have to be applied:

1. A WP cannot use the same sub-carrier to transmit and receive simulta-
neously in a timeframe.

2. Multiple WPs cannot use the same sub-carrier to transmit concurrently
to an MT, and neither can the CP reuse the same sub-carrier to transmit
to multiple WPs in the same timeframe.

3. If the above constraints are respected, a sub-carrier allocated in a first-
hop link in a logical route can be reassigned simultaneously in a second-
hop link in an other logical route and vice versa.

4. With respect to the first two constraints, a sub-carrier assigned to an
MT in a second-hop link can be reused concurrently to transmit data to
another MT in a second-hop link.

5. The number of allocated logical routes in a VC cannot exceed the num-
ber of sub-carriers available in that VC.

2.2.3 Single Cell Logical Route Allocation Problem

Given a set M of WPs including the CP, a set M of MTs, and a set S of sub-
carriers in the VC, the objective is to find the optimal solution candidate that
will maximize the total channel capacity of the VC with the sub-carrier reuse
constraints defined previously. Hence, the logical route allocation problem in
a single VC is formulated as:

argmax
Ψ={D1,D2,...,DM}

= 1

S

M

∑
m=1

Dm

∑
e=1

log2 {1 + Γ(le(m,r, ki, kj))}, subject to: (2.22)

1. A WP cannot use the same sub-carrier to transmit and receive simulta-
neously in a timeframe:

∀ le(m,r, ki, kj) ∈ Ψ, ∀ le′(m′, r′, ki′ , kj′) ∈ Ψ,
⎧⎪⎪⎨⎪⎪⎩

ki = kj ⇔ r = 0;

ki ≠ kj ⇔ r ≠ 0;
and

⎧⎪⎪⎨⎪⎪⎩

ki = kj′ ⇒ r ≠ r′;

ki′ = kj ⇒ r ≠ r′.
(2.23)
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2. Multiple WPs cannot use the same sub-carrier to transmit concurrently
to an MT, neither can the CP reuse the same sub-carrier to transmit to
multiple WPs in the same timeframe:

∀ le(m,r, ki, kj) ∈ Ψ, ∀ le′(m′, r′, ki′ , kj′) ∈ Ψ,
⎧⎪⎪⎨⎪⎪⎩

ki = ki′ ⇒ le = le′ ;

kj = kj′ ⇒m ≠m′ and r ≠ r′.
(2.24)

3. A sub-carrier allocated in a first-hop link in a logical route can be reas-
signed simultaneously in a second-hop link in an other logical route, and
vice versa. Denoting Ω the problem space containing the set of solution
candidates in the VC, Ω = {Ψ ∶ Ψ is a solution candidate}:

∃ Ψ′ ∈ Ω so that ∶ le(m,r, ki, kj) ∈ Ψ and le′(m′, r′, ki′ , kj′) ∈ Ψ′,
with ki = kj′ or ki′ = kj , and r ≠ r′. (2.25)

4. A sub-carrier assigned to an MT in a second-hop link can be reused
concurrently to transmit data to another MT in a second-hop link:

∃ Ψ′ ∈ Ω so that ∶ le(m,r, ki, kj) ∈ Ψ and le′(m′, r′, ki′ , kj′) ∈ Ψ′,
with kj = kj′ ,m ≠m′, and r ≠ r′. (2.26)

5. The number of allocated logical routes ψ in a VC cannot exceed the
number of sub-carriers available in that VC:

ψ =
M

∑
m=1

Dm ≤ S. (2.27)
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2.3 Multi-Cell Environment

Multiple cells form a mobile cellular network. The reuse of the same frequency
in group of these cells produces inter-cell interference which can degrade the
channel capacity of the system. Therefore, for practical purposes, it is a must
to include the effect of inter-cell interference in the performance analysis of
a wireless system. In this section, we derive the mathematical expressions
of the logical route allocation problem while taking into account inter-cell
interference in the system.

2.3.1 Numerical expressions

Consider the downlink transmission in a system with a set V of V VCs. In the
v-th VC (VCv), a set Rv of Rv WPs and a CP establish the data transmission
between the core network and a setMv of Mv MTs. The available bandwidth
of the v-th VC is divided into a set Sv of Sv sub-carriers. To study the worst
case scenario, we consider that all VCs operate on the same bandwidth. The
WPs and CP are assumed to be able to transmit concurrently in the same
timeframe using different sub-carriers in the first-hop and second-hop links.
Data transmission from the CP to an MT is enabled using the parallel relaying
transmission method.

2.3.1.1 Logical Route SINR

In Equation (2.13), we derived the total interference at a node in a single
VC. Equation (2.13) only takes into account intra-cell interference added by
the reuse of sub-carriers inside a VC. In a multi-cell environment, interference
occurs from neighbouring communications in other VCs using the same sub-
carrier. Suppose that node x located in VCv is transmitting to node y also
located in the same VC. The total interfering received signal power at the k-th
sub-carrier at a node y is given by:

Itot.–y(k) = ∑
u∈V

∑
z∈Ru

(z,u)≠(x,v)

(Pz,u(k) ⋅ d−αz–y ⋅ 10−δz–y/10 ⋅ ∣Hz–y(k)∣2), (2.28)

where Pz,u(k), dz–y, δz–y, and Hz–y(k) denote respectively the transmit power
of the interfering node z located in the u-th VC, the distance, the log-normally
distributed shadowing loss, and the instantaneous channel fading gain be-
tween node y and node z. This total interference in Equation (2.28) include
not only intra-cell interference in VCv but also inter-cell interference from
communications in other VCs.

In a multi-cell environment, the SINR at node y located in the v-th VC for
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a desired transmit signal from node x at the k-th sub-carrier is expressed as:

βx–y(k) =
Px–y(k)

N + Itot.–y(k)

=
Px,v(k)
N d−αx–y10

−δx–y/10∣Hx–y(k)∣2

1 + ∑
u∈V

∑
z∈Ru

(z,u)≠(x,v)

(Pz,u(k)
N ⋅ d−αz–y ⋅ 10−δz–y/10 ⋅ ∣Hz–y(k)∣2)

. (2.29)

Px,v(k), and Pz,u(k) represent respectively the transmit power at the k-th sub-
carrier of node x located in VCv and node z located in VCu.

We denote le(v,m, r, ki, kj) the e-th logical route allocated to the m-th MT
(MTm,v) via the r-th WP (WPr,v) in the v-th VC, with ki and kj being the sub-
carriers assigned in the first-hop and second-hop links respectively. Similarly
as in Equation (2.15), the SINR of le(v,m, r, ki, kj) is given as:

Γ(le(v,m, r, ki, kj)) =
⎧⎪⎪⎨⎪⎪⎩

βWP0,v–MTm,v(ki), if r = 0, or ki = kj ;

min (βWP0,v–WPr,v(ki), βWPr,v–MTm,v(kj)), else.
(2.30)

2.3.1.2 System Channel Capacity

In a multi-cell environment, the channel capacity of the e-th logical route
allocated to the MTm,v via WPr,v is given by:

C(le(v,m, r, ki, kj)) =
1

Sv
log2 {1 + Γ(le(v,m, r, ki, kj))}. (2.31)

Let Dm,v be the set of Dm,v logical routes allocated to MTm,v in the v-th
VC, the channel capacity Cm,v of MTm,v can be calculated as:

Cm,v(Dm,v) =
1

Sv

Dm,v

∑
e=1

log2 {1 + Γ(le(v,m, r, ki, kj))}. (2.32)

We designate by Ψv the set of ψv logical routes allocated to all Mv MTs in that
VC:

Ψv = {D1,v,D2,v, . . . ,DMv ,v}. (2.33)

The total channel capacity C(Ψv) of VCv is the summation of the capacity of
all logical routes allocated to all MTs in that VC and it is evaluated as:

C(Ψv) =
1

Sv

Mv

∑
m=1

Dm,v

∑
e=1

log2 {1 + Γ(le(v,m, r, ki, kj))}. (2.34)
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2.3.2 Multi-Cell Logical Route Allocation Problem

The same sub-carrier reuse constraints described previously for a single VC is
applied to each VC in the multi-cell environment. Furthermore, we assume
that all VCs operate on the same bandwidth. We formulate logical route al-
location problem in a multi-cell environment as follow: given a set Rv of Rv
WPs, a setMv of Mv MTs, and a set Sv of Sv sub-carriers in the v-th VC, while
taking into account the sub-carrier reuse constraints in the VC we aim at find-
ing the optimal solution candidate Ψ∗v of logical routes which maximizes the
total channel capacity of that VC:

argmax
Ψv={D1,v ,D2,v ,...,DMv,v}

= 1

Sv

Mv

∑
m=1

Dm,v

∑
e=1

log2 {1 + Γ(le(v,m, r, ki, kj))}, Subject to:

(2.35)

1. In a VC, a WP cannot use the same sub-carrier to transmit and receive
simultaneously in the same timeframe:

∀ le(v,m, r, ki, kj) ∈ Ψv, ∀ le′(v,m′, r′, ki′ , kj′) ∈ Ψv,

⎧⎪⎪⎨⎪⎪⎩

ki = kj ⇔ r = 0;

ki ≠ kj ⇔ r ≠ 0;
and

⎧⎪⎪⎨⎪⎪⎩

ki = kj′ ⇒ r ≠ r′;

ki′ = kj ⇒ r ≠ r′.
(2.36)

2. In a VC, multiple WPs cannot transmit concurrently on the same sub-
carrier to an MT, neither can the CP reuse the same sub-carrier to trans-
mit to multiple WPs in the same timeframe:

∀ le(v,m, r, ki, kj) ∈ Ψv, ∀ le′(v,m′, r′, ki′ , kj′) ∈ Ψv,

⎧⎪⎪⎨⎪⎪⎩

ki = ki′ ⇒ le = le′ ;

kj = kj′ ⇒m ≠m′, and r ≠ r′.
(2.37)

3. A sub-carrier allocated in a first-hop link in a logical route can be reas-
signed simultaneously in a second-hop link in an other logical route, and
vice versa inside a VC. Denoting Ωv the problem space containing the set
of solution candidates in the v-th VC, Ωv = {Ψv ∶ Ψv is a solution candidate},

∃ Ψ′v ∈ Ωv so that ∶ le(v,m, r, ki, kj) ∈ Ψv and le′(v,m′, r′, ki′ , kj′) ∈ Ψ′v,
with ki = kj′ or ki′ = kj , and r ≠ r′. (2.38)

4. A sub-carrier assigned to an MT in a second-hop link can be reused
concurrently to transmit data to another MT in a second-hop link inside
a VC:

∃ Ψ′v ∈ Ωv so that ∶ le(v,m, r, ki, kj) ∈ Ψv and le′(v,m′, r′, ki′ , kj′) ∈ Ψ′v,
with kj = kj′ ,m ≠m′, and r ≠ r′. (2.39)
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5. The number of allocated logical routes ψv in a VC cannot exceed the
number of sub-carriers available in that VC:

∀ v ∈ V, ψv =
Mv

∑
m=1

Dm,v ≤ Sv. (2.40)

2.4 Resource Allocation Problem Complexity

Using the parallel relaying transmission method, we have modelled the joint
route and sub-carrier allocation problem into a logical route allocation prob-
lem. With the sub-carrier constraints defined above, the logical route alloca-
tion problems in a single cell and multi-cell environments formulated in Equa-
tion (2.22) and in Equation (2.22) are NP-hard optimization problems and
cannot be solved by conventional allocation algorithms found in the litera-
ture. Their optimal solutions would require an exhaustive search.

In a VC, as the number of MTs increases, the number of logical route
candidates to evaluate increases considerably. The optimal allocation scheme
which requires exhaustive search implements the simultaneous allocation of
the logical routes. The implementation of simultaneous allocation of the logi-
cal routes becomes extremely complex in a multi-user and multi-cell environ-
ment. If D logical routes have to be allocated to a single MT, the number of
combinations O that will be evaluated without applying sub-carrier reuse in
the simultaneous allocation scheme is given by this formula:

O =
D

∑
i=0

RD−i ⋅ S!
(S − 2D + i)! (D − i)!i!

. (2.41)

S andR represents respectively the number of sub-carriers and WPs in a single
cell. With sub-carrier reuse applied in a multi-user environment, the number
of combinations that will be evaluated increases exponentially. Figure 2.4
shows the number of combinations to evaluate in the simultaneous allocation
scheme to allocate S/2 logical routes to a single user.

Taking into account the complexity of the exhaustive allocation scheme,
our objective is to propose resource allocation schemes that can approximate
the optimal solution while taking practicality into consideration.
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CHAPTER 3
Successive Allocation Scheme

In Chapter 2, we formulated the joint route and sub-carrier allocation prob-
lem in a two-hop network as a logical route allocation problem. The optimal
solution of the logical route allocation problem requires an exhaustive search
with high computational complexity and might not be applicable in a practi-
cal system. To reduce computational complexity, in this chapter, we propose a
successive allocation scheme (SAS). We study the performance of the succes-
sive scheme in a single cell and in a multi-cell environment.

3.1 Single Cell Network

We consider a single VC, a set M of M MTs and a set R of R WPs (CP in-
cluded). We denote by MTm the m-th MT and by WPr the r-th WP, with WP0
being the CP, in the VC. The bandwidth of the VC is devided into a set S of S
sub-carriers. Parallel relaying transmission is used to transmit data to an MT.
We assume that a sub-carrier can be reused simultaneously in multiple links
based on the sub-carriers constraints defined in Section 2.2.2 on page 43.

For the m-th MT, we denote the e-th logical route candidate constructed
via the r-th WP as l∗e (m,r, ki, kj), ki and kj being respectively the sub-carriers
assigned in the first-hop and second-hop links. We denote L∗m,r the set of
logical route candidates of the m-th MT via the r-th WP, and by L∗m,r = (lij)
the matrix associate with L∗m,r,

L∗m,r = (li,j), 1 ⩽ i, j ⩽ S, (3.0a)

li,j =
⎧⎪⎪⎨⎪⎪⎩

0 if l∗e (m,r, ki, kj) is available for allocation,

1 else.
(3.0b)

The elements lij of the matrix L∗m,r take on values 0 or 1 indicating whether or
not the logical route using the sub-carrier ki and kj in the set of logical route
candidates L∗m,r is available or not for allocation. The row index i and the
column index j of the matrix L∗m,r represent respectively the sub-carrier index
assigned in the first-hop and second-hop links of the logical route candidate
l∗e (m,r, ki, kj).

At the initial state, before logical route allocation, taking into account that
a single sub-carrier is necessary for logical route belonging to the direct route,

50
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the allocation matrix candidate of the m-th MT via the WP0 is a square ma-
trix of dimension S × S with 0 as diagonal elements and 1 as non-diagonal
elements:

L∗m,0 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜
⎝

l1,1 . . . l1,j . . . l1,S

⋮ ⋱ ⋮ ⋮ ⋮
li,1 . . . li,j . . . li,S

⋮ ⋮ ⋮ ⋱ ⋮
lS,1 . . . lS,j . . . lS,S

⎞
⎟⎟⎟⎟⎟⎟⎟⎟
⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜
⎝

0 . . . 1 . . . 1

⋮ ⋱ ⋮ ⋮ ⋮
1 . . . 0 . . . 1

⋮ ⋮ ⋮ ⋱ ⋮
1 . . . 1 . . . 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟
⎠

For all WPs different from the CP, two sub-carriers are necessary to con-
struct a logical route. According to the first sub-carrier reuse constraint in
Chapter 2, a WP cannot receive and transmit simultaneously in the same sub-
carrier. Therefore at the initial state, the allocation matrix candidate L∗m,r of
the m-th MT via the r-th WP with r ≠ 0 is constructed as:

L∗m,r =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜
⎝

l1,1 . . . l1,j . . . l1,S

⋮ ⋱ ⋮ ⋮ ⋮
li,1 . . . li,j . . . li,S

⋮ ⋮ ⋮ ⋱ ⋮
lS,1 . . . lS,j . . . lS,S

⎞
⎟⎟⎟⎟⎟⎟⎟⎟
⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜
⎝

1 . . . 0 . . . 0

⋮ ⋱ ⋮ ⋮ ⋮
0 . . . 1 . . . 0

⋮ ⋮ ⋮ ⋱ ⋮
0 . . . 0 . . . 1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟
⎠

3.1.1 Sub-Carrier Reuse Constraints Implementation

The first sub-carrier reuse constraint states that a WP cannot transmit and
receive simultaneously using the same sub-carrier. In order to implement this
constraint, we suppose that le(m,r, ki, kj) is the e-th logical route allocated
to the m-th MT via r-th WP with r ≠ 0. The sub-carrier indices used in the
first-hop and second-hop links being i and j respectively, the first sub-carrier
constraint is implemented by modifying the allocation matrix candidate of all
MTs for that WP as follow:

If le(m,r, ki, kj) is allocated ∶
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∀ u ∈M, ∀ li,t ∈ L∗u,r, li,t = 1, 1 ⩽ t ⩽ S;

∀ u ∈M, ∀ lj,t ∈ L∗u,r, lj,t = 1, 1 ⩽ t ⩽ S;

∀ u ∈M, ∀ lt,i ∈ L∗u,r, lt,i = 1, 1 ⩽ t ⩽ S;

∀ u ∈M, ∀ lt,j ∈ L∗u,r, lt,j = 1, 1 ⩽ t ⩽ S.

(3.1)

The second sub-carrier reuse constraint prevents multiple WPs to transmit
concurrently on the same sub-carrier to an MT, or the CP to reuse the same
sub-carrier to transmit to multiple WPs in the same timeframe. Let us consider
again that le(m,r, ki, kj) is allocated to the m-th MT via r-th WP with r ≠ 0.
The sub-carrier of index j is allocated in the second-hop link and therefore
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Figure 3.1: Initial allocation matrices

cannot be reused by any WP to transmit to MTm. This constraint is imple-
mented as follows:

If le(m,r, ki, kj) is allocated ∶
∀ w ∈R, ∀ lt,j ∈ L∗m,w, lt,j = 1, 1 ⩽ t ⩽ S. (3.2)

In the first-hop link, the sub-carrier of index i is allocated. Hence, the CP
cannot reuse it to transmit to any other WP, nor to transmit directly to any
MT. This constraint is implemented as follows:

If le(m,r, ki, kj) is allocated ∶
∀ u ∈M, ∀ w ∈R, ∀ li,t ∈ L∗u,w, li,t = 1, 1 ⩽ t ⩽ S. (3.3)

By modifying the allocation matrix candidates for all MTs after each log-
ical route allocation, the third and fourth sub-carrier reuse constraints can
be applied. The fifth sub-carrier reuse constraint is a trivial consequence of
the second sub-carrier reuse constraint because the number of logical routes
which can be allocated is limited by the number of sub-carriers available for
first-hop transmission and direct link transmission.

3.1.2 Single Cell Successive Allocation Scheme

Suppose that a set Dm of Dm logical routes are to be allocated to the m-th
MT. We define a solution candidate Ψ = {D1,D2, . . . ,Dm, . . . ,DM} as the set
of allocated logical route to all MTs. In the SAS, these subsets of logical routes
D1, D2, and Dm are allocated successively. First, the first best set D1 of logical
routes which maximizes the total channel capacity of the VC is allocated to
MT1. Second, the best set D2 which maximizes the total channel capacity with
respect to intra-cell interference is allocated to MT2. The process continues
until a set DM of logical routes is allocated to the last MT.

Let us denote by L∗m = {L∗m,0,L∗m,1, . . . ,L∗m,R} the set of all logical route
candidates of the m-th MT. In Figure 3.1, we illustrate the initial allocation
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matrix candidates (L∗1 ,L∗2 , . . . ,L∗M) for all MTs. Figure 3.1 shows the initial
allocation matrices for all MTs. We note the temporary set of logical routes
allocated to the m-th MT as Lm. Suppose that logical route allocation has
been completed for m − 1 MTs, the allocation of a set Dm of logical routes to
the m-th MT is carried out as follows in Algorithm 1 on page 55.

In this scheme, we suppose that the CP can obtain the channel state in-
formation (CSI) of all links in the VC. This allocation algorithm will be imple-
mented at the CP. Therefore, this allocation scheme is a centralized allocation
scheme. Once the best logical route allocation has been determined, the CP
will inform the WPs and the MTs about the respective routes and sub-carriers
allocation.

