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Abstract

Increasing licensed spectrum utilisation can be achieved through physical (PHY)
and/or medium access control (MAC) layer approaches. In the PHY layer, re-
source utilisation can be increased by implementing multiple input multiple output
(MIMO) transmission. On the other hand, a low-cost solution of the MAC layer
approach is the resource utilisation improvement by implementing femtocells based
heterogeneous network (HetNet) that allows end-users to deploy small-size bases-
tations (BSs) in their own premises. While this also reduces the installation and
maintenance cost of the operators, it results in higher interference levels in the net-
work.

This research proposes solutions in both, PHY and MAC layers, to improve the
licensed spectrum efficiency. In the case of the PHY layer approach, this thesis pro-
poses a new pairing cooperative technique in the uplink transmission that can pro-
vide spatial diversity and constructive interference exploitation in uplink orthogonal
frequency division multiple access (OFDMA) systems. Both synchronous and asyn-
chronous transmission scenarios are considered. The performance of this technique
is evaluated through Monte Carlo simulations and accurate mathematical analysis.
It is shown that the proposed scheme provides significant BER reductions, especially
at low SNR, as well as, throughput improvements relative to existing cooperative
transmission techniques.

In the case of the MAC layer approach, this research proposes a novel interference
mapping based RRM that combines network routing protocols and cooperation be-
tween BSs and the cellular management system to produce an effective way of util-
ising the spectrum. It will be shown through mathematical analysis and computer
simulations that this proposal improves the overall bit rate and quality of service
(QoS), enhances the energy efficiency and provides a good platform to manage fem-
tocell accessibility.
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bol
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ECm,t Received power from Tm’s neighbour BSs to its UEs

ECm,t Received power from Tm’s neighbour BSs to its UEs

hδ Impulse response matrix that results in ISI
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1. Introduction

1.1. Future Cellular Networks

It is widely accepted that wireless capacity has doubled every 30 months over the
last 104 years [1]. Much of this increase is generated indoors and is related to video
related applications. Furthermore, the pressure for reducing carbon emission in all
aspects of technology requires cellular operators to provide better energy efficiency.
However, the available spectrum for cellular systems is limited and expensive. In
fact, spectrum licensing for two 5 MHz of 800 MHz spectrum in the UK could cost
up to £ 217 millions for a 20 year license period [2]. This means, in order to satisfy
such increase, a more efficient technique to utilize radio cellular spectrum has to be
employed by the operators.

One way to increase data rate application is by implementing a multiple input mul-
tiple output (MIMO) system. This system provides an extra degree of freedom
in the spatial domain that can be exploited to achieve diversity gain or/and spa-
tial multiplexing gain [3]. This, generally, translates into improved performance,
power efficiency, data rate, or a combination of. While MIMO can be practically
implemented in basestations (BSs), it is more challenging to do so in users’ equip-
ments (UEs) due to some reasons such as size constraint, complexity and rising
cost, amongst others. A more common way to empower UEs with spatial diversity
is through multiuser cooperation [4]. By allowing users to transmit each other’s sig-
nals in real time, cooperative diversity is created. Although this kind of cooperation
could also be applicable on the downlink, it is more common on the uplink which is
the focus of this project.

An alternative way of increasing the spectrum utilisation is by implementing the
heterogeneous networks (HetNets) architecture. The conventional HetNets archi-
tecture contains macrocells together with micro- and picocells [5] where a picocell
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is widely used within indoor environment or heavily shadowed urban area which
covers a small area [6]. While picocells provide good solution to provide coverage in
the indoor environment, this solution is expensive due to the channel measurement
survey requirement, site leasing, amongst others [7]. Furthermore, the speed of in-
stalling picocells is slower compared to the required increase of wireless capacity.
These problems can be solved by implementing the femtocell technology that allows
a free deployment by the end-users. This reduces the cost and installation time
for surveying, site leasing and making a dedicated backhaul connection. However,
since it is installed by the end-users, the femtocell technology increases interference.
This reduces the achievable data rate and the quality of service (QoS) to the users.
Furthermore, interfering signals render such signals as wasted transmitted power.
This means that a good interference avoidance scheme is needed to aid the imple-
mentation of the femtocell technology to support the capacity increase and energy
efficiency requirements of cellular networks.

Similar to the link layer transmission, cooperation also holds the key to the adapt-
ability and efficiency of femtocell networks. All femtocell access points have to be
synchronised and agree in which spectrum can be used at any instant. This may re-
quire communication between basestations and/or with a central computer through
a self-organisation capability [8] in order to facilitate this framework.

1.2. Cooperative Diversity

Cooperative diversity coordinates the signal transmission to create a virtual anten-
nas system. This cooperation strategy involves several users within close proximity
to exchange their information using certain protocols besides transmitting their users
and their cooperating users’ signals [9]. This additional channel path(s) that are or-
thogonal with the direct transmission channel path create spatial diversity that can
be exploited to create spatial diversity gain.

Cooperative diversity can be achieved using two major schemes, which are relay
type (RT) [10, 11] and pairing type (PT) [12, 9] schemes. With the RT technique
some users act as relays for other active users. In this scheme, the orthogonality
requirement can be achieved in time and frequency and can be implemented with
the penalty of reduced spectral efficiency. This implies that the diversity order, L,
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increases proportionally with the number of relay terminals at the cost of reduced
spectral efficiency and data rate [13, 14]. On the other hand, a maximum of two
preferred users are partnered in such a way that they both transmit a common
signal within the same time-slot and spectrum and achieve a similar throughput.
This means that the only available orthogonal channel for the conventional PT
scheme is achieved through orthogonal code. PT techniques were mainly developed
for code division multiple access (CDMA) systems. In [15], the users of each pair
broadcast their data alternately. During a transmission period, one of the users
performs broadcasting while the second user and BS receiving. The broadcasted
symbol is the sum of the two symbols belonging to the user pair. The symbol from
one user is detected after the other user performs broadcasting in order to allow the
BS to have signals from direct and indirect paths. Recently, a more effective pairing
technique has been proposed in [12] where parts of the license-exempt spectrum are
utilised for inter-user communications. This technique not only reduces the number
of required spreading codes, but also achieves a diversity order of two [16, 17].

1.3. Radio Resource Management

1.3.1. Interference Avoidance

Radio resource management (RRM) is a robust method to tackle the interference
problem caused by femtocells in 4G networks such as WiMAX release 2 (802.16m)
and LTE-Advanced because these networks use synchronised and parallel transmis-
sion in the time and frequency domains which allows a high level of flexibility in
managing the transmission channel [18]. In these technologies, RRM includes spec-
trum and power transmission management [19], where spectrum management is
considered to be a more promising approach due to its simplicity by using frequency
partition of interfering femtocells [20, 19]. For the sake of simplifying the nota-
tions, throughout this thesis, WiMAX and LTE terminologies are used to represent
WiMAX release 2 and LTE-Advanced, respectively.

WiMAX technology uses orthogonal frequency division multiple access (OFDMA)
transmission in both downlink and uplink transmissions [21]. Users are allocated
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with a set of subcarriers forming a subchannel at a given OFDM symbol. Subcar-
riers within a subchannel can be allocated to user either in distributed or adjacent
subcarrier permutation mode [22]. On the other hand, LTE uses OFDMA system
in downlink transmission and single carrier frequency division multiple access (SC-
FDMA), which is an extension of OFDMA with addition of FFT after the bits to
modulation converter, in the uplink transmission. A frame of signal transmission
is divided into Tfr subframes. Each subframe contains NRB resource blocks (RBs)
where each RB contains 12 subcarriers or resource elements (REs). 1 RB within a
subframe is allocated to a user [23]. Compared to WiMAX technology, LTE allocates
the subcarriers of users in a block by block manner.