3.1.3 Successive Allocation Scheme Complexity

In Figure 2.4 on page 49 we plotted the number of combinations that should
be evaluated to allocate S/2 logical routes to a single MT in a system with R
WPs and S sub-carriers when simultaneous construction are used to allocate
the logical routes. In the SAS, by applying sub-carrier reuse, the maximum
number of allocated logical routes can be increased up to S logical routes. In
the SAS, the maximum number of combinations Omax

DK
to evaluate to allocate

DK logical routes to K MTs can be reduced to:

Omax
DK
=
DK−1
∑
i=0
{(S − i) + (S − 1)(S − i)R} (3.4)

with

DK =
K⩽M
∑
m=1

Dm ⩽ S. (3.5)

In Figure 3.2, we plot the maximum number of combinations to evalu-
ate with sub-carrier reuse applied in the case of SAS compared with that of
the exhaustive allocation scheme. Figure 3.2 was obtained for a system with
R = 7 WPs, and K = M = 1 MT. The number of allocated logical routes was
considered to be the same as the number of subcarriers in the case of the
SAS (D1 = S), and half that of the number of subcarriers without subcar-
rier reuse for the exhaustive allocation scheme (D1 = S/2). It can be noted
that successively allocating logical routes can drastically reduce the number
of combinations to be evaluated.

3.1.4 Simulation Assumptions and System Model

We use the Monte Carlo simulation method to evaluate the channel capacity
when applying SAS. For convenience, we consider the VC to be of a hexagonal
shape with the WPs equally distanced of a distance d from a CP placed at the
center of a single VC. Figure 3.3 presents the cell layout used. In Figure 3.3,
d0 represents the radius of the VC. The MTs are randomly located in the VC.
This simulation is carried out for a single VC.
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Figure 3.2: Number of combinations for SAS and optimal scheme
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Figure 3.3: Virtual cell layout
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Algorithm 1: Single Cell Successive Allocation Scheme
Input: M, R, S, L∗p and Dp, ∀p <m.
Output: Allocate Dm logical routes to MTm
begin

step 1 /* Initialization of logical route candidates */

Initialize L∗m and L∗m,w ∀ w ∈R based on constraints (3.1)– (3.3);
/* Successive allocation of logical routes */

step 2 repeat
foreach l∗e (m,r, ki, kj) ∈ L∗m do

foreach p ∈M, p ≤m do
foreach lh(p, r′, ki′ , kj′) ∈ Dp do

Execute the Procedure InterferenceSinceCell;
end
/* Recalculate SINR and capacity */

Evaluate Γ(l∗e (m,r, ki, kj)) using Equation (2.15) on
page 42;
Evaluate Γ(l′h(p, r

′, ki′ , kj′)) using Equation (2.15) on
page 42;
Recalculate Cp(Dp) using Equation (2.19) on page 42;

end
Update Lm ← l∗e (m,r, ki, kj);
Evaluate Cm(Lm) using Equation (2.19) on page 42;

end
/* Choose best logical route candidate */

Choose l∗e (m,r, ki, kj) according to Equation (2.22) on page 43;
Add l∗e (m,r, ki, kj) to Dm;
/* Update the set of logical route candidates */

Modify L∗m,w, ∀ w ∈R, and update L∗m based on
Equations (3.1)– (3.3);

until Dm logical routes are allocated to MTm;
end
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Procedure InterferenceSinceCell
Input: l∗e (m,r, ki, kj), and lh(p, r′, ki′ , kj′)
Output: l∗e (m,r, ki, kj), and lh(p, r′, ki′ , kj′) with interference
begin

/* Evaluate interference from existing communications */

if (ki = ki′ or ki = kj′) and ki = kj then
Evaluate βWP0–MTm(ki) using Equation (2.14) on page 41;

end
if (ki = ki′ or ki = kj′), and ki ≠ kj then

Evaluate βWP0–WPr(ki) using Equation (2.14) on page 41;
end
if (kj = ki′ or kj = kj′), and ki ≠ kj then

Evaluate βWPr–MTm(kj) using Equation (2.14) on page 41;
end
/* Evaluate interference to existing communications */

if (ki′ = ki or ki′ = kj), and ki′ = kj′ then
Evaluate βWP0–MTp(ki′) using Equation (2.14) on page 41;

end
if (ki′ = ki or ki′ = kj), and ki′ ≠ kj′ then

Evaluate βWP0–WPr′ (ki′) using Equation (2.14) on page 41;
end
if (kj′ = ki or kj′ = kj), and ki′ ≠ kj′ then

Evaluate βWPr′–MTp(kj′) using Equation (2.14) on page 41;
end

end
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We denote by Pt the total transmit power in the VC. P0 represents the
average transmit power of the CP for which the received SNR at d0 is 0dB, i.e:

P0d
−α
0

SN
= 1. (3.6)

N and S represent the noise power per subcarrier and the number of subcar-
riers in the VC. It is assumed that the noise power spectral is the same for
all sub-carriers. We define the normalized transmission power as Pn = Pt/P0.
The transmission power of a WP depends on the number of allocated logical
routes from this WP. A WP which is not transmitting is considered to be in off
mode. The total transmit power of the VC is uniformly distributed among the
allocated logical routes. We suppose that each link of a two-hop logical route
uniformly shares the allocated power for this logical route.

We consider a multipath frequency selective fading channel with L = 8
propagation paths. The paths are considered to be independently Rayleigh
distributed with uniformly distributed average power delay profile and equidis-
tant delays. The delay between two consecutive paths is considered to be
equal to the inverse of the sub-carrier spacing during the FFT process.

We consider a path-loss exponent α = 4, a standard deviation of the log-
normally distributed shadowing loss δ = 8dB.

The performance of SAS is compared with that of the conventional SHN.
The same assumptions regarding power allocation and MT locations in the the
two-hop VCular network (VCN) is considered for the SHN.

3.1.5 Simulation Performance

Firstly, we consider that M = 2 MTs are randomly located in the VC. The
bandwidth of the VC is divided into S = 8 sub-carriers. Dm = 4 logical routes
are allocated per MT. Since we allow sub-carrier reuse, the number of logical
routes that can be allocated in the VCN can be equal to the number of sub-
carriers in the VC. In the SHN, we allocated the first best sub-carriers to the
first MT, and the remaining ones to the second MT.

In Figure 3.4, we plot the ergodic channel capacity of the two-hop VCN for
the distance ratio d/d0 = 0.4, d/d0 = 0.6, and d/d0 = 0.8, respectively. We notice
that the channel capacity of the two-hop VCN outperforms that of the SHN
for low transmission power. For instance, for the distance ratio d/d0 = 0.4, the
channel capacity of the two-hop VCN exceeds that of the SHN by more than
35% for a normalized transmission power Pn = 0dB. This is because multihop
networks can provide better channel capacity that SHN for low transmission
power by reducing the transmitting distance between the end-MT and the
transmitting station.

Considering Figure 3.4, we also observe that as the distance ratio increases
the channel capacity of the VCN approaches that of the SHN. This is because
the more the WPs are distanced from the CP, the more the VCN tends to act
like a SHN as illustrated in Figure 3.5 and Figure 3.6. In Figure 3.5 and 3.6,
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we plot the usage of each WP, for different values of the distance ratio, for a
single MT randomly located. We notice that as the distance ratio increases,
most of the chosen logical routes are from the CP which represents the base
station for a SHN.

Figure 3.7 represents the plot of the ergodic channel capacity of the VCN
for different values of the normalized transmission power, taking the distance
ratio d/d0 as a parameter. It is observed that, for low transmission power, the
optimal distance ratio for the location of the WPs can be found in the interval
0.2 ∼ 0.4.

To study the performance of the system as the number of MTs increases,
we evaluate the ergodic channel capacity of the two-hop VCN for S = 32 sub-
carriers and when the number of allocated logical routes per MT is Dm = 2.

In Figure 3.8, we plot the ergodic channel capacity of the VCN compared
with that of the SHN for different values of the normalized transmission power
Pt/P0. We observe that, for low transmission power, even if the system is fully
loaded to 16 MTs with 2 logical routes per MT, the channel capacity of the
VCN remains better than that of the SHN. In case of low transmission power,
the noise power level has a greater influence on the channel capacity of a wire-
less network than the interference power level. That is why low transmission
power region is generally referred as the noise dominant transmission power
region. In the noise dominant transmission power region, the VCN can pro-
vide a better channel capacity than the SHN by shortening the transmission
distance between the transmitting stations and the MTs. If the interference
dominant transmission power region is considered, it is expected that SHN
will provide better channel capacity than the VCN because SHN does not suf-
fer interference between the MTs. We also remark that when the normalized
transmission power is Pt/P0 = 0dB, increasing the number of MTs from 14
to 16 causes the channel capacity of the VCN to decrease. This can be ex-
plained by the augmentation of the level of interference between the MTs as
the number of MTs increases.

In any network, as the number of users increases, fairness between users
should be evaluated. To study the degree of fairness of the VCN, we consider
the same system with S = 32 sub-carriers and Dm = 2 the number of allocated
logical routes per MT. We consider that 14 MTs are randomly located in a VC.
In Figure 3.9, we plot the probability density function (pdf) of the channel
capacity per MT of the VCN compared with that of the SHN, when the total
normalized transmission power is Pt/P0 = 0dB. The distance ratio between
the CP and an MT is considered to be d/d0 = 0.3. Since the mean values of
the pdf functions for the VCN and the SHN are different, the standard devia-
tion cannot be used to compare the degree of fairness of both architectures.
Therefore, we use the coefficient of variation ρ = σ/µ which is the ratio of the
standard deviation σ to the mean value µ to evaluate the degree of fairness.

In Figure 3.10, we plot the coefficient of variation of the VCN compared
to that of the SHN, based on the total normalized transmission power. Con-
sidering Figures 3.9 and 3.10, we observe that, for low transmission power,
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the coefficient of variation ρ of the VCN is less than that of the SHN, mean-
ing that the VCN presents a better degree of fairness than the SHN. This is a
consequence of multihop networks. By introducing a WP between the CP and
an MT located at the edge of the VC, the channel capacity of the MT at the
edge increases. Hence, the standard deviation decreases and also the average
channel capacity per MT increases.

3.1.5.1 System Throughput

To study the throughput of the system, we consider a system with quadra-
ture phase shift keying (QPSK) as modulation scheme. We assume continuous
transmission in all allocated logical routes. The channel condition is consid-
ered to be constant during packet transmission. Forward error correction is
not considered. Given the SINR at a node y on a sub-carrier k, βx–y(k), we
define the throughput of that sub-carrier Υx–y(k) when the desired transmit
signal is from node x as:

Υx–y(k) = 1 − per(βx–y(k),B), (3.7)

with per(βx–y(k),B) being the packet error rate when B bits are transmitted
using that sub-carrier. The packet error rate is calculated as:

per(βx–y(k),B) = 1 − (1 − pb(βx–y(k)))
B

, (3.8)

where pb(βx–y(k)) represents the bit error rate at sub-carrier k. For QPSK
modulation, the bit error rate is given as [1]:

pb(βx–y(k)) =
1

2
erfc
√
βx–y(k). (3.9)

We define the throughput of the e-th logical route allocated to the m-th
MT via the r-th WP Υ(le(m,r, ki, kj)), with ki and kj being the respective
sub-carriers allocated in the first-hop and second-hop links, as :

Υ(le(m,r, ki, kj)) =
⎧⎪⎪⎨⎪⎪⎩

ΥWP0–MTm(ki), if r = 0, or ki = kj ;

min (ΥWP0–WPr(ki),ΥWPr–MTm(kj)), else.
(3.10)

The throughput of an MT is the summation of the throughput of all allo-
cated logical routes to that MT. If a set Dm of Dm logical routes are allocated
to the m-th MT, the throughput for that MT is given as:

Υ(Dm) =
Dm

∑
e=1

Υ(le(m,r, ki, kj)). (3.11)

For a VC with M MTs where a set Ψ of logical routes are allocated to the MTs,
the total throughput of that VC can be pressed as:

Υ(Ψ) =
M

∑
m=1

Dm

∑
e=1

Υ(le(m,r, ki, kj)). (3.12)
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Considering the same system with 14 MTs and 2 logical routes allocated
per MT, in Figure 3.11, we plot the throughput of the VCN compared with that
of the SHN. In this simulation 500 packets were transmitted and each packet
has a size of B = 512 bits. Based on Figure 3.11, we observe that, similarly
as for the ergodic channel capacity, the throughput of the two-hop networks
is higher than that of the SHN. The reason is the same as already explained
above. By reducing the transmit distance between the transmit node and the
end-MT, VCNs can provide higher throughput than SHN because of the higher
achievable SINR gain.
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Figure 3.5: Logical route allocation distribution for d/d0 = 0.3
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Figure 3.6: Logical route allocation distribution for d/d0 = 0.7
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3.2 Multi-cell Network

In the previous section, we have proposed the SAS considering a single VC.
Inter-cell interference was not considered. To introduce the effect of inter-
cell interference, in this section, we modify the previously proposed SAS, and
study its performance in a multi-cell environment.

We consider a multi-cell system with a set V of V VCs as defined in sec-
tion 2.3.1 on page 45. In the v-th VC, the communication between the core
network and a set Mv of Mv MTs is guarantee by a set of Rv of Rv WPs in-
cluding the CP. We denote MTm,v, and WPr,v, the m-th MT and the r-th WP
in the v-th VC, WPv,0 being the CP. The same bandwidth is reused in all VCs.
We assume that the bandwidth of the v-th VC is divided into a set Sv of Sv
orthogonal sub-carriers. To transmit data from the CP to an MT, in a VC, we
apply parallel relaying transmission method.

In the v-th VC, the e-th logical route candidate of MTm,v via WPr,v is de-
noted as l∗e (v,m, r, ki, kj), with ki and kj being the sub-carriers assigned in
the first-hop and second-hop links respectively. Similarly as in the single cell
scenario, we define the set of logical route candidates of MTm,v via WPr,v as
L∗v,m,r and the associated allocation matrix as L∗v,m,r. The associated alloca-
tion matrix has the same structure as that defined in Equation (3.0a). We only
add the index v in reference to the v-th VC.

L∗v,m,r = (li,j), 1 ⩽ i, j ⩽ Sv, (3.12a)

li,j =
⎧⎪⎪⎨⎪⎪⎩

0 if l∗e (v,m, r, ki, kj) is available for allocation,

1 else.
(3.12b)

3.2.1 Sub-Carrier Reuse Constraints Implementation

The sub-carrier constraints are implemented the same way as in the single cell
scenario. The constraint which states that a WP cannot transmit and receive
simultaneously in the same sub-carrier is implemented as follow:

If le(v,m, r, ki, kj) is allocated ∶
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∀ u ∈Mv, ∀ li,t ∈ L∗v,u,r, li,t = 1, 1 ⩽ t ⩽ Sv;

∀ u ∈Mv, ∀ lj,t ∈ L∗v,u,r, lj,t = 1, 1 ⩽ t ⩽ Sv;

∀ u ∈Mv, ∀ lt,i ∈ L∗v,u,r, lt,i = 1, 1 ⩽ t ⩽ Sv;

∀ u ∈Mv, ∀ lt,j ∈ L∗v,u,r, lt,j = 1, 1 ⩽ t ⩽ Sv,

(3.13)

with le(v,m, r, ki, kj) being an allocated logical route to MTm,v via WPr,v in the
v-th VC.

We suppose that le(v,m, r, ki, kj) is allocated to MTm,v via WPr,v. The
second sub-carrier constraint which prevents multiple WPs in the v-th VC to
transmit to the same MTm,v using the same sub-carrier kj is implemented as
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follows:

markIf le(v,m, r, ki, kj) is allocated ∶
∀ w ∈Rv, ∀ lt,j ∈ L∗v,m,w, lt,j = 1, 1 ⩽ t ⩽ Sv. (3.14)

Obviously the sub-carrier ki cannot be reused simultaneously by the CP trans-
mit to an other WP or directly to an other MT. Hence, the allocation matrices
in the v-th VC are modified as follows:

If le(v,m, r, ki, kj) is allocated ∶
∀ u ∈Mv, ∀ w ∈Rv, ∀ li,t ∈ L∗v,u,w, li,t = 1, 1 ⩽ t ⩽ Sv. (3.15)

The other sub-carrier constraints are all applicable inside a VC once the two
previous constraints are respected.

3.2.2 Multi-Cell Successive Allocation Scheme

In a multi-cell, we consider that the logical route allocation is carried out in
each VC independently. There is no cooperation between the VCs. The aim is
to maximize the total channel capacity of each VC independently.

To solve the logical route allocation problem in Equation (2.35) on page 47,
the proposed single cell SAS Algorithm 1 on page 55 has been modified as
follows. Suppose that a set Dm,v of Dm,v LRs should be allocated to MTm,v in
the v-th VC, we denote a solution candidate of the resource allocation problem
in Equation (2.35) by Ψv = {D1,v,D2,v, . . . ,Dm,v, . . . ,DMv ,v}. The set of all log-
ical route candidates of MTm,v is indicated by L∗v,m = {L∗v,m,0,L∗v,m,1, . . . ,L∗v,m,R}.
The temporary set of allocated LRs to MTm,v is noted as Lv,m. Suppose that
logical route allocation has been completed for m − 1 MTs in the v-th VC, the
allocation of Dm,v LRs to the m-th MT in the v-th VC is executed as follows in
Algorithm 2 on page 68.

3.2.3 Simulation Assumptions and System Model

To take into account the inter-cell interference generated by a second-tier ar-
chitecture, a cluster of 19 VCs has been considered (see Figure 3.12). The
VCs are assumed to be of a hexagonal shape. Each VC has the same radius d0.
The CPs are located at the center of the VCs. The distance between the CPs
of two neighbouring VCs is D = d0

√
3. To reduce computational complexity

and consequently enable faster running time, a wrap around cluster has been
implemented. To illustrate, if VC1 is the VC of interest, VCs 12, 13, 14, 15,
and 16 will be flipped from their position to a new position as shown in Fig-
ure 3.13. We consider the VC layout in Figure 3.14 where six WPs are located
at the edge of an hexagon and a CP located at the center of the VC. In all VCs,
the WPs are placed at an equal distance d from the CP.

Similarly as in the single cell scenario, we define the normalized transmis-
sion power in a VC as Pn = Pt/P0. Pt represents the total transmission power
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Figure 3.12: Second tier architecture
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Algorithm 2: Multi-Cell Successive Allocation Scheme
Input: V,M, R, S, Allocation Completed for m − 1 MTs in VCv.
Output: Allocate Dm,v LRs to MTm,v
begin

step 1 /* Initialization of logical route candidates */

Initialize L∗v,m and create L∗v,m,w, ∀ w ∈Rv, based on
constraints (2.36)– (2.40) on page 47– 48 and
Equations (3.13)– (3.15)

step 2 /* Successive allocation of logical routes */

repeat
foreach l∗e (v,m, r, ki, kj) ∈ L∗v,m do

foreach p ∈Mu, ∀ u ∈ V do
foreach lh(u, p, r′, ki′ , kj′) ∈ Dp,u do

Execute the
procedure Procedure InterferenceMultiCell

end
/* Recalculate SINR and capacity */

Evaluate Γ(l∗e (v,m, r, ki, kj)) using Equation (2.30) on
page 46
Evaluate Γ(lh(u, p, r′, ki′ , kj′)) using Equation (2.30) on
page 46
Recalculate Cp,u(Dp,u) using Equation (2.32) on page 46

end
Update Lv,m ← l∗e (v,m, r, ki, kj)
Evaluate Cm,v(Lv,m) using Equation (2.32) on page 46

end
/* Choose best logical route candidate */

Choose l∗e (v,m, r, ki, kj) according to Equation (2.35) on
page 47
Add l∗e (v,m, r, ki, kj) to Dm,v
/* Update of the set of logical route candidates */

Modify L∗v,m,w, ∀ w ∈Rv, and update L∗v,m based on
Equations (3.13)– (3.15)

until Dm,v LRs are allocated to MTm,v

end
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Procedure InterferenceMultiCell
Input: l∗e (v,m, r, ki, kj), and lh(u, p, r′, ki′ , kj′)
Output: l∗e (v,m, r, ki, kj), and lh(u, p, r′, ki′ , kj′) with interference
/* Evaluate interference from existing communications */

if (ki = ki′ or ki = kj′) and ki = kj then
Evaluate βWP0,v–MTm,v(ki) using Equation (2.29) on page 46;

end
if (ki = ki′ or ki = kj′), and ki ≠ kj then

Evaluate βWP0,v–WPr,v(ki) using Equation (2.29) on page 46;
end
if (kj = ki′ or kj = kj′), and ki ≠ kj then

Evaluate βWPr,v–MTm,v(kj) using Equation (2.29) on page 46;
end
/* Evaluate interference to existing communications */

if (ki′ = ki or ki′ = kj), and ki′ = kj′ then
Evaluate βWP0,u–MTp,u(ki′) using Equation (2.29) on page 46;

end
if (ki′ = ki or ki′ = kj), and ki′ ≠ kj′ then

Evaluate βWP0,u–WPr′,u(ki′) using Equation (2.29) on page 46;
end
if (kj′ = ki or kj′ = kj), and ki′ ≠ kj′ then

Evaluate βWPr′,u–MTp,u(kj′) using Equation (2.29) on page 46;
end
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of a VC and it is equally distributed among the allocated LRs in that VC. We
assume that the allocated power to a logical route is the same in all VCs. The
assigned power of a two-hop link logical route is shared uniformly between
each link of the logical route. In each VC, (suppose the v-th VC here), P0 is
defined as the average transmission power of the CP for which the received
signal-to-noise-power ratio at d0 is 0dB, which means:

P0d
−α
0

NS
= 1. (3.16)

N and S represent respectively the noise power per subcarrier and the number
of subcarriers in the VC.