Managing spectrum to reduce interference faces the challenge of balancing the spec-
trum utilisation and achieving a good interference level as well as adapting to the
dynamic nature of cellular networks. A high level of spectrum partitioning reduces
interference at the price of reducing spectrum utilisation and achievable data rate.
Furthermore, very low interference per transmitted channel that translates a very
high signal to interference ratio (SIR) do not always translate high data rate per
transmitted channel. This is because there is a maximum limit of modulation order
per subcarrier, e.g. LTE Release 11 and the upcoming Release 12 has a maximum
of modulation order of 64QAM and 256QAM, respectively [24, 25]. In addition,
the dynamic nature of cellular networks requires the RRM to adapt with the users
movement.

In OFDMA based HetNets, downlink interference is practically reduced using ra-
dio resource management (RRM). This includes frequency spectrum allocation and
power control [20, 19], where in the case of interfering BSs, spectrum allocation
minimises interference by allocating different subsets of subcarriers to those BSs.
This, however, reduces the ability of the interfering BSs to fully exploit multiuser
diversity and consequently reduces the achievable throughput. Thus, in order to
capture this, it is important to evaluate the combined performance of RRM and
scheduling together.

OFDMA RRMs can be classified into two types, Channel State Information (CSI)
based and Self-organizing network (SON). Both types make a decision of resource
allocation in distributed and/or centralized manners. In the case of CSI based
RRM [19], the resources are allocated such that the interference is minimised. This
requires the information of interference and/or the channel gain at all bands [19, 26].
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Distributed CSI based RRM works by allowing each small base station (SBS) to
allocate its UEs’ subcarriers based on measurements of the interference received
[27, 28, 29], while the centralised CSI based RRM uses a central node to compute
the subcarriers allocation for all UEs [19]. On the other hand, SON RRM utilizes
a number of SON functionalities to manage the resource. Among these approaches,
the centralised CSI based RRMmethod is associated with higher levels of complexity
due to the requirement of CSI for the entire spectrum to achieve the most appropriate
allocation [19].

1.3.2. Scheduling Consideration

Due to channel gain variations that may affect signals transmission across various
users and frequency spectrum, scheduling is often required to utilize multiuser diver-
sity and improve the achievable bit rate. The most popular scheduling algorithms
in OFDMA systems include maximum sum rate (MSR), maximum fairness (MF),
proportional rate constraints (PRC), proportional fairness (PF) [22] and the cu-
mulative distribution function (CDF) based scheduling policy [30], which retains a
similar characteristic to PF scheduler [31] that maximises multiuser diversity and
users’ fairness. Due to this reason, PF based scheduler is commonly applied in
the cellular environment [32]. Although fairness of a system can be assessed with
proportion of resources assigned to a user with some normalisation factor [31], the
interest of this thesis is to assess fairness in terms of quality of service (QoS) im-
provement. Since QoS has been the main interest besides sum rate, this project
considers only the scheduling strategies that balance the QoS as well as utilising
multiuser diversity.

1.3.3. Femtocell Access

Accessibility of femtocells is a crucial aspect for the cellular provider. Conventional
access schemes include open and closed access. With open access, outside or un-
registered users can access a particular femtocell. On the other hand, closed access
scheme block any outside or unregistered users from accessing the femtocell.

Open access can be beneficial to the overall network capacity in comparison to closed
access. However, multiple access to different femtocells results in high probability
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of handover between one femtocell to other femtocells [33]. On the contrary, the
closed access scheme is very beneficial for the femtocell owner and avoid multiple
handover problems with the penalty of reducing the performance of the surrounding
users. A more preferable access scheme employed by the network operator is the
hybrid scheme [34], which allocates most of the available resource to the femtocell
owner and allows visitor to access the rest of the femtocell’s resource.