As already stated, we considered a system with a frequency reuse fac-
tor equal to one. This means that the same bandwidth is reused in all VCs
simultaneously. The bandwidth of a VC is divided into S = 32 orthogonal
sub-carriers. For each VC, a path-loss exponent α = 4, a standard deviation
of the log-normally distributed shadowing loss δ = 8, and L = 8 propagation
paths independently distributed Rayleigh fading are considered. The propa-
gation paths are considered to have an uniformly distributed average power
delay profile. The paths are of equidistant delays. During the FFT process,
the inverse of the sub-carriers spacing is considered to be equal to the delay
between two consecutive paths.

Monte Carlo simulation method was used to evaluate the performance of
SAS in a multi-cell environment. In the simulation, the VCs are chosen ran-
domly. Each time a VC is selected, an MT is generated in that VC. The location
of the MTs inside the VCs is random. The simulation was allowed to run until
the number of MTs was equivalent in all VCs. The interference from existing
communications is added before each allocation. After each allocation, the in-
terference from the allocated sub-carriers to existing communications is taken
into account. The VCs were considered to be uniform meaning that they have
the same number of MTs, the same total transmission power, and the same
number of WPs.

3.2.4 Simulation Performance

Figure 3.15 shows the plots of the ergodic channel capacity per VC of the two-
hop VCN and the SHN based on the normalized transmission power Pt/P0.
The plots are those of the single cell and multi-cell environment. For this
simulation case, M = 14 MTs are randomly generated in each VC; and Dm = 2
LRs are allocated per MT. The VC layout in Figure 3.14 is used in all VCs
with R = 7 WPs including the CP. The WPs are located at a distance ratio
d/d0 = 0.3 from the CP. The dotted lines of Figure 3.15 represent the plots of
the ergodic channel capacity of the SHN, and the continuous lines those of
the VCN. According to Figure 3.15, in the case of a single cell, the channel
capacity of the VCN is greater than that of the SHN only for low transmission
power. However, if inter-cell interference is accounted for, the capacity of the
VCN remains greater than that of the SHN even for high transmission power.
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If a single cell is considered, in the interference dominant transmission
power region, the SHN can outperform the VCN because the SHN does not
suffer interference between the MTs while the VCN does. However, in the
case of multiple cells in the interference dominant transmission power region,
inter-cell interference will affect the performance of both network architec-
tures.

In a multi-cell environment, the edge-MTs are mainly those which are af-
fected by inter-cell interference. In the case of the VCN, the edge-MTs suffer
from intra-cell and inter-cell interference. In the simulation, an edge-MT is
defined as an MT of which the distance ratio d/d0 from the CP is superior
or equal to 0.7 (d/d0 ⩾ 0.7). Figure 3.16 displays the plots of the probabil-
ity distribution of the ergodic channel capacity of the edge-MTs of VC0 for
a normalized transmission power Pt/P0 = 20dB for the VCN and the SHN,
considering both the multi-cell and single cell configurations. The other pa-
rameters remained unchanged. As shown in Figure 3.16, in the single cell
configuration, the probability distribution of the channel capacity of the edge-
MTs in the SHN is better than that of the edge-MTs in the VCN. However, in
the multi-cell environment, the probability distribution of channel capacity of
the edge-MTs in the SHN becomes worse than that of the edge-MTs in the
VCN. This is because the presence of the WPs in the VCN helps to mitigate the
effect of intra-cell and inter-cell interference on the edge-MTs, and the VCN
can achieve route diversity by using the WPs. This is different for the SHN
which has no WP to assist the edge-MTs and to achieve route diversity.

Though the VCN suffers from intra-cell and inter-cell interference, accord-
ing to the results plotted inFigure 3.16, the VCN can achieve higher ergodic
channel capacity than the SHN even for high transmission power. This perfor-
mance of the VCN compared to that of the SHN is a consequence of the route
diversity gain provided by the usage of the WPs in the VCN.

The analysis of the behaviour of both networks in a multi-cell environment
for different numbers of MTs is carried out in Figure 3.17. The ergodic channel
capacity per VC of the VCN and the SHN, when the normalized transmission
power is Pt/P0 = −10dB and Pt/P0 = 20dB for different loads, is plotted in
Figure 3.17. Two logical routes are allocated per MT. Since the number of
sub-carriers in a VC is S = 32 sub-carriers, the maximum number of MTs
which can be served is M = 16 MTs. The other parameters remain unchanged.

Figure 3.17 shows that the channel capacity of the VCN remains greater
than that of the SHN even when the network is fully loaded to M = 16 MTs.
The reason is the same as previously explained. In the VCN, because of the
usage of WPs, route diversity can be achieved. Furthermore, the WPs in the
VCN help to palliate the effect of intra-cell and inter-cell interference on the
edge-MTs.

Figure 3.17 also shows that the ergodic channel capacity of the VCN de-
grades when the number of MTs increases from M = 14 MTs to M = 16 MTs.
This degradation can be understood by the fact that increasing the number of
MTs from 14 to 16 also increases the number of sub-carriers which has to be
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Figure 3.15: Single cell and multi-cell Ergodic channel capacity
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Figure 3.17: Multi-user ergodic channel capacity
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Figure 3.19: Third VC layout with 4 WPs

reused in the VCs. Hence, the interference inside the VC itself also increases.
This augmentation of intra-cell interference in the VCs causes the degradation
of the ergodic channel capacity of the VCs.

To study the effect of the number of WPs in a VC in the system we consider
the following VC layouts (see Figure 3.14, Figure 3.18, and Figure 3.19).
Figure 3.14, Figure 3.18, and Figure 3.19 represent the cases of 6, 4, and 3
WPs located at the edge of a hexagon, a square, and an equilateral triangle
respectively. In each configuration, the WPs are placed at an equal distance d
from the CP.

Figure 3.20 exhibits the plots of the ergodic channel capacity per VC of the
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VCN using the three VC layouts in Figure 3.14, Figure 3.18, and Figure 3.19.
In a cluster, the same VC layout was used in all VCs. The values of the other
parameters are listed in Figure 3.20.

According to Figure 3.20 , increasing the number of WPs in the VCs can
enhance the ergodic channel capacity. The enhancement of the channel ca-
pacity gained in the VCN is due to the reduction of the transmission distance
between the transmitting node and the MTs. This reduction is a consequence
of the presence of the WPs. By increasing the number of WPs from R = 4 WPs
to R = 7 WPs, the number of MTs for which the transmission distance can be
reduced augments. Therefore, further improvement of the channel capacity
can be achieved by increasing the number of WPs.

In order to study the relationship between the location of the WPs in a VC
and the channel capacity of the VCN, the three different VC layouts described
in Figure 3.14, Figure 3.18, and Figure 3.19. are used. As in the simulation
above, the same VC layout is applied in all VCs in a cluster.

Figure 3.7 shows the plots of the ergodic channel capacity per VC of the
VCN for each configuration based on the distance ratio between the CP and
the WPs in a VC. According to Figure 3.7, an optimal distance ratio can be
found in the interval 0.2 ∼ 0.4. This optimal location does not depend on
the number of WPs in the VCs and neither does it vary considerably with the
normalized transmission power.

In order to evaluate the fairness of both systems in the presence of inter-
cell interference, the Jain’s fairness index is used as the metric of fairness.
The Jain’s fairness index indicates how fairly resources are shared among the
users. Its values lie in the interval [0,1]. The higher the fairness value is,
the more fairly the available resources are shared among the MTs. The Jain’s
fairness index is evaluated using the following Equation [45]:

J(x1, x2, . . . , xM) =
1

M ∑
1≤m≤M

(xm)2
⎛
⎝ ∑

1≤m≤M
xm
⎞
⎠

2

(3.17)

In Equation (3.17), xm represents the ergodic channel capacity of the m-th
MT and M the number of MTs in a VC.

Figure 3.22 shows the plots of the Jain’s fairness index per VC of the VCN
and the SHN based on the normalized transmission power Pt/P0. The plots
of Figure 3.22 show that the VCN can achieve a better degree of fairness than
the SHN. With the introduction of the WPs in the VCN, the channel capacity
of the edge-MTs can be improved. Therefore, a better distribution of the total
channel capacity can be achieved in the VCN than in the SHN.

If η is the required transmission rate, the outage probability is the prob-
ability that the rate exceeds the channel capacity of the MT and it is given
by [1]:

Pout(η) = P (C < η)
= FC (η−) . (3.18)
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FC(c) is the cummulative distribution function (CDF) of the channel capacity
C, and FC(η−) is the limit-from-left of FC(c) at the point c = η.

Figure 3.23 shows that the VCN can achieve better outage capacity than
the SHN in multi-cell environments. These results can be understood by the
fact that the VCN has higher channel capacity and better degree of fairness
than the SHN in multi-cell environments as noted in Figure 3.23 and Fig-
ure 3.23. The WPs in the VCN help to fairly distribute the total channel ca-
pacity between the MTs. The performance of the VCN compared to the SHN
is a consequence of the route diversity gain that can be achieved by the VCN.
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3.3 SAS Performance Comparison With Optimal
Scheme

To study the performance of SAS compared with the optimal solution, we as-
sume a system of 2 MTs and 8 sub-carriers. Because of the high computational
complexity of the optimal solution, we consider a VC with only 3 WPs (the CP
included) as illustrated in the Figure 3.24.

In Figure 3.25, we plot the ergodic channel capacity of the VCN when SAS
the exhaustive scheme are applied. We remark that the exhaustive scheme
slightly outperforms the SAS in the noise dominant transmission power re-
gion. The performance gap between the two schemes deepens considerably
in the interference dominant transmission power region. The performance of
SAS degrades in the interference dominant transmission power region. This
degradation is a consequence of the successive allocation of the logical routes
implemented by SAS. Successive allocation is not resilient against inter logical
route interference.
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3.4 Summary

In this chapter, we have proposed a successive allocation scheme to solve the
problem of joint route and sub-carrier allocation in a two-hop network. We
have shown that the proposed scheme can reduce considerably the computa-
tional complexity of the resource allocation problem compared to the optimal
scheme. We study the performance of the SAS in a single cell environment.
The SAS applied in a two-hop VCN can increase the channel capacity of the
two-hop VCN compared to the SHN.

The SAS has been modified so that it could be applied in a multi-cell en-
vironment. We have remarked that in an inter-cell interference scenario, ap-
plying the SAS in a two-hop network can provide better outage and ergodic
channel capacity than in a single hop network, even in the interference domi-
nant transmission power region.

Though using the SAS the performance of the two-hop VCN outperforms
that of the SHN in a multi-cell interference scenario, we remark that the per-
formance of the SAS degrades with interference. Compared with the optimal
solution, it could be observed that the optimal solution outperforms greatly
the SAS, specifically in the interference dominant transmission power region.



CHAPTER 4
Iterative Allocation Scheme

In Chapter 3, we proposed a successive allocation scheme (SAS) to reduce the
computational complexity of the joint route and sub-carrier allocation prob-
lem in a two-hop network. The performance of the SAS degrades with inter-
ference.

To alleviate the effect of interference between the logical routes and con-
sequently increase the channel capacity of the network in the interference
dominant transmission power region, in this chapter, we propose some iter-
ative allocation schemes. First, we study the performance of these iterative
schemes in a single VC scenario. The computer simulations show that the
iterative schemes can improve the channel capacity of the VCN in the inter-
ference dominant transmission power region. Among the proposed iterative
allocation schemes, we select a sequential iterative allocation scheme (SIS)
and modify it so that it can be applied in a multi-cell environment. We show
that the proposed SIS can improve the performance of the network in the in-
terference dominant transmission power region in a multi-cell environment.

4.1 Single Cell Network

In this section, we propose four iterative allocation schemes aiming at improv-
ing the performance of the VCN in an intra-cell interference environment. We
also study and compare the performance of these iterative schemes and select
the most efficient and practical one as the best solution.

We consider the same single VC system described on page 50 with a set R
of R WPs including the CP and a setM of M MTs randomly distributed in the
VC. The system bandwidth is divided into a set S of S orthogonal sub-carriers.
Parallel relaying transmission method is used to transmit data to an MT. We
denote by Dm the set of logical routes which have to be allocated to the m-th
MT.

4.1.1 Drawback of Successive Allocation

The SAS proposed in Chapter 3 considers the MTs of a VC to be arranged in
a certain order for resource allocation. Though selecting the MTs in a succes-
sive order for logical route allocation lessens the complexity of the problem,
the channel capacity of the former MTs degrades when interference from the

82
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Figure 4.1: Interference scenario in successive allocation

latter MTs is added. This capacity loss can be explained by the fact that while
allocating resources to MTm, interference from MTh is not taken into account,
h > m (see Figure 4.1). Therefore, if any sub-carrier allocated to MTm is
reused in any logical route assigned to MTh, the channel capacity of MTm will
deteriorate because of interference from MTh.

We consider the case of 3 MTs and 2 logical routes to be allocated per
MT as illustrated in Figure 4.1. When allocating the first logical route to
the first MT, no interference from other possible logical route candidates was
considered The only allocation which takes into account interference from
all the other communications is the allocation of LR6 to MT3. Hence, if any
sub-carrier assigned in LR1 belonging to MT1 is reused by any of the other
allocated logical routes, the channel capacity of MT1 might be decreased be-
cause of interference from the latter logical route allocation. Furthermore, it
should be noted that the same interference problem occurs between logical
routes allocated to an MT as the allocation of logical routes to an MT is also
conducted in a successive order.

Reallocating logical routes to the m-th MT after allocating logical routes
to the h-th MT can provide some improvement of the channel capacity of the
VCN. To reduce computational complexity, the reallocation of logical routes
to the MTs is considered after logical route allocation for all MTs has been
performed. After having completed logical route allocation to all MTs using
SAS, we consider two methods to select the MT for which we will perform
reallocation, a sequential selection method and a random selection method.

4.1.2 Sequential Iterative Allocation Scheme (SIS)

Assume that the set of M MTs were chosen in the following order for logical
route allocation in the SAS:

(MTm)Mm=1 = (MT1,MT2, . . . ,MTM−1,MTM).
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The first procedure consists in selecting the MTs in the same order they were
chosen for logical route allocation by the SAS. This means that we start re-
allocating logical routes to the MTs beginning with MT1. We refer to this
method of iterative allocation as the sequential iterative allocation scheme
(SIS). At each iteration, in the SIS, the next MT in the sequence is selected
for local route allocation. Suppose that reallocation of logical routes has been
completed for MTm at the i-th iteration, at the (i+1)-th iteration, we execute
reallocation for MTm+1 while the other MTs withhold their allocated logical
routes.

Suppose that we perform a number I of iterations. Each iteration of the
SIS will provide a solution candidate for the logical route allocation problem
described in Equation (2.22) on page 43. We can represent the set of solution
candidates generated by the SIS as:

Ω(I) = {Ψ(1),Ψ(2), . . . ,Ψ(i), . . . ,Ψ(I)},

where Ψ(i) represents the solution candidate generated by the i-th iteration.
At the end of the execution of all iterations, the solution candidate Ψ(∗) which
maximizes the total channel capacity of the VC according to Equation (2.22)
on page 43 is chosen as the best solution. The different steps of the SIS is
illustrated in Algorithm 3 on page 85.

4.1.3 Random Iterative Allocation Scheme

Contrary to SIS where the MTs are selected in a sequential order for logical
route reallocation, the random iterative allocation scheme (RIS) randomly
chooses an MT for logical route reallocation. For fairness when reallocating
logical routes to the MTs, we use a random uniform function ξunif(M) which
given a setM of MTs uniformly selects one of the MTs (MTy) for logical route
reallocation:

MTy = ξunif (M)

The only difference between SIS and RIS is on how the next MT is selected
for logical route reallocation. Besides that, anything which has been said
regarding SIS remains valid for the RIS. The different steps of the RIS are
illustrated in Algorithm 4 on page 86.

4.1.4 Complexity of SIS and RIS

The added complexity of SIS and RIS resides mainly in the execution of step
2 of Algorithm 1 on page 55 of the SAS. Thus, to study the complexity of SIS
and RIS, we focus on analysing the complexity of step 2 of SAS. In step 2, the
allocation of Dm logical routes to MTm requires the evaluation of a maximum
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Algorithm 3: Sequential Iterative Allocation Scheme (SIS)

Input: M, R, S, I, (MTm)Mm=1.
Output: Sequential reallocation of logical routes
begin

/* Successive logical route allocation for all MTs */

Allocate logical routes to all MTs using Algorithm 1 on page 55;
/* Iterative reallocation of logical routes to MTs */

for i = 1 ∶ I do
Choose the next MT (MTm) in the sequence (MTm)Mm=1;
Deallocate the set Dm of logical routes of MTm;
Modify L∗m,w, ∀ w ∈R, and update L∗m based on
Equations (3.1)– (3.3) on page 51;
/* Reallocate logical route to MTm */

repeat
foreach l∗e (m,r, ki, kj) ∈ L∗m do

foreach p ∈M do
foreach lh(p, r′, ki′ , kj′) ∈ Dp do

Execute the Procedure InterferenceSinceCell on
page 56;

end
/* Recalculate SINR and capacity */

Evaluate Γ(l∗e (m,r, ki, kj)) using Equation (2.15) on
page 42;
Evaluate Γ(l′h(p, r

′, ki′ , kj′)) using Equation (2.15) on
page 42;
Recalculate Cp(Dp) using Equation (2.19) on
page 42;

end
Update Lm ← l∗e (m,r, ki, kj);
Evaluate Cm(Lm) using Equation (2.19) on page 42;

end
/* Choose best logical route candidate */

Choose l∗e (m,r, ki, kj) according to Equation (2.22) on
page 43;
Add l∗e (m,r, ki, kj) to Dm;
/* Update the set of logical route candidates */

Modify L∗m,w, ∀ w ∈R, and update L∗m based on
Equations (3.1)– (3.3) on page 51;

until Dm logical routes are allocated to MTm;
Add the set Dm to the solution candidate Ψ(i);

end
Choose Ψ(∗) based on Equation (2.22) on page 43;

end
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Algorithm 4: Random Iterative Allocation Scheme (RIS)
Input: M, R, S, I, ξunif().
Output: Random reallocation of logical routes
begin

/* Successive logical route allocation for all MTs */

Allocate logical routes to all MTs using Algorithm 1 on page 55;;
/* Iterative reallocation of logical routes to MTs */

for i = 1 ∶ I do
Select MTm = ξunif(M);
Deallocate the set Dm of logical routes of MTm;
Modify L∗m,w, ∀ w ∈R, and update L∗m based on
Equations (3.1)– (3.3) on page 51;
/* Reallocate logical route to MTm */

repeat
foreach l∗e (m,r, ki, kj) ∈ L∗m do

foreach p ∈M do
foreach lh(p, r′, ki′ , kj′) ∈ Dp do

Execute the Procedure InterferenceSinceCell on
page 56;

end
/* Recalculate SINR and capacity */

Evaluate Γ(l∗e (m,r, ki, kj)) using Equation (2.15) on
page 42;
Evaluate Γ(l′h(p, r

′, ki′ , kj′)) using Equation (2.15) on
page 42;
Recalculate Cp(Dp) using Equation (2.19) on
page 42;

end
Update Lm ← l∗e (m,r, ki, kj);
Evaluate Cm(Lm) using Equation (2.19) on page 42;

end
/* Choose best logical route candidate */

Choose l∗e (m,r, ki, kj) according to Equation (2.22) on
page 43;
Add l∗e (m,r, ki, kj) to Dm;
/* Update the set of logical route candidates */

Modify L∗m,w, ∀ w ∈R, and update L∗m based on
Equations (3.1)– (3.3) on page 51;

until Dm logical routes are allocated to MTm;
Add the set Dm to the solution candidate Ψ(i);

end
Choose Ψ(∗) based on Equation (2.22) on page 43;

end
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number ζ of logical route candidates. This number ζ can be evaluated using:

ζ(x) =
Dm−1
∑
i=0
{(S − x − i) + (S − x − i)(S − 1 − i)R},

with 0 ≤ x =
M

∑
p=1
p≠m

Dp ≤ S. (4.1)

Dp and x denote respectively the number of logical routes allocated to MTp
and the number of all logical routes allocated to all MTs in the related VC.

Figure 4.2 plots the maximum number ζ of logical route candidates to
evaluate in step 2 of SAS in order to allocate D = 2 logical routes to the m-th
MT. The following parameters were considered: M = 16 MTs, S = 32 sub-
carriers, and R = 7 WPs including the CP. As it can be observed in Figure 4.2,
as the number of MTs for which logical route allocation has been completed
increases, the number ζ of logical route candidates to evaluate diminishes ex-
ponentially. In this example, while allocating two logical routes to the first MT
involves the evaluation of approximately ζ = 11,500 logical route candidates,
just about ζ = 500 candidates require evaluation to assign two logical routes
to the sixteenth MT. Recall that in the SIS and RIS, logical route allocation is
carried out for only one MT per iteration while the other MTs retain their al-
located logical routes. Hence, in this current example, each iteration of SIS or
RIS would demand the evaluation of roughly ζ = 500 logical route candidates.
Reallocating one MT per iteration gives rise to a linear complexity of SIS and
RIS on the number I of iterations and the number ζmin, O(Iζmin), with ζmin
being the smallest ζ of Equation (4.1). Therefore, the complexity added by
reallocating logical routes using SIS or RIS can be regarded as practical for
a limited number of iterations. In this example, the execution of I = 170 it-
erations of SIS (evaluation of approximately 94.000 logical route candidates)
results in approximately the same degree of complexity as carrying out logi-
cal route allocation to 16 MTs using SAS (evaluation of approximately 97.000
logical route candidates).

4.1.5 Permutational Iterative Allocation Scheme (PIS)

In the SAS, the MTs are selected in a successive order for resource allocation.
Since frequency reuse is applied, the order in which the MTs are selected
influences the results of the algorithm. In a system with M MTs, there exist
1 ⋅ 2⋯M ways to arrange the MTs. Each of these arrangements is defined as
a permutation of the MTs. In a system where M is large, the application of
the SAS to each of these permutations is not practical. Therefore, we have
decided to apply SAS to some permutations of the MTs generated randomly.
The solution candidate of the resource allocation problem in Equation (2.22)
on page 43 provided by the i-th permutation σi(M) is denoted as Ψ(i). For
a number of P permutations we denote the set of solution candidates of the
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permutational iterative allocation scheme (PIS) as:

Ω(P ) = {Ψ(1),Ψ(2), . . . ,Ψ(i), . . . ,Ψ(P )}. (4.2)

PIS keeps track of the permutation Ψ(∗) which provides the highest channel
capacity. The Knuth shuffle method is used to generate a random permutation
with equal probability. The implementation of PIS is illustrated in Algorithm 5
on page 89.

4.1.6 Permutational Allocation Scheme Complexity

Taking into account that PIS is the iteration of SAS, its complexity is linear on
the number M of MTs and the number P of random permutations generated,
O(PMζ). PIS has a higher degree of complexity than SIS and RIS because
one iteration of the permutational scheme requires the reallocation for all MTs
while SIS and RIS would reallocate only one MT.

4.1.7 Permutational Combined Iterative Scheme (PCIS)

Applying PIS can help find some permutations of the MTs for which the level
of interference between the MTs is low. However, PIS does not solve the in-
terference issue resulting from successive allocation of logical routes to the
MTs. RIS and SIS were proposed to fix this problem of interference resulting
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Algorithm 5: Permutational Iterative Allocation Scheme (PIS)
Input: M, R, S, P Number of permutations.
Output: Random reallocation of logical routes
begin

/* Successive logical route allocation for all MTs */

Allocate logical routes to all MTs using Algorithm 1 on page 55;
/* Permutational scheme */

for i = 1 ∶ P do
Generate the i-th random permutation σi(M);
Allocate logical routes to all MTs using Algorithm 1 on page 55
based on their order in σi(M);

end
Choose Ψ(∗) based on Equation (2.22) on page 43;

end
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Figure 4.3: Virtual cell layout

from the successive allocation. Hence, the permutational combined iterative
scheme (PCIS) combines PIS and SIS aiming at taking advantage of the ca-
pability of SIS to tackle the problem of successive allocation. In the PCIS, a
random permutation of the MTs is generated, resource allocation is carried
out for all MTs using SAS, and reallocation is performed starting from the first
MT using SIS. For the i-th permutation σi(M), I iterations of SIS will gener-
ate an optimal solution candidate Ψ

(∗)
i . If P is the number of permutations

evaluated, the set of optimal solution candidates generated by PCIS can be
noted as:

Ω(P ) = {Ψ(∗)1 ,Ψ
(∗)
2 , . . . ,Ψ

(∗)
i , . . . ,Ψ

(∗)
P }. (4.3)

The different steps of PICS are illustrated in Algorithm 6 on page 91.

4.1.8 Permutational Combined Iterative Scheme Complexity

PCIS being a combination of PIS and SIS has a complexity of the orderO(PMζ+
PIζmin). PCIS has a higher degree of complexity than PIS, SIS, and RIS.

4.1.9 Simulation Assumptions and System Model

In order to evaluate the performance of the proposed iterative schemes, we
consider a single VC with 7 WPs including a CP located at the center of the
VC. The VC is of a hexagonal shape. The WPs are placed at an equal distance
d from the CP (see Figure 4.3). With d0 being the radius of the VC, we define
d/d0 as the distance ratio between the CP and a WP.

Similarly as in the previous chapter, we denote by Pt/P0 as the normalized
transmission power. Pt represents the total transmission power in the VC
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Algorithm 6: Permutational Combined Iterative Scheme (PCIS)
Input: M, R, S, P , I.
Output: Random reallocation of logical routes
begin

/* Successive logical route allocation for all MTs */

Allocate logical routes to all MTs using Algorithm 1 on page 55;
/* Permutational scheme */

for i = 1 ∶ P do
Generate the i-th random permutation σi(M);
Allocate logical routes using Algorithm 3 on page 85 ;

Choose Ψ
(∗)
i based on Equation (2.22) on page 43;

end

Choose Ψ(∗) among the set {Ψ(∗)1 , . . . ,Ψ
(∗)
i , . . . ,Ψ

(∗)
P } based on

Equation (2.22) on page 43;
end
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and P0 the average transmit power of the CP for which the SNR at d0 is 0dB
(see Equation (InterferenceSinceCell) on page 57). The total transmit power
is equally shared among the allocated logical routes. The allocated power of a
two-hop link logical route is equally distributed among each link of the logical
route. A WP which is not transmitting is considered to be in off mode.

The bandwidth is divided into S = 32 sub-carriers. M = 14 MTs are gener-
ated randomly in the VC, and Dm = 2 logical routes are allocated per MT. We
consider a path-loss exponent α = 4, a standard deviation of the log-normally
distributed shadowing loss σ = 8 dB, and L = 8 propagation paths indepen-
dently distributed Rayleigh fading.

4.1.10 Simulation Performance

Figure 4.4 shows the plot of the ergodic channel capacity of the VCN compared
with that of the SHN when the iterative schemes RIS and SIS are applied.
This simulation considers the case of I = 100 iterations for both RIS and SIS.
Figure 4.4 shows that, using SIS and RIS, reallocating the logical routes can
increase the ergodic channel capacity of the VCN in the interference dominant
transmission power region. By reallocating logical routes to the MTs, SIS and
RIS are able to take into account the effect of interference between the logical
routes and choose the logical routes which will cause the least interference in
the network. Since the SHN does not suffer interference between the logical
routes, its channel capacity does not change.

Figure 4.5 compares the performance of the SIS and the RIS. Figure 4.5
shows the plot of the ergodic channel capacity of the VCN based on the num-
ber of iterations for a normalized transmission power Pt/P0 = 20 dB. Accord-
ing to Figure 4.5, the number of iterations required by SIS to converge is far
smaller than that required by RIS. The first MT is the farthest MT for which
interference from the logical routes of other MTs was not considered when do-
ing resource allocation, and the second MT is the second farthest. By starting
to reallocate logical routes from the first MT, the SIS can in the first iterations
reallocate logical routes to all the farthest MTs for which interference was not
considered when doing resource allocation. However, in the RIS, randomly
choosing an MT for reallocation does not guarantee that reallocation to the
farthest MTs will be done in the first iterations. Hence, SIS converges faster
than RIS.

Figure 4.6 shows the plots of the ergodic channel capacity of the VCN and
the SHN when the PIS and the PCIS are applied. For the VCN, P = 10 random
permutations (PIS) and P = 10 random permutations with I = 30 iterations
(PCIS) for the VCN are simulated. For the SHN, the results of P = 20 ran-
dom permutations (PIS) are plotted in the figure. According to Figure 4.6,
applying the PIS can increase the channel capacity of the VCN. As already
explained, there exist some permutations of the MTs for which the level of
interference between the MTs is less than for others. These specific permu-
tations will provide higher channel capacity than the ones which have high
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levels of interference. By retaining the permutation with the highest channel
capacity, PIS can outperform SAS.

Figure 4.6 also shows that further enhancement can be achieved if I = 30
iterations of the SIS are applied to each random permutation (PCIS). This
is because though the PIS can improve the channel capacity of the VCN by
providing some permutations of the MTs with the lowest interference between
the logical routes, it does not solve the interference problem resulting from
successive allocation discussed in Section 4.1.1. Therefore, combining SIS
with PIS can help to further increase the ergodic channel capacity of the VCN.

Based on Figure 4.6, we observe that even after applying PIS to the SHN,
the channel capacity of the SHN does not change. This is because in the SHN
there is sub-carrier reuse and therefore no intra-cell interference to mitigate.

According to the results in Figure 4.6, we also notice that the PIS and
the PCIS can slightly enhance the channel capacity of the VCN in the noise
dominant transmission power region compared to the SAS. PIS and PCIS are
both iterative procedures derived from SAS. Being iterative schemes, they can
evaluate a bigger set of solution candidates resulting in their enhanced per-
formance compared to SAS.

Applying PCIS in a running system presents some practical challenges be-
cause PCIS requires deallocation of all MTs. This means that transmissions
to all MTs would need to be stopped if the PCIS has to be applied. Despite
its practical challenge, the PCIS can be considered as a valuable candidate
to evaluate the performance of the other proposed iterative schemes like SIS.
This is because it incorporates both the PIS, which can provide some permu-
tations of the MTs with low interference between the logical routes, and SIS,
which can solve the interference issue discussed in section 4.1.1.

Though some of the numbers of logical route candidates to evaluate ζ in
the PCIS are greater than those in the SIS, to simplify performance comparison
between SIS and PCIS, we assume that the values of ζ in the SIS and in the
PCIS are approximately equal. Then, if M = 14 MTs, I = 500 iterations in
the case of the SIS can be compared with P = 10 random permutations and
I ′ = 36 iterations in the PCIS, P (M + I ′) = I = 500. The simulation results
of the above configuration is plotted in Figure 4.7. According to Figure 4.7,
the SIS can approximate the performance of the PCIS. Hence, being a less
complex allocation scheme than PIS and PCIS, the SIS can be considered as a
suitable candidate to alleviate the effect of interference in the VCN.
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4.2 Multi-cell Network

In the previous section, we proposed some iterative allocation schemes to
improve the performance of the VCN in a single cell environment. Among
the proposed iterative schemes, we retained the SIS because of its practical
implementation and its performance. In this section, we modify the SIS to
study its performance in a multi-cell interference system.

We consider a system with a set V of V VCs. In the v-th VC, a set of Rv
of Rv WPs including the CP ensure the communication between a setMv of
Mv MTs and the core network. The bandwidth of the v-th VC is divided into
a set Sv of Sv orthogonal sub-carriers. We assume the implementation of the
parallel relaying transmission method to transmit data from the core network
to the MTs.

We denote by l∗e (v,m, r, ki, kj) the e-th logical route candidate of the m-
th MT (MTm,v) going through the r-th WP (WPr,v) in the v-th VC (VCv). The
sub-carriers assigned in the first-hop and second-hop links are represented re-
spectively by ki and kj . We represent the set of logical route candidates of
the MTm,v via WPr,v by L∗v,m,r and the associated allocation matrix by L∗v,m,r.
We denote by L∗v,m the set of logical route candidates of MTm,v. The imple-
mentation of sub-carrier constraints are the same as already defined in Equa-
tion (3.13)–(3.15) on page 65.

4.2.1 Multi-Cell Sequential Iterative Allocation Scheme

We consider that a set Dm,v of logical routes is to be allocated to the m-th MT
in the v-th VC. Suppose that Iv iterations of the SIS are applied in the v-th
VC, we represent the solution candidate of the resource allocation problem
in Equation (2.35) on page 47 produced by the i-th iteration by Ψ

(i)
v ; and the

optimal solution among these solution candidates as Ψ(∗)v . The different steps
of the SIS in the v-th VC is given in Algorithm 7.

4.2.2 Simulation Assumptions and System Model

A system with a cluster of V = 19 VCs positioned as in a second-tier architec-
ture is considered (see Figure 3.12 on page 67). The wrap-around structure
displayed in Figure 3.13 on page 67 is implemented as to reduce computa-
tional complexity and consequently enable faster running time. In the cluster,
the VCs are assumed to be identical in the number of WPs, the VC layout
used, the number of MTs, and the allocated bandwidth. The centres of two
neighbouring VCs are distanced by D = d0

√
3, with d0 being the radius of a

VC.
The VCs are considered to be of a hexagonal shape with a CP located at

their center. A number of WPs equally distanced from the CP are distributed
in each VC. To investigate the effect of the number of WPs on the performance
of the VCN, the three VC layouts in Figure 3.14 on page 72, Figure 3.18, and
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Algorithm 7: Multi-Cell Sequential Iterative Allocation Scheme (SIS)

Input: V,Mv, Rv, Sv, Iv, (MTm)Mv
m=1.

Output: Sequential reallocation of logical routes
begin

/* Successive logical route allocation for all MTs */

Allocate logical routes to all MTs using Algorithm 2 on page 68;
/* Iterative reallocation of logical routes to MTs */

for i = 1 ∶ I do
Choose the next MT (MTm,v) in the sequence (MTm)Mv

m=1;
Deallocate the set Dm,v of logical routes of MTm,v;
Modify L∗v,m,w, ∀ w ∈Rv, and update L∗v,m based on
Equations (3.13)– (3.15) on page 65;
/* Reallocate logical route to MTm,v */

repeat
foreach l∗e (v,m, r, ki, kj) ∈ L∗v,m do

foreach p ∈Mu, ∀ u ∈ V do
foreach lh(u, p, r′, ki′ , kj′) ∈ Dp,u do

Execute the Procedure InterferenceMultiCell on
page 69;

end
/* Recalculate SINR and capacity */

Evaluate Γ(l∗e (v,m, r, ki, kj)) using Equation (2.30)
on page 46;
Evaluate Γ(l′h(u, p, r

′, ki′ , kj′)) using Equation (2.30)
on page 46;
Recalculate Cp,u(Dp,u) using Equation (2.32) on
page 46;

end
Update Lv,m ← l∗e (v,m, r, ki, kj);
Evaluate Cm,v(Lv,m) using Equation (2.32) on page 46;

end
/* Choose best logical route candidate */

Choose l∗e (v,m, r, ki, kj) according to Equation (2.35) on
page 47;
Add l∗e (v,m, r, ki, kj) to Dm,v;
/* Update the set of logical route candidates */

Modify L∗v,m,w, ∀ w ∈Rv, and update L∗v,m based on
Equations (3.13)– (3.15) on page 65;

until Dm,v logical routes are allocated to MTm,v;

Add the set Dm,v to the solution candidate Ψ
(i)
v ;

end

Choose Ψ
(∗)
v based on Equation (2.35) on page 47;

end
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Figure 3.19 on page 74 were considered. The distance between the CP and a
WP is noted as d.

A multipath frequency selective fading with L = 8 propagation paths is
assumed in all VCs. The propagation paths are considered to be independently
distributed Rayleigh fading with uniformly distributed average power delay
profile and equidistant delays. The delay between two consecutive paths is
considered to be equal to the inverse of the sub-carrier spacing during the
FFT process. The log-normally distributed shadowing loss, and the path-loss
exponent are respectively chosen to be σ = 8 dB, and α = 4, in all VCs.

M = 14 MTs are randomly located in each VC. The MTs are considered
to be stationary during the simulation run. The allocated bandwidth in a
VC is divided into S = 32 sub-carriers. In each VC, Dm = 2 logical routes
are allocated per MT. The normalized transmit power Pn = Pt/P0 of a VC is
equally distributed among the allocated logical routes in that VC. A two-hop
link logical route uniformly shares the allocated power between each link.
Pt denotes the total available transmit power in a VC and P0 the average
transmit power of the CP for which the received SNR at d0 is equal to 0dB
(see Equation (InterferenceMultiCell) on page 70). The total transmit power
in all VCs are considered to be equal.

The VCs are selected randomly for resource allocation. In the selected VC,
logical route allocation is carried out for one MT. This process is reiterated
until the completion of resource allocation to all MTs in all VCs. The SIS is
applied after allocation has been completed in all VCs.

4.2.3 Simulation Performance

The dashed and the straight lines in Figure 4.8 represent the respective plots
of the ergodic channel capacity, based on the normalized transmission power,
of VCN and SHN when SAS and SIS are applied in a single cell environment.
In Figure 4.8, the third VC layout with R = 7 WPs (see Figure 3.14 on page 72)
is considered. A number of I = 50 iterations of SIS are applied. From Fig-
ure 4.8, it can be concluded that, compared to SAS, SIS can improve the
ergodic channel capacity of the VCN in a single cell environment. The ergodic
channel capacity of the SHN does not vary when applying SIS in a single cell
environment. This is because in the case of a single cell there exists no in-
terference between the logical routes in the SHN. Therefore, in a single cell
environment, SIS is efficient only in the VCN to alleviate the effect of intra-cell
interference caused by the reuse of sub-carriers. This mitigation of intra-cell
interference in the VCN yields the enhancement of the ergodic channel capac-
ity of the VCN.

The plots in Figure 4.9 are those of the ergodic channel capacity of the
VCN and the SHN when SAS and SIS are applied in a multi-cell environment.
Based on the results in Figure 4.9, SIS can improve the ergodic channel capac-
ity of both networks, VCN and SHN, in a multi-cell environment. In the SHN,
this improvement of the channel capacity is mainly observed in the interfer-



CHAPTER 4. ITERATIVE ALLOCATION SCHEME 99

0

2

4

6

8

10

-10 -5 0 5 10 15 20

E
rg

o
d

ic
 C

h
an

n
el

 C
ap

ac
it

y
 (

B
it

s/
s/

H
z)

Normalized Total Transmission Power (P
t
/P0)(dB)

I = 50 iterations, 
L = 8, S = 32, 
α = 4, σ = 8dB, d/d0 = 0.3, 
V = 1 VC, R = 7 WPs, 
M = 14 MTs, D

m
= 2 LRs per MT

VCN-SIS
SHN-SIS

VCN-SAS
SHN-SAS
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ence dominant transmission power region. This enhancement of the ergodic
channel capacity of these networks is due to the reallocation of logical routes
implemented by SIS. By iteratively reallocating logical routes to MTs, SIS is
able to find the sets of logical route candidates which create the least intra-cell
and inter-cell interference in the VCN and the least inter-cell interference in
the SHN.

It should be highlighted that the performance achieved by SIS in the case
of the VCN is higher than that gained in the SHN. The analysis of a single
cell sheds light on the difference observed between the performances gained
in those two networks. As already discussed using Figure 4.8, in a single
cell environment the ergodic channel capacity of the SHN does not improve
when applying SIS as there is no intra-cell interference in SHN. The additional
gain observed in the VCN in a multi-cell environment relates directly to the
improvement of the ergodic channel capacity of the VCN resulting from the
mitigation of intra-cell interference in the VCN.