1.4. Motivation

Inspired by the novel implementation of PT in CDMA shown in [12] and the growing
popularity of license-exempt spectrum for cellular systems such as the Unlicensed
Mobile Access (UMA) [35], this work investigates a new PT diversity technique for
uplink orthogonal frequency division multiple access (OFDMA). It is expected that
by implementing the same principle, a diversity order of two with uncompromising
data transmission rate can be achieved. It is worthwhile highlighting that other
diversity techniques, such as the RT techniques, offer diversity at the expense of
data rate reduction.

The need to achieve a more efficient and adaptive femtocell based HetNets, prompts
an investigation to find robust radio resource management (RRM) algorithms that
can achieve the best balance between resource utilisation and interference minimisa-
tion. This investigation focuses on the impact of overall sum rate performance and
quality of service (QoS) in terms of minimum bit rate as well as the environmental
impact such as power consumption and energy efficiency in order to show the effect
of supporting the requirement to satisfy data rate increase and satisfy the green
communication requirement.

After the investigation of interference avoidance schemes, the impact of scheduling
in such limited spectrum needs to be examined. Similar to RRM investigation, the
scheduling implementation study is focused on the overall performance and QoS
performance as well as the energy efficiency impact.

Finally, a comprehensive method of scheduling access for femtocells needs to be in-
vestigated. This is because a femtocell is partially owned by the end-users. Users
may deploy various type of access scheme. Typical access strategies are designed in
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the interference free scenario. For this reason, this research investigates a compre-
hensive access policy in the interference scenario.

1.5. Research Objectives and Contributions

The aim of this research is “to improve the performance of cellular networks in both
physical and medium access control (MAC) layers using the cooperative communi-
cation frameworks”. This aim will be achieved through physical (PHY) and MAC
layer approaches. The PHY layer manages the signal transmission through radio
frequency (RF) while the MAC layer controls the resource allocation for a given
PHY layer method [36]. The PHY layer approach focuses on improving the signal
transmission while a MAC layer method investigates the method to increase the
throughput performance.

1.5.1. PHY Layer Objectives

• Design an OFDMA based PT scheme as an alternative to the RT cooperative
scheme.

• Analyse and simulate the performance of OFDMA based PT scheme and com-
pare the performance with the RT alternative under both ideal and non-ideal
channel conditions.

1.5.2. MAC Layer Objectives

• Design an interference avoidance RRM algorithm using cooperative frame-
works.

• Performance evaluation by considering the homogeneous network (HoNet) that
contains the femtocells network only and heterogeneous network (HetNet) that
contains other cell sizes, e.g. macrocell and/or microcell besides femtocell.

• Evaluate the impact of scheduling implementation on the spectrum limited
resource allocation.
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• The designed RRM is assessed based on the overall achievable data rate, QoS
and power consumption as well as energy efficiency performance.

• Design a new scheduling strategy to accommodate further investigation on
access strategy.

• Design a comprehensive femtocell access strategy based on the designed in-
terference avoidance scheme and evaluate the impact of the access strategy to
the femtocell owner and the surrounding users.

1.6. Publications

This work has resulted in a number of contributions including one patent, one ac-
cepted IEEE Transactions on Communications journal and four IEEE peer reviewed
conference papers.

• Pramudito, W and Alsusa, E. (2012). “Femtocell technology in 4G systems”,
UK Patent No. GB1214642.9. Status: filed in August 2012, finalisation stage
before publication after 7 January 2014.

• IEEE Transaction on Communication: W. Pramudito and E. Alsusa, “A Hy-
brid Resource Management Technique for Energy and QoS Optimization in
Fractional Frequency Reuse Based Cellular Networks.”. Status: Accepted sub-
ject to minor revision (TCOM-TPS-13-0066).

• W. Pramudito, and E. Alsusa, “Joint Dynamic Frequency Allocation and
Routing Strategy for Optimizing the Power Consumption and Data Rate of
OFDMA based Femtocell Networks,” in Wireless Communications and Net-
working Conference (WCNC), 2013 IEEE, April 2013.