The ergodic channel capacity of the VCN, in a multi-cell environment,
based on the number of iterations, when the normalized transmission power
Pn equals respectively to 5dB, 10dB, and 20dB, are plotted in Fig. 4.10. Fig-
ure 4.10 also shows the simulation results when the number of MTs is M = 10
MTs for a normalized transmission power of Pn = 20dB. It is remarked that
for M = 14 MTs, SIS converges after an approximate number of 60 iterations,
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regardless of the normalized transmission power. In the case of M = 10 MTs,
fewer number of iterations are required for SIS to converge. With the specific
simulation parameters described in Fig. 4.10, the results suggest that, for the
same number of allocated LRs, the number of iterations required for conver-
gence depends on the number of MTs. Furthermore, it can be observed that,
for all the cases presented in Fig. 4.10, SIS can improve considerably the er-
godic channel capacity of the VCN even if only M iterations are applied. In
the case of M = 14 MTs and Pn = 20dB, the channel capacity has been in-
creased by 7.65% for I = 14 iterations. This significant increase of channel
capacity is obtained for I = 10 iterations in the case of M = 10 MTs (7.17%).
Considering the discussion held on the complexity of SIS in subsection 4.1.4
and the results observed in Fig. 4.10, it can be concluded that the achievable
gain is worth the complexity added by SIS.

To study the degree of fairness of SIS and SAS in a multi-cell environment,
we consider the Jain’s fairness index as the performance metric. Figure 4.11
plots the Jain’s fairness index, based on the normalized transmission power,
of the VCN and the SHN when SAS and SIS are applied in a multi-cell en-
vironment. The results in Figure 4.11 show that by applying SIS, a higher
degree of fairness can be achieved for both networks in the interference dom-
inant transmission power region. This amelioration of the degree of fairness
is a direct consequence of the reallocation of the logical routes. By reallocat-
ing logical routes, SIS can enhance the channel capacity of those MTs which
suffer the most from interference and subsequently achieve a more equitable
distribution of the total channel capacity among the MTs.

In contrast to ergodic channel capacity, the outage channel capacity is
more often used to evaluate the practical performance of a system. The x%
outage channel capacity per MT is defined as the highest channel capacity per
MT which keeps the outage probability under x%. The outage probability is
the probability that the required transmission rate R of an MT exceeds the
channel capacity C of that MT. It is given by [1]:

Pout(R) = P[C < R] = Fcum(R−). (4.4)

In Eq. (4.4), Fcum(c) denotes the cumulative distribution function of the chan-
nel capacity c and Fcum(R−) the limit-from-left of Fcum(c) at the point c = R.
Figure 4.12 plots the 1% and 10% outage capacity per MT, based on the nor-
malized transmission power, of the VCN when SIS and SAS are applied in a
multi-cell environment. According to Figure 4.12, reallocating logical routes
to MTs using SIS can increase the outage channel capacity per MT of the VCN.
The reason for this enhancement is the same as already explained in previous
discussions. The increase of the ergodic channel capacity and the degree of
fairness corroborates the improvement noticed in the outage channel capacity
per MT.

Heretofore, the results presented have considered a cluster of V = 19 VCs
where the VCs are constructed using the third VC layout with R = 7 WPs. The
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remainder of the discussion will elaborate on the performance of SIS based on
the number of WPs used per VC. To facilitate the analysis, the same VC layout
is used in all VCs in a cluster.

Figure 4.13 plots the 10% outage channel capacity per MT based on the
normalized transmission power when the respective VC layouts are consid-
ered, 4 WPs per VC (see Figure 3.19), 5 WPs per VC (see Figure 3.18), and 7
WPs per VC (see Figure 3.14) on page 72. Based on Figure 4.13, increasing the
number of WPs per VC can augment the outage channel capacity per MT. This
is explained by the fact that adding more WPs to a VC contributes to enhance
the degree of route diversity in that VC. This increase of route diversity in the
VCs yields additional outage capacity gain per MT in VCs with bigger number
of WPs. This added capacity does not include the added signalling overhead
generated by the addition of new WPs. It is understood that the achievable
capacity might decrease after adding the effect of signalling overhead.

The Jain’s fairness index of the VCN based on the normalized transmission
power is plotted in Figure 4.14, when different VC layouts are used per cluster.
Figure 4.14 shows that the degree of fairness of the VCN can be enhanced by
increasing the number of WPs per VC. The reason of this improvement is sim-
ilar to that of the outage channel capacity discussed above. With the increase
of route diversity in VCs with higher number of WPs, a better distribution of
the total channel capacity can be obtained.
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4.3 SIS Performance Comparison With Optimal
Scheme

To compare the performance of the SIS with the optimal exhaustive scheme,
we consider a single VC with R = 3 WPs including the CP as shown in Fig-
ure 3.24 on page 80. M = 2 MTs are radomly located in the VC and Dm = 2
logical routes are allocated per MT. The system bandwidth is divided into
S = 8 sub-carriers. In Figure 4.15 we plot the ergodic channel capacity for
the VCN when SIS, SAS and the exhaustive schemes are applied in a single
VC. We observe that though the SIS can help improve the channel capacity
of the VCN in the noise dominant transmission power region, it still remains
a sub-optimal solution when compared with the optimal exhaustive scheme.
This can be understood by the fact that SIS is still a successive scheme being
derived from the SAS.
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4.4 Summary

In Chapter 3, a successive allocation scheme was proposed to solve the prob-
lem of joint route and sub-carrier allocation in a two-hop network. Though,
applying SAS, the channel capacity of the two-hop networks was greater than
that of the SHN for low transmission power, in the interference dominant
transmission power region, the performance of the SAS degrades consider-
ably because of intra-cell and inter-cell interference.

In order to improve the channel capacity of the VCN in the interference
dominant transmission power region, in this chapter, we have investigated
some iterative allocation algorithms. For a single VC, we have proposed
a sequential, random, and permutational iterative allocation schemes. The
permutational scheme has been later combined with the sequential iterative
scheme. We have shown that all the proposed iterative schemes can improve
the performance of the VCN in the interference dominant transmission power
region for a single VC.

The performance of the sequential iterative scheme SIS has been com-
pared with that of the combined iterative scheme PCIS. It was shown that the
performance of the SIS approximates that of the PCIS in a single VC scenario.
Taking into account the low computational complexity of the SIS and its per-
formance, SIS was retained as the best practical scheme candidate to improve
the channel capacity of the VCN in the interference dominant transmission
power region.

In order to study the performance of the SIS in an inter-cell interference
scenario, the single cell SIS has been modified to accommodate the study of
inter-cell interference. Compared to the SAS, we have shown that SIS can
improve the channel capacity of the VCN in the presence of intra-cell and
inter-cell interference.

For a single cell, we have compared the performance of the SIS with that
of the optimal exhaustive allocation scheme, and that of the SAS. We have
remarked that, though compared to SAS, SIS can alleviate the effect of inter-
ference in the VCN, SIS still remains a sub-optimal allocation scheme when
compared to the optimal allocation scheme. The aim of the next chapter is to
propose an allocation scheme which can approximate the performance of the
optimal solution.



CHAPTER 5
Evolutionary Allocation Scheme

In our quest for an optimal resource allocation algorithm for a two-hop cellu-
lar network, in Chapter 3, we proposed a successive allocation scheme (SAS).
The performance of the SAS degrades with interference. To alleviate the effect
of interference, in Chapter 4, we studied multiple iterative allocation schemes.
Among the different iterative schemes, we selected a sequential iterative allo-
cation scheme (SIS) to improve the capacity of the system in the presence of
interference. Though the proposed SIS can lessen the effect of interference in
the VCN, it remains a sub-optimal allocation scheme and does not guarantee
the same performance as the optimal allocation scheme.

The optimal solution of the allocation problem requires simultaneous al-
location of the logical routes. Therefore, in this chapter, to simultaneously
allocate the logical routes and consequently approximate the performance of
the optimal allocation scheme, we propose an evolutionary allocation scheme
based on the evolution theory.

5.1 Evolutionary Algorithm

Evolutionary algorithms are programming methods based on the evolution
theory. They have been applied in many research fields such as schedul-
ing [46], combinatorial optimization [47], etc. Their main advantage com-
pared to other optimization methods is their black box where few assumptions
regarding the objective functions are necessary. Furthermore, they perform
consistently well in many optimization problems like those previously cited.
Evolutionary algorithms are inspired by biology mechanisms such as muta-
tion, crossover, natural selection, and survival of the fittest, to refine a solu-
tion candidate iteratively. To solve the resource allocation problem in Equa-
tion (2.22) on page 43, we model the allocation problem as an evolutionary
optimization problem.

5.2 Single Cell Network

We consider a single VC with a set R of R WPs including the CP. We assume
that parallel relaying transmission is used to communicate with a set M of
M MTs located in the VC. The system bandwidth is divided into a set S of S

108
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orthogonal sub-carriers. We assume that a set Dm of Dm logical routes is to be
allocated to the m-th MT. For further details regarding the system description
please refer to section 2.2.1 on page 40.

5.2.1 Evolutionary Allocation Scheme

We denote the t-th solution candidate of the resource allocation problem
in Equation (2.22) on page 43 as Ψ(t) = {D(t)1 ,D(t)2 , . . . ,D(t)m , . . . ,D(t)M }. D

(t)
m

represents the set of logical routes allocated to the m-th MT. The set Pop =
{Ψ(1),Ψ(2), . . . ,Ψ(t), . . . ,Ψ(P )} of P solution candidates is called a population.
This population of candidates is refined using refining procedures. To solve
the resource allocation problem in Equation (2.22) on page 43, we implement
the nine following methods: Creation, Evaluation, Fitness assignment, Archiv-
ing, Selection, Mutation, Crossover, Validation, and Reproduction. They are
linked as illustrated in Figure 5.1. We define a Generation as the cycle of the
application of these four main processes to a population: Evaluation, Fitness
Assignment, Selection, and Reproduction.

We define the allocation matrix T(t) = (a(t)ij ) of ψ rows and 4 columns
associated to the solution candidate Ψ(t) as:

T(t) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 a
(t)
12 a

(t)
13 a

(t)
14

⋮ ⋮ ⋮ ⋮

1 a
(t)
D12

a
(t)
D13

a
(t)
D14

2 a
(t)
(D1+1)2 a

(t)
(D1+1)3 a

(t)
(D1+1)4

⋮ ⋮ ⋮ ⋮
2 ⋮ ⋮ ⋮
⋮ ⋮ ⋮ ⋮
M ⋮ ⋮ ⋮
⋮ ⋮ ⋮ ⋮

M a
(t)
ψ2 a

(t)
ψ3 a

(t)
ψ4

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
with 0 ⩽ a(t)i2 ⩽ R − 1, 1 ⩽ a(t)i3 ⩽ S, 1 ⩽ a(t)i4 ⩽ S, ∀ i ∈N, 1 ⩽ i ⩽ ψ. (5.1)

N represents the set of Natural numbers. The first column of T(t) = (a(t)ij )
contains the indices of the MTs, the second column those of the WPs, the third
column those of the sub-carriers assigned in the first hop link or direct link if
the WP is the CP, and the fourth column those of the sub-carriers assigned in
the second-hop link or direct link if the WP is the CP.

Each row of the allocation matrix T(t) represents an allocated logical route.
Let us consider the i-row of T(t), Rowi(T(t)) = [a(t)i1 , a

(t)
i2 , a

(t)
i3 , a

(t)
i4 ]. This row

represents the e-th logical route le(a(t)i1 , a
(t)
i2 , a

(t)
i3 , a

(t)
i4 ) allocated to the a(t)i1 -th

MT via the a(t)i2 -th WP, with a
(t)
i3 and a

(t)
i4 being the sub-carriers assigned in
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Figure 5.1: Evolutionary Scheme Layout

the first-hop and second-hop links respectively ( if a(t)i2 = 0, a(t)i3 = a
(t)
i4 ). In

the matrix T(t), the rows Row1(T(t)) to RowD1(T(t)) represent the set D(t)1 of
D1 logical routes allocated to MT1, RowD1+1(T(t)) to RowD1+D2(T(t)) the set
D(t)2 of D2 logical routes allocated to MT2, and so on. Hence, the number of
rows ψ of the allocation matrix T(t) is equal to the number of logical routes
allocated in the VC:

ψ = ∑
m∈M

Dm (5.2)

5.2.1.1 Candidate Validation Method

In the resource allocation problem in Equation (2.22) on page 43, sub-carrier
reuse can be applied inside a single VC based on certain reuse constraints.
To ensure that each candidate in the population complies to the sub-carrier
reuse constraints, we implement a Validation method. For the solution candi-
date Ψ(t) to be a valid candidate, its allocation matrix T(t) should satisfy the
following rules:

1. The first constraint states that a WP cannot receive and transmit simul-
taneously in the same sub-carrier. Using the allocation matrix T(t), this
constraint is translated as:

∀ i ∈N, 1 ⩽ i ⩽ ψ, if a(t)i2 ≠ 0⇒ a
(t)
i3 ≠ a

(t)
i4 ; (5.3)

∀ i, i′ ∈N, 1 ⩽ i, i′ ⩽ ψ, if a(t)i2 = a
(t)
i′2 ⇒ a

(t)
i3 ≠ a

(t)
i′4 and a(t)i′3 ≠ a

(t)
i4 .

(5.4)
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2. Based on the second constraint, multiple WPs cannot use the same sub-
carrier to transmit to an MT. It is implemented as follows:

∀ i, i′ ∈N, 1 ⩽ i, i′ ⩽ ψ, if a(t)i1 = a
(t)
i′1 ⇒ a

(t)
i4 ≠ a

(t)
i′4 . (5.5)

Furthermore, according to this same constraint, the CP cannot reuse
the same sub-carrier to transmit simultaneously in multiple links. This
constraint is implemented as:

∀ i, i′ ∈N, 1 ⩽ i, i′ ⩽ ψ, a
(t)
i3 ≠ a

(t)
i′3 . (5.6)

An obvious constraint which is similar to the previous one is that a WP
cannot use the same sub-carrier simultaneously to transmit in multiple
second-hop links.

∀ i, i′ ∈N, 1 ⩽ i, i′ ⩽ ψ, if a(t)i2 = a
(t)
i′2 ⇒ a

(t)
i4 ≠ a

(t)
i′4 . (5.7)

The Validation method is implemented as follows in Procedure Validate.

5.2.1.2 Population Creation Method

To implement the evolutionary scheme, we need an initial population of so-
lution candidates for the allocation problem in Equation (2.22) on page 43.
These candidates are created only once. The creation stage could be consid-
ered as the genesis of the algorithm.

At the creation stage, we create the initial population Pop with a fixed
number P of solution candidates. Each logical route of a candidate is created
using a random uniform function ξunif(). Given a set of elements, the random
uniform function returns one of the elements chosen randomly. Using the Val-
idation method, each candidate is validated before entering the population.

The WP and the sub-carriers of a logical route are chosen randomly. Taking
into account that it is highly probable that the best logical routes for an MT
could belong to a group of neighbouring WPs or a single WP, at the creation
process, we decide that all logical routes of an MT belong to the same WP
which is chosen randomly. Different logical routes of different MTs can belong
to different WPs.

Though we select the sub-carriers of a logical route randomly, in order
to increase the creation process of the initial population we decide to ensure
that each logical route is in accordance with the sub-carrier reuse constraint
in Equation (5.6) while being created. If this constraint is not taken into ac-
count while creating a logical route, generating the initial population could
require a tremendous amount of computational time in the case that ψ ≃ S.
This is because the probability pr that a candidate is invalid during the cre-
ation process increases as the number of logical routes approaches the number
of available sub-carriers.
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Procedure Validate
Input: Ψ(t), and T(t)

Output: valide, non-valide
begin

/* Validate candidate based on sub-carrier reuse

constraints */

Validate T(t) using Equations (5.3)–(5.7);
if T(t) passes the test then

Return valide;
end
else

Return non-valide;
end

end
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Procedure Evaluate
Input: P , Pop
Output: Pop: Population Evaluated
begin

for t = 1 ∶ P do
/* Take the next candidate in the population */

Ψ(t) ← Pop;
/* Evaluate interference between logical routes */

foreach l∗e (m,r, ki, kj) ∈ Ψ(t) and lh(p, r′, ki′ , kj′) ∈ Ψ(t) do
Evaluate interference using
the Procedure InterferenceSinceCell on page 56;

end
Evaluate C(Ψ(t)) using Equation (2.21) on page 42;

end
end

Recall that the CP can only use a sub-carrier once. Consider that n logical
routes, n < ψ, have already been created in the solution candidate Ψ(t). For
the candidate Ψ(t) to be a valid candidate according to the reuse constraint
in Equation (5.6), the sub-carrier in the (n+1)-th logical route can only be
chosen from S − n sub-carriers. Since we use a random uniform function to
select the sub-carriers, considering only the constraint in Equation (5.6), the
probability for the (n+1)-th logical route to be invalid is:

pr = 1 −
S − n
S

= n
S
. (5.8)

If ψ = S, as n approaches S, the probability for the candidate to be invalid
approaches 1. Hence, to reduce computational complexity during the Cre-
ation method, it is required to apply the sub-carrier reuse constraint in Equa-
tion (5.6). We describe the different steps of the Creation method in Proce-
dure Create on page 114.

5.2.1.3 Population Evaluation Method

In the Evaluation procedure, the channel capacity of each solution candidate
of the population is evaluated using the objective function Equation (2.21)
on page 42. We account interference between the logical routes in a candidate
using Equation (2.14) on page 41. The Evaluation method is described in
the Procedure Evaluate on page 113.

5.2.1.4 Archiving Method

In our evolutionary allocation scheme, we define an Archiving method. The
archiving method has two objectives. First, the Archiving method aims at
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Procedure Create
Input: P , R,M, ξunif(), t = 0
Output: Population Pop
begin

while t < P do
foreach m ∈M do

/* Choose a WP for this MT and update allocation

matrix T(t) */

r ← ξunif(R);
Modify T(t) accordingly;
for d = 1 ∶Dm do

/* S(1) set of sub-carriers not yet in-used in

the first-hop or direct link */

ki ← ξunif(S(1)) according to Equation (5.6);
kj ← ξunif(S);
Modify T(t) accordingly;
Add ld(m,r, ki, kj) to Ψ(t);

end
end
Validate Ψ(t) using Procedure Validate ;
if Ψ(t) is valide then

Add Ψ(t) to the population Pop;
Increment t;

end
end

end
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Procedure Archive
Input: φ, Popfit
Output: Arch
begin

/* Choose the φ best candidates with no duplication */

Arch = {C(Ψ(1)) > C(Ψ(2)) > . . . > C(Ψ(φ))};
end

speeding up the convergence of the scheme by saving in memory a fixed num-
ber φ of the best solution candidates of a generation. These best candidates
are selected based on their total channel capacity.

The second purpose of the Archiving method is to prevent each generation
to run out of solution candidates. As we will notice later, in the Reproduction
method, each candidate is validated before entering the population of the
next generation. Since the Reproduction involves random changes in a candi-
date, not all candidates will be a valid candidate after being altered by these
changes. At each generation the set of candidates in the archive Arch is added
to the current population.

We implement a non-duplicate Archiving method based on channel ca-
pacity preventing multiple copies of a candidate to be stored. Candidates with
same total channel capacity can be highly correlated and lead to a sub-optimal
solution. To prevent premature convergence and allow the algorithm to avoid
sub-optimal solutions, we decide to keep only candidates which have differ-
ent total channel capacity. The candidates are chosen in a decreasing order of
their total channel capacity. The different steps of the Archiving method are
implemented as follows in Procedure Archive.

5.2.1.5 Fitness Assignment and Archiving

Fitness assignment is the process where a certain value is attributed to a can-
didate based on its capacity of survival. A candidate with a high fitness value
has a higher probability to be selected for mating to produce offspring for the
next generation.

In the Fitness Assignment method that we have implemented, all candi-
dates are ranked in a decreasing order based on their channel capacity. Those
with the highest channel capacity receive the highest ranks. Before assign-
ing a fitness value to the current population, the set of candidates in the
archive Arch are added to the population. The different steps are detailed
in Part FitAssignArchive.

5.2.1.6 Selection Method

The selection procedure aims at selecting U candidates which will reproduce
to create offspring for the next generation. One can implement an Elite Selec-
tion method where the candidates with the highest fitness values are chosen
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Procedure FitAssignArchive
Input: φ, Pop, Arch
Output: New archive Arch, Fitted population Popfit
begin

/* Add archive to the population */

Pop = Pop +Arch;
/* Sort population Pop in decreasing order of the total

channel capacity */

C(Ψ(1)) ⩾ C(Ψ(2)) ⩾ . . . ⩾ C(Ψ(t)) ⩾ . . .C(Ψ(P ));
/* Rank population Pop (A Z⇒ rank(x) means A receives

rank x) */

Ψ(1) Z⇒ rank(1),Ψ(2) Z⇒ rank(2), . . . ,Ψ(P ) Z⇒ rank(P );
/* Assign fitness value based on rank to each candidate

*/

Ψ(1) Z⇒ FitV alue(1),Ψ(2) Z⇒ FitV alue(2), . . . ,Ψ(P ) Z⇒
FitV alue(P );
Popfit = {Ψ

(1)
fit ,Ψ

(2)
fit , . . . ,Ψ

(P )
fit };

Archive the φ best candidates using Procedure Archive;
end
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to enter the mating poll Mate to create offspring for the next generation. The
problem with that selection method is that it can lead to a premature conver-
gence of the algorithm. Furthermore, since we have already implemented a
Elite Fitness Assignment method where we have attributed the highest rank to
the candidate with the highest channel capacity, applying an Elite Selection
method could prevent the algorithm to avoid sub-optimal solutions.

Instead of implementing an Elite Selection method, we have created a
Tournament Selection method. In the tournament selection method, a candi-
date is chosen randomly from the fitted population Popfit. The chosen can-
didate participates in a number of competitions with other candidates also
selected randomly. A competition involves only two candidates, the winner of
the previous competition and the newly selected candidate. The winner of the
last competition will enter the mating pool Mate. We allow a candidate to be
selected more than once for competitions. We denote the number competi-
tions or tournament size as T . In Procedure TournamentSelect we describe
the different steps of the Tournament Selection method.

5.2.1.7 Reproduction Method

The reproduction procedure is one of the key functions in evolutionary algo-
rithms. It aims at creating a new population of candidates from an old popu-
lation. In the old population, only the candidates which were selected during
the selection process will mate to produce offspring for the next generation.
We have implemented two mating procedures: mutation and crossover. These
procedures are explain later in Procedure Mutate and Procedure Crossover.

With equal probability, a candidate is modified using either mutation or
crossover. After a candidate has been modified using one of the mating pro-
cesses, the offspring which results from that process is validated using the Pro-
cedure Validate. Only the offspring that are valid would join the population
of the next generation. The different steps of the Reproduction method are
given in Procedure Reproduce.

5.2.1.8 Mutation Method

Mutation is the process by which changes occur in a candidate to create a
new candidate. Most of the times these changes take place in a random man-
ner. In our mutation method, we have implemented eight random changes.
To increase the probability for an offspring to be valid during the validation
process, we apply certain control during each change. We ensure that the
modified logical routes are partially valid based on the definition of a logical
route. This means that two different sub-carriers should be assigned to a log-
ical route belonging to a WP which is not the CP. And if the WP is the CP, the
sub-carriers have to be the same.
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Procedure TournamentSelect
Input: Popfit, U , and T
Output: Mate
begin

for u = 1 ∶ U do
/* Choose a winner candidate randomly from Popfit */

Ψ
(a)
fit ← ξunif(Popfit) ;

/* Start competition */

for t = 1 ∶ T do
/* Choose a candidate randomly */

Ψ
(b)
fit ← ξunif(Popfit) ;

/* Choose winner based on maximum fitness value */

Ψ
(a)
fit ← max

fitnessvalue
(Ψ(a)fit ,Ψ

(b)
fit );

end
/* Add the winner to the mating poll */

Add Ψ
(a)
fit to Mate;

end
end



CHAPTER 5. EVOLUTIONARY ALLOCATION SCHEME 119

Procedure Reproduce
Input: Mate, U
Output: New Pop
begin

for u = 1 ∶ U do
/* Take the next candidate Ψ(u) in the mating poll

Mate */

Ψ(u) ←Mate;
/* Choose process to apply */

switch x← ξunif({0,1}) do
case x = 0

/* Use mutation to create offspring Ψ
(u)
ofs */

Ψ
(u)
ofs ←mutate(Ψ(u)) using Procedure Mutate;

end
case x = 1

/* Choose another candidate and apply crossover

*/

Ψ(v) ← ξunif(Mate);
(Ψ(u)ofs ,Ψ

(v)
ofs )← crossover(Ψ(u),Ψ(v))

using Procedure Crossover;
end

endsw

Validate Ψ
(u)
ofs and Ψ

(v)
ofs using Procedure Validate;

if Ψ(u)ofs or Ψ(v)ofs are valid then
/* Add to the new population */

Add Ψ
(u)
ofs or Ψ(v)ofs to Pop;

end
end

end
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Definition of Neighbouring WP: Let us denote by drw the distance between
WPr and WPw. WPr is said to be the Neighbouring WP of WPw written as
r ∈N(w), if WPr is the closest WP to WPw:

∀ r,w ∈R, r ∈N(w)⇒ ∀ z ∈R, drw ⩽ dzw. (5.9)

Definition of Neighbouring Logical Route: Consider the allocation matrix
T(t) associated to the solution candidate Ψ(t). The logical routes li−1(. . .)
and li+1(. . .) located in rows Rowi−1(T(t)) and Rowi+1(T(t)) are defined as
the Neighbouring Logical Routes of the logical route li(. . .) located in row
Rowi(T(t)); and we write:

li−1(. . .) ∈N(li(. . .)) and li+1(. . .) ∈N(li(. . .)).

If i = 1, li(. . .) has only one neighbour li+1(. . .) in row Rowi+1(T(t)). If i = ψ,
li(. . .) has only one neighbour li−1(. . .) in row Rowi−1(T(t)).

In the Mutation procedure, we randomly select two logical routes
lu(a(t)i1 , a

(t)
i2 , a

(t)
i3 , a

(t)
i4 ) and lv(a(t)j1 , a

(t)
j2 , a

(t)
j3 , a

(t)
j4 ) in the allocation matrix T(t) of

the solution candidate Ψ(t). Each logical route has the same probability to be
chosen. We apply the following changes to these two selected logical routes:

1. Case 1: The sub-carriers assigned in the second-hop link of the two
randomly chosen logical routes a(t)i4 and a

(t)
j4 are exchanged (A ↝ B

means A is replaced by B):

lu(a(t)i1 , a
(t)
i2 , a

(t)
i3 , a

(t)
i4 )↝ lu(a(t)i1 , a

(t)
i2 , a

(t)
i3 , a

(t)
j4 )

lv(a(t)j1 , a
(t)
j2 , a

(t)
j3 , a

(t)
j4 )↝ lv(a(t)j1 , a

(t)
j2 , a

(t)
j3 , a

(t)
i4 ). (5.10)

After the exchange of the sub-carriers, if the same sub-carrier is assigned
in the first-hop and second-hop links of a modified logical route, we
ensure that the WP of the logical route is a CP, if that is not the case, we
replace the WP by the CP. If the sub-carriers are different and that the
WP of the logical route is a CP, with equal probability, we either replace
the sub-carrier in the first-hop link with that in the second-hop link, or
we replace the CP with a WP.

2. Case 2: We exchange the sub-carriers assigned in the first-hop links of
the two logical routes a(t)i3 and a(t)j3 :

lu(a(t)i1 , a
(t)
i2 , a

(t)
i3 , a

(t)
i4 )↝ lu(a(t)i1 , a

(t)
i2 , a

(t)
j3 , a

(t)
i4 )

lv(a(t)j1 , a
(t)
j2 , a

(t)
j3 , a

(t)
j4 )↝ lv(a(t)j1 , a

(t)
j2 , a

(t)
i3 , a

(t)
j4 ).

Similarly as in the first case, we ensure that the new logical routes are
partially valid based on the definition of a logical route. If the sub-
carriers of a modified logical route are different and that the WP is the
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CP, with equal probability, we either replace the CP with a WP, or we
substitute the sub-carrier in the second-hop link with that of the first-
hop link.

3. Case 3: We exchange the WPs of the two logical routes a(t)i2 and a(t)j2 :

lu(a(t)i1 , a
(t)
i2 , a

(t)
i3 , a

(t)
i4 )↝ lu(a(t)i1 , a

(t)
j2 , a

(t)
i3 , a

(t)
i4 )

lv(a(t)j1 , a
(t)
j2 , a

(t)
j3 , a

(t)
j4 )↝ lv(a(t)j1 , a

(t)
i2 , a

(t)
j3 , a

(t)
j4 ).

After the exchange, if the WP of a modified logical route is the CP while
the sub-carriers of the two hop links are different, we replace the sub-
carrier of the second-hop link by that of the first-hop link. If the WP
is not the CP and that the sub-carriers are the same, we replace the
sub-carrier in the second-hop link of the modified logical route by the
sub-carrier in the first-hop link of the selected logical route.

4. Case 4: We replace the WP a(t)i2 and a(t)j2 of each of the two chosen logical
routes by one of their Neighbouring WP. This means that if WP1 and
WP2 are Neighbouring WPs, location wise, and that WP1 was assigned
in the logical route before modification, after modification, WP2 will be
the one assigned in the modified logical route.

Be r ∈N(a(t)i2 ), lu(a(t)i1 , a
(t)
i2 , a

(t)
i3 , a

(t)
i4 )↝ lu(a(t)i1 , r, a

(t)
i3 , a

(t)
i4 );

Be w ∈N(a(t)j2 ), lv(a(t)j1 , a
(t)
j2 , a

(t)
j3 , a

(t)
j4 )↝ lv(a(t)j1 ,w, a

(t)
j3 , a

(t)
j4 ).

After the changes, we make sure that the modified logical routes are
partially valid based on the definition of a logical route, by modifying
their allocated sub-carriers.

5. Case 5: For each of the selected logical routes, we replace their WPs
a
(t)
i2 and a(t)j2 with those of their Neighbouring Logical Routes a(t)(i±1)2 and

a
(t)
(j±1)2:

Be lu±1(a(t)(i±1)1, a
(t)
(i±1)2, a

(t)
(i±1)3, a

(t)
(i±1)4) ∈N(lu(a

(t)
i1 , a

(t)
i2 , a

(t)
i3 , a

(t)
i4 )),

lu(a(t)i1 , a
(t)
i2 , a

(t)
i3 , a

(t)
i4 )↝ lu(a(t)i1 , a

(t)
(i±1)2, a

(t)
i3 , a

(t)
i4 );

Be lv±1(a(t)(j±1)1, a
(t)
(j±1)2, a

(t)
(j±1)3, a

(t)
(j±1)4) ∈N(lv(a

(t)
j1 , a

(t)
j2 , a

(t)
j3 , a

(t)
j4 )),

lv(a(t)j1 , a
(t)
j2 , a

(t)
j3 , a

(t)
j4 )↝ lv(a(t)j1 , a

(t)
(j±1)2, a

(t)
j3 , a

(t)
j4 ).

We here again ensure that the modified logical route is a partially valid
logical route based on the definition of a logical route, by either assign-
ing a randomly selected sub-carrier to the two-hops, in case the new WP
is the CP and that the previous WP was not the CP; or by assigning a
randomly selected sub-carrier in the seond-hop link, in case the new WP
is not the CP and that the previous WP was the CP.
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6. Case 6: We exchange the sub-carrier in the second-hop link of one of
the two selected logical routes by the that of the second-hop link of a
neighbouring logical route.

Be lu±1(a(t)(i±1)1, a
(t)
(i±1)2, a

(t)
(i±1)3, a

(t)
(i±1)4) ∈N(lu(a

(t)
i1 , a

(t)
i2 , a

(t)
i3 , a

(t)
i4 )),

lu(a(t)i1 , a
(t)
i2 , a

(t)
i3 , a

(t)
i4 )↝ lu(a(t)i1 , a

(t)
i2 , a

(t)
i3 , a

(t)
(i±1)4),

lu±1(a(t)(i±1)1, a
(t)
(i±1)2, a

(t)
(i±1)3, a

(t)
(i±1)4)↝ lu±1(a(t)(i±1)1, a

(t)
(i±1)2, a

(t)
(i±1)3, a

(t)
i4 ).

To ensure that the modified logical routes are partially valid logical
routes based on the definition of a logical route, we change the WP
to CP if the sub-carriers in the two hop links are the same. If the sub-
carriers are different, and that the WP is the CP, we either replace the
sub-carrier in the first-hop link by that in the second-hop link, or replace
the CP by a WP chosen randomly.

7. Case 7: We apply the same changes as in the sixth case to the other
randomly selected logical route lv(a(t)j1 , a

(t)
j2 , a

(t)
j3 , a

(t)
j4 ).

Be lv±1(a(t)(j±1)1, a
(t)
(j±1)2, a

(t)
(j±1)3, a

(t)
(j±1)4) ∈N(lv(a

(t)
j1 , a

(t)
j2 , a

(t)
j3 , a

(t)
j4 )),

lv(a(t)j1 , a
(t)
j2 , a

(t)
j3 , a

(t)
j4 )↝ lv(a(t)j1 , a

(t)
j2 , a

(t)
j3 , a

(t)
(j±1)4),

lv±1(a(t)(j±1)1, a
(t)
(j±1)2, a

(t)
(j±1)3, a

(t)
(j±1)4)↝ lv±1(a(t)(j±1)1, a

(t)
(j±1)2, a

(t)
(j±1)3, a

(t)
j4 ).

Same modifications as in Case 6 are applied to partially validate the
modified logical routes.

8. Case 8: If there is a subset of sub-carriers which are not in-used Sni =
{s1, s2, . . . , sx, . . .}, we replace the second-hop links of the two selected
logical routes by two sub-carriers, sx and sy, chosen randomly from that
subset. Suppose that Sni ≠ ∅:

sy ← ξunif(Sni), lu(a(t)i1 , a
(t)
i2 , a

(t)
i3 , a

(t)
i4 )↝ lu(a(t)i1 , a

(t)
i2 , a

(t)
i3 , sy);

sz ← ξunif(Sni), lv(a(t)j1 , a
(t)
j2 , a

(t)
j3 , a

(t)
j4 )↝ lv(a(t)j1 , a

(t)
i2 , a

(t)
j3 , sz).

The sub-carriers can be the same if there is only one element in the
subset. If the WP of the modified logical route was the CP, we either
replace the CP by a WP of a neighbouring logical route or we replace
the sub-carrier in the first-hop link by that of the second-hop link.

If all sub-carriers are in use, with equal probability, we either replace the
WP of the first logical route by that of the second logical route, or by a
WPr chosen randomly:

lu(a(t)i1 , a
(t)
i2 , a

(t)
i3 , a

(t)
i4 )↝ lu(a(t)i1 , a

(t)
j2 , a

(t)
i3 , a

(t)
i4 );

Or,

r ← ξunif(R), lu(a(t)i1 , a
(t)
i2 , a

(t)
i3 , a

(t)
i4 )↝ lu(a(t)i1 , r, a

(t)
i3 , a

(t)
i4 ).
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For this last change we did not apply any control to partially validate the
modified logical route. There was no particular reason for not doing so.

Once a solution candidate is selected for mutation, we decide to apply two
of the above proposed modifications to the candidate. The changes above
are selected with different probabilities depending on the total number of
allocated logical routes ψ. If the total number of logical routes to be allocated
is less than the number of sub-carriers ψ < S, the eight changes have equal
probability to be selected. However, if the number of logical routes to be
allocated equals the number of sub-carriers ψ = S, Case 1 to Case 5 are chosen
with probability 1

16 while Case 6 to Case 8 are selected with probability 1
4 .

These probability values were chosen arbitrarily. The main objective is to
assign a higher probability to Case 6, Case 7 and Case 8 so that they can be
selected more often in a high sub-carrier reuse environment.

We have decided to increase the probability to select Case 6 to Case 8
compared to Case 1 to Case 5, when ψ = S, to decrease the probability that
the modified logical routes are invalid. When ψ = S, the probability for a
modified logical to be invalid is very high because of high frequency reuse in
a candidate.

In Case 6 and Case 7, exchanges occur between neighbouring logical
routes while in Case 1 to Case 5 they happen between two randomly selected
logical routes. Two neighbouring logical routes have a higher probability to
belong to the same MT than two randomly selected logical routes based on
the structure of the allocation matrix T(t) (see Equation (5.1)).

Consider the set Dm logical routes allocated to the m-th MT and located
as illustrated in matrix T(t). If le(. . .) is the e-th logical route in the set Dm
(le(. . .) ∈ Dm) and lu(. . .) a neighbouring logical route of le(. . .) (lu(. . .) ∈
N(le(. . .))), the probability pr(lu(. . .) ∈ Dm) that lu(. . .) belongs to the set Dm
is given as:

pr(lu(. . .) ∈ Dm) =
Dm − 1
Dm

. (5.11)

If le(. . .) and lu(. . .) are chosen randomly (le(. . .) ← ξunif(T(t)) and lu(. . .) ←
ξunif(T(t)) ) and that le(. . .) ∈ Dm, the probability that lu(. . .) ∈ Dm is given
as:

pr(lu(. . .) ∈ Dm) =
Dm

ψ
, with ψ =D1 +D2 +⋯ +Dm +⋯ +DM . (5.12)

It can easily be shown that for Dm > 1 and ψ > Dm, Dm−1
Dm

> Dm
ψ . Hence, two

neighbouring logical routes have a higher probability to belong to the same
MT.

If two logical routes are allocated to the same MT and belong to the same
WP, they remain valid after exchanging their sub-carriers in the first-hop links
or in the second-hop links. However, if they do not belong to the same MT,
which happens with high probability in case of two randomly selected logical



CHAPTER 5. EVOLUTIONARY ALLOCATION SCHEME 124

routes, exchanging their sub-carriers in the first-hop links or second-hop links
has a non null probability which results in invalid logical routes.

In Case 8 we try to assign a sub-carrier which is not in use. Hence, if there
exist sub-carriers which are not in use, modified logical routes resulting from
this case have a high probability to be valid because there is no sub-carrier
reuse with the introduction of a new sub-carrier.

We could possibly derive other changes to apply as mutation. However,
during the simulation process we have achieved enough performance with
the following ones that we did not bother creating new ones. We understand
this list of changes is not exhaustive. The mutation method is detailed in Pro-
cedure Mutate.

5.2.1.9 Crossover Method

The Crossover method is the reproduction method by which two candidates
exchange part of their information to create two new offspring. The Crossover
method that we have implemented is very simple. With equal probability, we
either exchange one or two logical routes selected randomly from the two
candidates. In order not to change the number of allocated logical routes
per MT, we only exchange the WP and the sub-carriers when exchanging the
logical routes between the candidates in the matrix T(u) associated to the
candidate Ψ(u). Because of the sub-carrier reuse constraints, the modifications
which can happen during crossover are limited to the two above. The different
steps of the crossover method are detailed in Procedure Crossover.

5.2.1.10 Evolutionary Algorithm Core

The different methods previously described are connected to produce the set
of the best candidates after G generations. At the end of the algorithm, the
best candidates in the archive Arch represent the optimal solutions found by
the algorithm. The different steps are detailed in Algorithm 8.

5.2.2 Sub-Carrier Pair Allocation Scheme

A sub-carrier pair allocation scheme (SPA) was proposed in the literature for
a two-hop network. We have decided to compare its performance with that of
the evolutionary scheme as SPA was proposed as an optimal allocation scheme
for two-hop networks. We have considered SPA because it is said to be an
optimal scheme for two-hop systems when the sub-carriers in the two hops are
different [41, 42]. Furthermore, its optimality does not depend on whether
equal power allocation or optimal power allocation is considered [42].

We modify the SPA so to adapt it to multi-user allocation with sub-carrier
reuse. In the modified version of SPA, the MTs are selected successively
for sub-carrier-pair allocation. After allocation to an MT, the set of sub-
carrier-pairs of the following MT is constructed using the constraints in Equa-
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Procedure Mutate
Input: Ψ(t), S, T(t), and ψ
Output: New Offspring Ψ

(t)
of

begin
for i = 1 ∶ 2 do

/* Choose randomly two logical routes */

lu(a(t)i1 , a
(t)
i2 , a

(t)
i3 , a

(t)
i4 )← ξunif(T(t));

lv(a(t)j1 , a
(t)
j2 , a

(t)
j3 , a

(t)
j4 )← ξunif(T(t));

if ψ < S then
Choose change to apply with equal probability;

end
else

Choose cases Case 1 to Case 5 with probability 1
16 , and

cases Case 6 to Case 8 with probability 1
4 ;

end
switch x← ξunif({1,2,3, . . . ,8}) do

case x = 1
Apply changes in Case 1;

end
case x = 2

Apply changes in Case 2;
end
case x = 3

Apply changes in Case 3;
end
case x = 4

Apply changes in Case 4;
end
case x = 5

Apply changes in Case 5;
end
case x = 6

Apply changes in Case 6;
end
case x = 7

Apply changes in Case 7;
end
case x = 8

Apply changes in Case 8;
end

endsw
end

end
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Procedure Crossover
Input: Ψ(t), T(t), Ψ(v), T(v),
Output: New Offspring Ψ

(t)
ofs and Ψ

(v)
ofs

begin
switch x← ξunif({1,2}) do

case x = 1
/* Exchange one logical route between candidates

*/

i← ξunif({1,2,3, . . . , ψ});
le(a(t)i1 , a

(t)
i2 , a

(t)
i3 , a

(t)
i4 ) ∈ Ψ

(t) and le(a(v)i1 , a
(v)
i2 , a

(v)
i3 , a

(v)
i4 ) ∈ Ψ

(v);

le(a(t)i1 , a
(t)
i2 , a

(t)
i3 , a

(t)
i4 )↝ le(a(t)i1 , a

(v)
i2 , a

(v)
i3 , a

(v)
i4 );

le(a(v)i1 , a
(v)
i2 , a

(v)
i3 , a

(v)
i4 )↝ le(a(v)i1 , a

(t)
i2 , a

(t)
i3 , a

(t)
i4 );

end
case x = 2

/* Exchange two logical routes between candidates

*/

i← ξunif({1,2,3, . . . , ψ});
le(a(t)i1 , a

(t)
i2 , a

(t)
i3 , a

(t)
i4 )↝ le(a(t)i1 , a

(v)
i2 , a

(v)
i3 , a

(v)
i4 );

le(a(v)i1 , a
(v)
i2 , a

(v)
i3 , a

(v)
i4 )↝ le(a(v)i1 , a

(t)
i2 , a

(t)
i3 , a

(t)
i4 );

j ← ξunif({1,2,3, . . . , ψ});
le(a(t)j1 , a

(t)
j2 , a

(t)
j3 , a

(t)
j4 )↝ le(a(t)j1 , a

(v)
j2 , a

(v)
j3 , a

(v)
j4 );

le(a(v)j1 , a
(v)
j2 , a

(v)
j3 , a

(v)
j4 )↝ le(a(v)j1 , a

(t)
j2 , a

(t)
j3 , a

(t)
j4 );

end
endsw

end
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Algorithm 8: Evolutionary Allocation Scheme (EAS)
Input: M, R, S, P , G, φ, U , T ξunif()
Output: Arch containing the best solution candidates
begin

g ← 0;
/* Create initial population */

Pop← create(M,R,S, P ) using Procedure Create;
while g < G do

/* Evaluate population */

Pop← evaluate(Pop) using Procedure Evaluate;
/* Assign fitness value and archive best candidates

*/

Popfit,Arch← FitnessAssignArchive(Pop,Arch,φ)
using Procedure FitAssignArchive;
/* Select candidates for reproduction */

Mate← TournamentSelection(Popfit, U, T )
using Procedure TournamentSelect;
Increment g;
/* Reproduce to create new offspring */

Pop← Reproduce(Mate) using Procedure Reproduce;
end

end
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Algorithm 9: sub-carrier Pair Allocation Scheme (SPA)
Input: M, R, S
Output: Ψ(∗) best solution candidate
begin

foreach r ∈R do
/* Sort sub-carriers in first-hop link based on SNR

*/

S = {γWP0–WPr(k1) ⩾ γWP0–WPr(k2) ⩾ . . . ⩾ γWP0–WPr(ki) ⩾ . . . ⩾
γWP0–WPr(kS)};
/* Sort sub-carriers in second-hop link based on SNR

*/

foreach m ∈M do
S = {γWPr–MTm(k′1) ⩾ γWPr–MTm(k′2) ⩾ . . . ⩾ γWPr–MTm(k′i) ⩾
. . . ⩾ γWPr–MTm(k′S)};
/* Pair sorted sub-carriers */

(γWP0–WPr(k1), γWPr–MTm(k′1));
⋮ ⋮;

(γWP0–WPr(ki), γWPr–MTm(k′i));
⋮ ⋮;

(γWPr–MTm(kS), γWPr–MTm(k′S));
If ki = k′i, exchange k′i with k′i+1;
(γWP0–WPr(k1), γWPr–MTm(k′1)) Z⇒ l∗1(m,r, k1, k′1);
(γWP0–WPr(ki), γWPr–MTm(k′i)) Z⇒ l∗e (m,r, ki, k′i);
(γWP0–WPr(kS), γWPr–MTm(k′i)) Z⇒ l∗Dr

(m,r, ki, k′S).;
Dr is the number of sub-carrier pairs candidate in WPr;
/* Evaluate capacity of sub-carrier pair */

Evaluate SINR Γ(l∗e (m,r, ki, k′i)) using Equation (2.15)
on page 42;
Evaluate C(l∗e (m,r, ki, k′i)) using Equation (2.18)
on page 42;
/* Evaluate average capacity for this WP */

Evaluate C(m,r) = 1
Dr
∑Dr
e=1C(l

∗
e (m,r, ki, k′i));

/* Select best WPw based on average capacity */

Select w so that ∀ z ∈R,C(m,w) ⩾ C(m,z);
/* Allocate sub-carrier pair from best WP */

Dm = {l∗1(m,w, k1, k′1), l∗2(m,w, k2, k′2), . . . , l∗Dm
(m,w, ki, k′i)};

If there is not enough sub-carrier pairs from WPw choose
from the next best WP;

end
end

end
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tion (3.1)– (3.3) on page 51. The baseline approach of sub-carrier-pairs allo-
cation to the m-th MT is as follows in Algorithm 9.

5.2.3 Simulation Assumptions and System Model

A single VC of a hexagonal shape has been considered. The radius of the VC
is denoted by d0, and the distance between the CP and a WP by d. In a VC,
all WPs are located at the same distance from the CP. The CP is located at the
center of the VC.

We have defined the normalized transmission power as Pt/P0, where P0 is
the average transmission power for which theSNR at d0 is 0dB, and Pt the total
transmit power of the VC (see Equation (InterferenceSinceCell) on page 57).
Pt/P0 is equally distributed among all allocated logical routes in a VC. A 2-hop
link logical route equally shared the allocated power between each link. We
consider a path-loss exponent α = 4, a standard deviation of the log-normally
distributed shadowing loss σ = 8dB, and L = 8 propagation paths indepen-
dently distributed Rayleigh fading. The system bandwidth is divided into
S = 32 sub-carriers; and 2 logical routes are allocated per MT.

5.2.4 Simulation Performance

In the simulations, we consider a single VC with R = 7 including the CP as
illustrated in Figure 4.3 on page 90. The following parameter values have
been used; for EAS, the initial population is set to P = 800, the number of
candidates in the archive φ = 300, the number of generations G = 1500, and
the number of mates U = 1000. As for SIS, I = 500 iterations have been
simulated.

Figure 5.2 plots the ergodic channel capacity of the VCN based on the nor-
malized transmission power for the different schemes EAS, modified-SPA, and
SIS. A number ofM = 14 MTs are uniformly located in the VC, andDm = 2 log-
ical routes or sub-carrier-pairs are allocated per MT. Figure 5.2 shows that the
evolutionary scheme considerably outperforms the iterative and the modified-
SPA schemes, in the interference dominant transmission power region. This
is because the evolutionary scheme simultaneously allocates resources to MTs
while the other schemes implement a successive allocation of resources to
MTs. Hence, a better degree of route and frequency diversity can be achieved.
According to Figure 5.2, the iterative scheme provides better ergodic capacity
than the modified-SPA scheme. This is because, compared to the modified-
SPA scheme, the iterative scheme can provide a better degree of route and
frequency diversity by considering that the logical routes of an MT can be al-
located from different WPs. In the modified-SPA, the sub-carrier-pairs of an
MT are taken from the best WP.

Figure 5.3 shows the plots of the ergodic channel capacity of the evolution-
ary, and the iterative schemes (EAS, SIS) based on the number of generations
and iterations when Pt/P0 = 20dB, M = 10 MTs, and Dm = 3 logical routes are
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allocated per MT. The channel capacity of the modified-SPA scheme is also
shown for comparison. The results show that even for a few generations or
iterations, the evolutionary and the iterative schemes greatly outperform the
modified-SPA scheme. It can also be noted that the iterative scheme saturates
after I = 150 iterations while the capacity of the VCN can still be improved
by 10% if the evolutionary scheme is applied until 600 generations. These
results further corroborate the high performance of the evolutionary scheme
compared to the other schemes.

Figure 5.4 represents the plots of the degree of fairness of the VCN for the
different schemes (EAS, modified-SPA, and SIS) with Dm = 2 logical routes
allocated per MT and M = 14 MTs. The degree of fairness is evaluated using
the Jain’s fairness index [45] defined in Equation (3.17) on page 75.

According to Figure 5.4, the evolutionary scheme achieves better degree
of fairness than the other schemes in the interference dominant transmission
power region, and the modified-SPA scheme performs the worst. In the inter-
ference dominant transmission power region, for the successive schemes, the
channel capacity of the former MTs will degrade considerably as interference
will be added from resource allocation to later MTs. This degradation will
result in an unfairly shared resource between the MTs. As for the evolution-
ary scheme, since it considers the simultaneous allocation of the MTs, it can
provide a more fair allocation of the resources to the MTs.

Figure 5.4 also shows that the other schemes slightly outperform the evo-
lutionary scheme in the noise dominant transmission power region. These
results suggest that, in the absence of intra-cell interference, successively allo-
cating resources to MTs can slightly improve the degree of fairness compared
to the simultaneous allocation. By successively assigning logical routes to
MTs, the SIS and the modified-SPA maximize the capacity of each MT at each
allocation. As for the evolutionary scheme, the maximization focuses more on
a global scale. Therefore, in the noise dominant transmission power region,
the channel capacity of the edge users in the evolutionary scheme is expected
to be less than that of the edge users in the SIS and the modified-SPA. This
disparity explains the reason why the successive schemes marginally provide a
better degree of fairness than the evolutionary scheme in the noise dominant
transmission power region.

Figure 5.5 plots the 1% and 10% outage channel capacity per MT of the
VCN, represented respectively by the dash-dotted lines and the straight lines,
for the different schemes with Dm = 2 logical routes allocated per MT and
M = 14 MTs. The x% outage capacity per MT represents the highest channel
capacity per MT which keeps the outage probability under x%. The outage
probability is defined as the probability that the required transmission rate
of an MT exceeds the channel capacity of that MT. According to Fig. 5.5,
compared to the other schemes, the evolutionary scheme can significantly in-
crease the outage channel capacity in the interference dominant transmission
power region. This is a consequence of the greater ergodic channel capacity
observed in Figure 5.2. In the noise dominant transmission power region, all
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the schemes perform almost the same.
The ergodic channel capacity of the VCN based on the number of MTs

when the evolutionary, the iterative, and the modified-SPA schemes are ap-
plied is plotted in Figure 5.6. The straight lines, dashed dotted lines, and
dotted lines represent the channel capacity when the normalized transmis-
sion power Pt/P0 is 30dB, 10dB, and -10dB, respectively. Two logical routes
are allocated per MT. Figure 5.6 shows that in the absence of intra-cell in-
terference (noise dominant transmission power region – Pt/P0 = −10dB, low
probability of sub-carrier reuse – from M = 2 to M = 8 MTs) the evolutionary,
the iterative, and the modified-SPA schemes achieve almost the same per-
formance. However, in the presence of intra-cell interference (interference
dominant transmission power region – Pt/P0 = 10dB or 30dB, high probabil-
ity of sub-carrier reuse – from M = 8 to M = 16 MTs) the evolutionary scheme
outperforms the iterative and the modified-SPA schemes. The modified-SPA
scheme presents the worst performance. The reason for this observation is
the same as already explained in Figure 5.2. In the presence of intra-cell
interference, simultaneously allocating logical routes to MTs yields better per-
formance than successively assigning resources to MTs. It can also be noted,
in the interference dominant transmission power region, the capacity of the
modified-SPA scheme degrades as the number of MTs increases from M = 8
to M = 16 MTs. With S = 32 sub-carriers, the maximum number of 2-hop
links logical routes which can be allocated without sub-carrier reuse is 16.
Allocating more logical routes than this number will increase the probability
of assigning logical routes with sub-carrier reuse. In this simulation, two log-
ical routes are allocated per MT. Hence, increasing the number of MTs from
M = 8 to M = 16 augments the probability of using logical routes with sub-
carrier reuse. The performance of a scheme which does not incorporate any
interference control during the assignment of logical routes will deteriorate
as the number of MTs increases from M = 8 to M = 16 because of the added
interference between the logical routes.

In the following simulations, we consider only EAS and SIS. Different num-
ber of WPs per VC have been considered. They are respectively 1 WP located
at a distance d from the CP (R = 2 WPs), 2 WPs located at the edge of a line
going through the center of the VC (R = 3 WPs), 3 WPs located at the edge of
an equilateral triangle whose center is the CP (R = 4 WPs), 4 WPs located at
the edge of a square whose center is the CP (R = 5 WPs), and 6 WPs located
at the edge of a hexagon whose center is also the CP (R = 7 WPs).

Figure 5.7 plots the ergodic channel capacity of the VCN based on the nor-
malized transmission power for different number of WPs per VC when EAS is
applied. The case of R = 1 WP represents the SHN Figure 5.7 shows that as
the number of WPs increases the ergodic channel capacity of the VCN aug-
ments. This augmentation is a consequence of the additional degree of route
diversity created by the added WPs. It can be noticed that the improvement
gained in the noise dominant transmission power region is more significant
than that achieved in the interference dominant transmission power region.
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This difference can be understood by the fact that, in the interference domi-
nant transmission power region, the usage of WPs will increase the probability
to select logical routes of 2-hop link and create more intra-cell interference in
the VCN because of sub-carrier reuse. Therefore, to prevent intra-cell inter-
ference, the optimal solution provided by EAS will mainly be composed of
logical routes of direct link which will create less intra-cell interference. As
a consequence, adding more WPs will not generate any additional gain in a
single cell environment in case of high transmission power.

The ergodic channel capacity based on the number of WPs when SIS and
EAS are applied is plotted in Figure 5.8. The straight lines are those of EAS
and the dashed dotted lines those of SIS. The different colors represent the
different normalized transmission power used. Figure 5.8 shows that EAS
achieves better ergodic channel capacity than SIS independently of the num-
ber of WPs and the transmission power. These results corroborate the fact
that EAS can better solve the resource allocation problem in Equation (2.22)
on page 43 than SIS, as already shown. According to Figure 5.8, for high
transmission power, the channel capacity provided by SIS decreases as the
number of WPs increases. This is because adding more WPs increases the
probability of selecting logical routes of a 2-hop link which creates more intra-
cell interference in the VCN, in the interference dominant transmission power
region. Since SIS cannot avoid intra-cell interference as EAS, the capacity pro-
vided by SIS decreases as the number of WPs increases if high transmission
power is considered.

Figure 5.9 plots the ergodic channel capacity of the VCN based on the
distance ratio d/d0 when SIS and EAS are applied. What was said previously
regarding the colors and the lines remain the same in Figure 5.9. Based on Fig-
ure 5.9, an optimal distance ratio can be found in the interval 0.2∼0.4 when
EAS is applied. As for SIS, the optimal interval is the same if low transmission
power is considered. However, in the case of high transmission power, no such
optimal interval exists. To achieve higher channel capacity, the results suggest
to increase the distance ratio. This is because in the interference dominant
transmission power region, SHN (R = 1 WP) can provide higher capacity than
SIS (see Figure 5.8). Since the more the WPs are distanced from the CP, the
more the VCN tends to act like a single hop network, increasing the distance
ratio will provide an augmentation of the capacity when SIS is applied with
high transmission power.
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5.3 Multi-cell Network

In this section, we study the performance of EAS in a multi-cell environment
and compare its performance with that of the SIS.

5.3.1 System Model

We consider a multicell environment with a set V of V VCs. A set Rv of Rv
WPs including the CP is distributed in the v-th VC. The channel bandwidth of
the v-th VC is divided into a set Sv of Sv orthogonal sub-carriers. A set Mv

of Mv MTs are located in the v-th VC. A set Dm,v of Dm,v logical routes is to
be allocated to the m-th MT (MTm,v) in the v-th VC. The allocation problem is
the same as defined in Equation (2.35) on page 47.

5.3.2 Evolutionary Allocation Scheme

We assume that there is no cooperation between the VCs. This means that the
VCs do not share information regarding their allocated logical routes. Hence,
we apply EAS separately in each VC.

We define a solution candidate as Ψ
(t)
v = {D(t)1,v,D

(t)
2,v, . . . ,D

(t)
m,v, . . . ,D(t)Mv ,v

}
where D(t)m,v denotes the set of logical routes allocated to MTm,v in the v-th
VC. Similarly as in the single VC case, we define the allocation matrix T

(t)
v

associated to Ψ
(t)
v as :

T(t)v =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 a
(t)
12 a

(t)
13 a

(t)
14

⋮ ⋮ ⋮ ⋮

1 a
(t)
D1,v2

a
(t)
D1,v3

a
(t)
D1,v4

2 a
(t)
(D1,v+1)2 a

(t)
(D1,v+1)3 a

(t)
(D1,v+1)4

⋮ ⋮ ⋮ ⋮
2 ⋮ ⋮ ⋮
⋮ ⋮ ⋮ ⋮
M ⋮ ⋮ ⋮
⋮ ⋮ ⋮ ⋮

M a
(t)
ψv2

a
(t)
ψv3

a
(t)
ψv4

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
with 0 ⩽ a(t)i2 ⩽ Rv − 1, 1 ⩽ a(t)i3 ⩽ Sv, 1 ⩽ a(t)i3 ⩽ Sv, ∀ i ∈N, 1 ⩽ i ⩽ ψv.

(5.13)

The number of allocated logical routes in the v-th VC is noted as ψv. The
allocation matrix T

(t)
v has the same structure as defined in the single VC case.

Denote Pv the number of candidates in the initial population Popv, φv
the number of candidates in the archive, and Uv the number of mates in the
v-th VC. Besides the evaluation method in Procedure Evaluate, all the other
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Procedure EvaluateMultiCell
Input: Pv, Popv, VCv
Output: Popv: Population Evaluated
begin

for t = 1 ∶ Pv do
/* Evaluate interference between logical routes */

foreach l∗e (v,m, r, ki, kj) ∈ Ψ
(t)
v and lh(u, p, r′, ki′ , kj′) ∈ Ψ

(t)
u ,

∀ u ∈ V do
Evaluate interference using
the Procedure InterferenceMultiCell on page 69;

end

Evaluate C(Ψ(t)v ) using Equation (2.34) on page 46;
end

end

methods described above for a single VC can be applied in the v-th VC to
find the set of best solution candidates of the resource allocation problem
in Equation (2.35) on page 47.

As for the evaluation method, the objective function has to be changed
since we consider a multi-cell environment. It has been modified as follows
in Procedure EvaluateMultiCell.

The implementation of EAS in a multi-cell environment is detailed in Al-
gorithm 10. Algorithm 10 shows the different steps of EAS applied in the
v-th VC.

5.3.3 Simulation Assumptions and System Model

We consider a multi-cell environment with V = 19 VCs as illustrated in Fig-
ure 3.12 on page 67. To reduce computational complexity we implement the
wrap-around structure in Figure 3.13 on page 67. The distance D between
the CPs of two neighbouring VCs is taken to be D = d0

√
3, with d0 being the

radius of a VC.
We consider that each VC has the same number R of WPs, the same num-

ber of MTs M = 7 MTs and the same number of sub-carriers S = 16. The same
number of logical routes Dm = 2 logical routes is allocated per MT in each VC.

In each VC, we consider a multipath frequency selective fading propaga-
tion channel with L = 8 propagation paths. The paths are considered to be in-
dependently distributed Rayleigh fading with uniformly distributed power de-
lay profile. We assume the standard deviation of the log-normally distributed
shadowing loss to beσ = 8dB and a path-loss exponent α = 4.

We assume the normalized total transmission power Pt/P0 as defined in Equa-
tion (InterferenceMultiCell) on page 70 to be the same in all VCs. Pt/P0 is
equally shared among all allocated logical routes in a VC. A two hops logical
route equally distributes its allocated power between the two links.
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Algorithm 10: Evolutionary Allocation Scheme (EAS)
Input: Mv, Rv, Sv, Pv, G, φv, Uv, T ξunif()
Output: Archv containing the best solution candidates
begin

g ← 0;
/* Create initial population */

Popv ← create(Mv,Rv,Sv, Pv) using Procedure Create;
while g < G do

/* Evaluate population */

Popv ← evaluate(Popv) using Procedure EvaluateMultiCell;
/* Assign fitness value and archive best candidates

*/

Popvfit,Archv ← FitnessAssignArchive(Popv,Archv, φv)
using Procedure FitAssignArchive;
/* Select candidates for reproduction */

Matev ← TournamentSelection(Popvfit, Uv, T )
using Procedure TournamentSelect;
Increment g;
/* Reproduce to create new offspring */

Popv ← Reproduce(Matev) using Procedure Reproduce;
end

end
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During the simulation, we select a VC randomly and we apply EAS for one
generation for the selected VC. While applying EAS for the selected VC, we
assume that logical routes allocation has been completed for the other VCs.
For the other VCs, their best candidate is considered as their best solution
candidate. Inter-cell interference for the current VC is calculated using these
best candidates.

For each VC we consider an initial population of P = 800 candidates, an
archive of φ = 300 candidates, and a set of mates of U = 1000. The simulation
is executed for G = 19000 generations so that each VC can be selected for an
average of Gaver = 1000 generations.

5.3.4 Simulation Performance

We consider that R = 7 WPs including the CP are distributed in each VC
(see Figure 4.3 on page 90). The WPs are distanced from the CP by a distance
ratio d/d0 = 0.3. Figure 5.10 shows the plots of the ergodic channel capacity
of the VCN when EAS and SIS are applied in a multi-cell environment. For the
SIS, we simulate I = 50 iterations. Based on Figure 5.10, we notice that EAS
can provide better ergodic channel capacity than SIS in a multi-cell environ-
ment. These results corroborate the results obtained in a single cell scenario
where EAS outperforms SIS.

In Figure 5.11, we plot the 10% outage channel capacity for EAS and
SIS. It is observed that in the noise dominant transmission power region, SIS
provides the same performance as EAS. However, in the interference dominant
transmission power region, EAS outperforms SIS. The reasons are the same
as already explained in the single cell environment. The performance of SIS
degrades with interference since it is a successive allocation scheme while EAS
can achieve optimality by simultaneously allocating logical routes to the MTs.

Figure 5.12 plots the Jain’s fairness index for EAS and SIS. The Jain’s
fairness index is defined in Equation (3.17) on page 75. According to Fig-
ure 5.12, EAS and SIS can achieve almost the same fairness, independently
of the transmission power, with SIS slightly outperforming EAS. These results
suggest that the optimal solution, which maximizes the total channel capacity
of a VC, loses in fairness. Though EAS is not more fair than SIS, it can at least
provide almost the same fairness as SIS. Hence, EAS could be considered as
a good candidate scheme to solve the allocation problem in Equation (2.35)
on page 47.

To study the behaviour of EAS based on the distance ratio d/d0, in Fig-
ure 5.13 we plot the ergodic channel capacity of the VCN based on the dis-
tance ratio when EAS is applied in a multi-cell environment. We consider the
VC layout in Figure 3.18 on page 74 with R = 5 including the CP. We observe
that, similar to all previous results, an optimal distance ratio for the location
of the WP can be found in the interval 0.2 ∼ 0.4.

To understand the results in Figure 5.13, we plot the probability that a
two-hop link logical route will be allocated based on the distance ratio d/d0
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in Figure 5.14. The understanding is that in a two-hop network where a
direct link can be chosen, a two-hop link route will be selected only if that
two-hop link route provides better capacity than the direct link. Our objective
is to place the WPs in a location where they can be selected to provide higher
capacity than the direct link. Figure 5.14 shows that WPs located at a distance
ratio in the interval 0.2 ∼ 0.4 have a higher probability of being selected.
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Figure 5.12: Jain’s fairness index of EAS, and SIS
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Figure 5.13: Ergodic channel capacity based on distance ratio of EAS

Hence we conclude that placing the WPs at a distance ratio in the interval
0.2 ∼ 0.4 can ensure higher ergodic channel capacity.

So far we have been studying the optimal distance ratio using ergodic
channel capacity. Ergodic channel capacity is an average metric and does not
provide enough detail on how the total capacity is shared among the MTs.
Hence, in order to have a better understanding on where to place the WPs
to optimize the capacity per MT, we plot respectively in Figure 5.15 and Fig-
ure 5.16 the outage channel capacity per MT and the Jain’s fairness index
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based on the distance ratio d/d0. We notice that the assumption that an op-
timal distance ratio lies in the interval 0.2 ∼ 0.4 still remains valid. However,
Figure 5.15 and Figure 5.16 suggest that a distance ratio closer to 0.4 will
be more beneficial to the MTs when fairness is accounted for. Based on Fig-
ure 5.15 and Figure 5.16, higher degrees of fairness and outage channel ca-
pacity per MT can be obtained when the distance ratio is closer to 0.4.

In Figure 5.17 and Figure 5.18, we plot respectively the ergodic channel
capacity and the 10% outage channel capacity per MT based on the number
of WPs. We observe that increasing the number of WPs can help improve
the performance of the system. These results can be understood by the fact
that adding new WP helps increase the degree of route diversity in the net-
work. The increased performance of the system is a direct consequence of the
increased degree of route diversity.

We have not determined what could be an optimal number of WPs. How-
ever, we have found that as we increase the number of WPs, the additional
gain obtained by adding a new WP is decreasing. These results are plotted
in Figure 5.19. Figure 5.19 plots the percentage of increased capacity for dif-
ferent transmission power based on the number of WPs added. In Figure 5.19,
we observe that, regardless of the transmission power, the increased capacity
gained by adding a third WP is less than that obtained when adding the sec-
ond WP; and similarly the increased capacity provided by the addition of a
second WP is less than that provided by adding the first WP. These results
suggest that we cannot infinitely increase the capacity of the system by just
increasing the number of WPs.

In Figure 5.20, we plot the ergodic channel capacity of the VCN based on
the number M of MTs. We observe that the ergodic channel capacity increases
with the number of MTs. This increase is a direct consequence of multi-user
diversity provided by OFDMA.

Figure 5.21 plots the 10% outage channel capacity per MT based on the
number M of MTs. According to Figure 5.21, the outage capacity per MT
decreases as the number of MT increases. This is a trivial result as the to-
tal capacity has to be shared with more MTs. Hence, the capacity per MT
decreases.

The Jain’s fairness index based on the number M of MTs is plotted in Fig-
ure 5.22. We remark that the fairness of the system decreases with the number
of MTs.
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Figure 5.20: Ergodic channel capacity based on the number of MTs
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5.4 EAS Performance Comparison With Optimal
Scheme

To evaluate the performance of EAS compared with the optimal exhaustive al-
location scheme, we consider a single VC with 3 WPs located as shown in Fig-
ure 3.24 on page 80. The system bandwidth is divided into S = 8 orthogonal
sub-carriers. M = 2 MTs are generated randomly in the VC. Dm = 4 logical
routes are allocated per MT.

In Figure 5.23, we plot the ergodic channel capacity of EAS compared
with that of SIS, SAS, and the optimal exhaustive allocation scheme. For the
EAS, the same parameter values have been used, initial population P = 800
candidates, G = 1500 generations, U = 1000 mates, and φ = 300 candidates.
For SIS, I = 500 iterations have been simulated. According to Figure 5.23,
EAS can provide the same ergodic channel capacity as the optimal exhaustive
allocation scheme. As for SIS and SAS, their performance is less than that
of the optimal scheme. This is because EAS is able to avoid local optimal
solution and find global optimal solutions by considering the simultaneous
allocation of logical routes to MTs. SAS and SIS cannot provide optimal solu-
tions because they are successive schemes. These results prove that EAS can
be considered as an optimal allocation scheme to solve the resource allocation
problem in Equation (2.22) on page 43.

Figure 5.24 shows the plots of the 1% and 10% outage channel capacity
of the EAS, SIS and the optimal exhaustive scheme. Figure 5.24 again corrob-
orates the results in Figure 5.23. In the interference dominant transmission
power region, EAS approximates very well the performance of the optimal ex-
haustive scheme. SIS does not provide such performance. We notice a slight
difference between EAS and the exhaustive scheme in the interference domi-
nant transmission power region for 1% outage channel capacity. These results
suggest that our resource allocation problem might have many global solu-
tions and EAS does not always reach the best global solution. If we consider
the noise dominant transmission power region, in Figure 5.24 we observe
that SIS achieves the same performance as EAS and the optimal exhaustive
scheme. This can be understood by the fact that in the absence of interfer-
ence, SIS can be considered as an optimal allocation scheme. These results
only support all the previous results we have encountered so far where SIS
and EAS achieve almost the same performance in the noise dominant trans-
mission power region.

In Figure 5.25, we compare the computational complexity of the three al-
gorithms. We plot the CPU Time in second (s) of each algorithm based on the
normalized transmission power. The CPU Time is defined as the running time
of an algorithm to solve the resource allocation problem in Equation (2.22)
on page 43. We observe that the evolutionary scheme requires far less com-
putational time than the optimal exhaustive allocation scheme. We hence
conclude that EAS can achieve almost similar performance as the optimal ex-
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haustive scheme while reducing considerably the computational complexity.
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5.5 Summary

In this chapter, we proposed an evolutionary allocation scheme (EAS) to ap-
proximate the optimal solution of the resource allocation problems in Equa-
tion (2.22) on page 43 and in Equation (2.35) on page 47. We showed by
computer simulation that the EAS can optimally approximate the optimal so-
lution. The simulation results corroborated that EAS can provide better per-
formance than the SAS and the SIS proposed in the previous chapters.



CHAPTER 6
Conclusion

This chapter concludes the thesis. We also discuss some future work related
to this thesis.

6.1 Conclusion

In order to accommodate the increasing demand of high data transmission
in wireless networks, a new network paradigm is necessary. Wireless multi-
hop networks have been proposed by many researchers as a new network
architecture to satisfy that increase of data transmission without increasing
the transmitted power. Among the different multi-hop network architectures
proposed, there exists a virtual cellular network (VCN) in which the base
station is named as central port and the relay stations as wireless ports. As a
transition step in the implementation of multi-hop networks, a two-hop VCN
can be considered to increase the data transmission rate.

Though multi-hop networks can increase the data transmission rate with-
out increasing the transmission power, they also present many challenges. A
common challenge is resource allocation to multiple users. In a two-hop VCN
where OFDMA is applied, resources can be considered as routes (WPs), and
sub-carriers in first-hop and second-hop links. The problem of joint route and
sub-carrier allocation to multiple users in a multi-cell environment, where a
sub-carrier can be reused simultaneously in multiple links within a cell, was
not yet solved in the literature.

6.1.1 Chapter 2

In Chapter 2, we formulated the problem of route and sub-carrier allocation
to multiple mobile terminals using the concept of logical routes. We modelled
the resource allocation problem for both single cell and multi-cell environ-
ments. We defined the different constraints that have to be respected for a
sub-carrier to be reused simultaneously in multiple links.

We derived the numerical expressions to calculate the signal-to-interference-
plus-noise power ratio of a logical route in both single cell and multi-cell en-
vironments. The total channel capacity for a virtual cell was derived for single
cell and multi-cell networks in a multi-user environment.

154
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The resource allocation problem was formulated as an optimization al-
location problem where the channel capacity of a VC is considered as the
objective function. Different sub-carrier reuse constraints were defined for
the optimization allocation problem in both single cell and multi-cell environ-
ments.

6.1.2 Chapter 3

The optimal solution of the joint route and sub-carrier allocation problem re-
quires an exhaustive search which may not be applied in a practical system. To
reduce computational complexity, we proposed a successive allocation scheme
(SAS) in Chapter 3. The successive allocation scheme considers the successive
allocation of the logical routes to the MTs.

Firstly, we proposed the SAS in a single cell environment. We studied
the performance in a single cell and showed that SAS can increase the ergodic
channel capacity in the noise dominant transmission power region when com-
pared to the current single hop network (SHN). Using SAS, we showed by
computer simulation that the ergodic channel capacity and the degree of fair-
ness of the VCN are superior to those of the conventional SHN for low trans-
mission power. We also acknowledged that as the distance ratio increases, the
channel capacity of the VCN approximates that of the SHN. Furthermore, if
we consider low transmission power, the optimal distance ratio d/d0 for the
location of the WPs can be found in the interval 0.2 ∼ 0.3. We also remarked
that the ergodic channel capacity of the VCN remains better than that of the
SHN as the number of MTs increases for low transmission power.

Secondly, we modified the SAS to apply it in a multi-cell environment and
study its performance. We evaluated the ergodic channel capacity and the out-
age capacity per MT of the VCN, in the presence of inter-cell interference, and
compared the results to those of the SHN. The simulation results showed that
the VCN can provide better outage capacity per MT and greater ergodic chan-
nel capacity than the SHN, even for high transmission power, in a multi-cell
environment. As the number of MTs increases, the ergodic channel capacity
of the VCN still remains greater than that of the SHN. Furthermore, the VCN
presents a better degree of fairness than the SHN. We also showed that in-
creasing the number of WPs R from 4 to 7 in the VCs can further enhance the
ergodic channel capacity of the VCN if the WPs are placed at a well chosen
distance from the CP. The optimal distance ratio d/d0 to place the WPs can be
found in the interval 0.2 ∼ 0.4; and it depends neither on the number of WPs
in the VCs nor on the normalized transmission power. We also noticed that, if
a frequency reuse factor of 1 is applied, the ergodic channel capacity degrades
considerably.

Considering a single cell with R = 3 WPs and M = 2 MTs, we compared
the performance of SAS with that of the optimal exhaustive scheme. Though
SAS could approximate the performance of the exhaustive scheme in the noise
interference dominant transmission power region, its performance degrades
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considerably in the interference dominant transmission power region. These
results suggest that SAS cannot be considered as an optimal scheme because
it is not resilient to intra-cell and inter-cell interference.

6.1.3 Chapter 4

The performance of the SAS proposed in Chapter 3 degrades with interfer-
ence. In Chapter 4, considering a single cell environment, we proposed the
sequential (SIS) and the random (RIS) iterative schemes to enhance the chan-
nel capacity of the VCN in the interference dominant transmission power re-
gion. The SIS considers the reallocation of the logical routes taking the MTs
in a sequential order. As for the RIS, the MTs are selected randomly for log-
ical routes reallocation. Using computer simulations, we showed that high
improvement can be achieved if SIS and RIS are applied in a single cell envi-
ronment. We also noticed that the SIS converges faster than the RIS.

In addition to SIS and RIS, we investigated the permutational (PIS) and
permutational combined (PCIS) iterative schemes. The PIS generates multiple
random permutations of the MTs; and logical route allocation is performed
using SAS for each of these permutations. The PCIS is a combined algorithm
where SIS is applied as the allocation scheme for each permutation of the PIS.
PICS been a combined version of PIS provides better performance than PIS
and SIS. However, PCIS is not a practical allocation scheme since it requires
complete deallocation of the MTs in order to be implemented. Hence, the
PCIS was used to evaluate the performance of the SIS. The simulation results
showed that the performance of the SIS approaches that of the PCIS. Since the
SIS presents less computational complexity and was more practical than the
PCIS, we have retained the SIS as the best iterative scheme to replace SAS.

The SIS was modified so that it could be applied in a multi-cell environ-
ment. We showed that, compared to SAS, with using the SIS, considerable
improvement of the ergodic and outage channel capacity of the VCN can be
achieved in the interference dominant transmission power region, with low
complexity cost.

Compared to the conventional single hop network, we also showed that
the performance gained in the VCN when SIS is applied is higher than that
obtained in the SHN. Furthermore, the simulation results corroborated that
adding more WPs per VC can increase the outage channel capacity and boost
the degree of fairness of the VCN.

Using the same single cell layout with R = 3 WPs and M = 2 MTs as
in Chapter 3, we compared the performance of the SIS with that of the SAS
and the optimal exhaustive allocation scheme. We showed that SIS can im-
prove the ergodic channel capacity of the VCN in the interference dominant
transmission power region compared to SAS. However, the performance of
the SIS compared to the optimal exhaustive scheme could still be improved.
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6.1.4 Chapter 5

SIS as a successive scheme could not approximate the optimal exhaustive allo-
cation scheme. In Chapter 5, we proposed an evolutionary allocation scheme
(EAS) to approximate the optimal exhaustive allocation scheme.

EAS is based on the evolution theory where population candidates go
through many evolutionary methods to provide better candidates. We mod-
elled the resource allocation problem as an evolutionary allocation problem.
We defined and implemented the following evolutionary methods for our re-
source allocation problem: Creation, Evaluation, Fitness Assignment, Archiv-
ing, Validation, Tournament Selection, Mutation, Crossover, and Reproduc-
tion. These methods were combined to provide the best solution candidate
for our resource allocation in a single cell.

Considering a single cell, we compared the performance of the EAS with
that of the SIS and a modified sub-carrier pair allocation scheme. Simulation
results corroborated that, compared to the SIS and a modified-subcarrier pair
allocation scheme, by simultaneously allocating resources to MTs, EAS can
improve the ergodic channel capacity of the VCN in the presence of intra-cell
interference.

The evaluation method of the EAS was modified so that EAS could be
applied in a multi-cell environment. We showed that in a multi-cell environ-
ment, EAS outperforms SIS in the interference dominant transmission power
region. We also studied the performance of the EAS based on the number of
WPs and location of the WPs. We showed that similar to other schemes, for
the EAS, an optimal distance ratio for the location of the WPs could be found
in the interval 0.2 ∼ 0.4. The performance of the VCN increases with the num-
ber of WPs. However, the achievable gain obtained when adding a new WP
decreases as we increase the number of WPs.

To compare the performance of the EAS with that of the optimal exhaus-
tive allocation scheme, we considered the same system layout of R = 3 WPs
and M = 2 MTs as in Chapter 3 and Chapter 4. We compared the perfor-
mance of the EAS with that of the SAS, the SIS and the exhaustive scheme.
We showed that EAS outperforms both SAS and SIS. Furthermore, EAS could
provide almost the same performance as the optimal exhaustive scheme for
low level of complexity. Hence, we concluded that EAS should be considered
as the optimal allocation scheme for the resource allocation problems defined
in Chapter 2.

6.2 Future Work

In our work, we considered that the CP has the channel station information
(CSI) of all links inside a virtual cell. The simulations were conducted based
on that assumption. It is our understanding that providing the CSI to the CP
will create overhead in the system. Furthermore, simulation results corrobo-
rated that adding more WPs per VC can increase the outage channel capacity
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and boost the degree of fairness of the VCN. Adding more WPs in the VCN
will increase the signalling overhead in the network. The added signalling
overhead will impact the achievable channel capacity of the network. Further
studies could focus on the reduction of signalling overhead in the VCN.

We have not taken into account the quality of service in our system. In mo-
bile cellular network, some applications require real-time transmission with
limited delay while others are more flexible with it comes to transmission
delay. Therefore, when allocating resources the quality of service should be
considered in order to satisfy those costumers with transmission delay con-
straints. Allocation resources which take into account the quality of service in
two-hop networks are required in future work.

In our work, we have used the ergodic capacity as the performance metric.
Though the ergodic capacity gives a good understanding of the performance
of a scheme, the throughput of a system is another good performance met-
ric which can provide further detail in the performance of a cellular system.
Scheduling should be considered in future studies to evaluate the throughput
of the network.

In this study, we have not applied any transmit power control. Interfer-
ence between the logical routes can be mitigated if transmit power control is
performed. Hence, future work can focus on studying optimal transmit power
control in the VCN.

In mobile cellular networks, data transmission occurs in two ways: uplink
and downlink transmission. In this thesis, we have only considered resource
allocation for the downlink transmission. Future studies can focus on resource
allocation algorithms for the uplink.

We have considered in this thesis that the CP allocates resources to all
nodes in a VC. This scheme is referred to as a centralized allocation scheme. A
decentralized resource allocation scheme can be considered as an interesting
research topic also.



Glossary

AWGN additive white Gaussian noise.

BS base station.

CDMA code division multiple access scheme.

CMOS complementary metal oxide semiconductor.

CN core network.

CP central port.

FFT fast Fourier transform.

FRN fixed relay network.

GSM Global System for Mobile Communications.

IFFT inverse Fast Fourier transform.

MRN mobile relay network.

MT mobile terminal.

NP-hard non-deterministic polynomial-time hard.

OFDM orthogonal frequency division multiplexing.

OFDMA orthogonal frequency division multiple access.

QPSK quadrature phase shift keying.

RIS random iterative allocation scheme.

SAS successive allocation scheme.

SHN single hop network.

SINR signal-to-interference-plus-noise power ratio.

SIS sequential iterative allocation scheme.

SNR signal-to-noise power ratio.

TDMA time division multiple access.

VC virtual cell.

VCN virtual cellular network.

WP wireless port.
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