• W. Pramudito, and E. Alsusa, “Adaptive Radio Resource Management for QoS
Optimization in Green Long Term Evolution Network,” in Communications
(ICC), 2013 IEEE International Conference on, June 2013.

• W. Pramudito, and E. Alsusa, “A Dynamic Pairing Diversity with Interference
Exploitation for High Throughput 4G Systems” in Personal Indoor and Mobile
Radio Communications (PIMRC) 2013 IEEE 24th International Symposium,
September 2013.
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• W. Pramudito, and E. Alsusa, “Joint Dynamic Energy-efficient Spectrum Al-
location and Routing in Two-tiered 4G Cellular Systems.” Globecom 2013.

1.7. Thesis Structure

This thesis reports the work of developing various strategies to enhance the per-
formance of heterogeneous cellular networks and is divided in eight chapters. The
current chapter, Chapter 1, has introduced the overview of this research.

Chapter 2 provides all the theoretical background of 4G heterogeneous networks,
which include orthogonal frequency division multiplexing/multiple access, signal
propagation, multiple antennas and virtual multiple antennas systems, femtocell in
4G heterogeneous cellular networks (HetNets) and radio resource management in
femtocell based 4G HetNets.

Chapter 3 proposes a novel cooperative diversity specifically designed for OFDMA
based uplink transmission by utilising the single dimensional OFDM modulation
and unlicensed band to achieve a diversity order of two and a transmission rate
of one symbol/second/Hz. Both performance analysis and simulation results are
presented in this chapter.

Chapter 4 and chapter 5 propose and evaluate a novel radio resource management in
order to reduce the interference of femtocell based HetNets using a novel interference
mapping. The analysis is presented in chapter 4 and the simulation results are
presented in chapter 5.

Chapter 6 reviews the implementation of scheduling strategy in the proposed in-
terference mapping radio resource management and proposes a novel scheduling
strategy that provides flexibility in various real cellular networks scenario.

Chapter 7 proposes a scheme to implement various femtocell access strategies and
provides a compensation scheme in order to encourage the femtocell owner to provide
the accessibility of femtocell.

Chapter 8 concludes the discussion and shows future works recommendation.
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Finally, the appendices of this report provide the throughput consideration in this
research, effect of time mis-synchronisation to the pairing users in PT scheme and
proof of Lemma 1.
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2. 4G Cellular Networks Deployment

This chapter provides theoretical background of important aspects of the link and
system levels implementation of Wireless Microwave Access (WiMAX) and Long
Term Evolution (LTE). This includes signal propagation, modulation schemes, mul-
tiple antennas system, femtocell technology implementation and radio resource allo-
cation consideration. This chapter is organised as follows. First, basic signal prop-
agation is explained in section 2.1. After that, OFDM/A system, which is essential
for 4G networks, is described in section 2.2. Then, multiple-input and multiple
output (MIMO) and virtual MIMO are discussed in section 2.3 and section 2.4, re-
spectively. The implementation of femtocell technology is described in section 2.5
while the radio resource management for femtocell is described subsection 2.6.2.
Finally, this chapter is summarised in section 2.7.

2.1. Signal Propagation

Signal propagation from transmitter to receiver can be classified into two types.
They are large-scale, which occurs due to variations in both the terrain profile,
and small scale fading channels, which occurs due to multiple reflections around
the receiver. Large scale fading channels is characterised by slow variations of the
received signal power over distance, while the small scale fading is characterised by
rapid signal fluctuation over short distance or time and frequency.

2.1.1. Large Scale Fading

This type of fading is characterised by slow variations of the received signal power
over the distance, which decreases over distance logarithmically [37]. The difference
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between the transmitted power and the received power is called path loss. This
received signal across the distance measured in dBm, Pr [dBm], is related to pathloss,
PL(d) [dB], which is given by [37].

Pr(d)[dBm] = Pt[dBm]− PL(d)[dB] (2.1)

where Pt[dBm] is the transmitted power measured in dBm. The pathloss is affected
by different environment and frequency carrier.

There are two propagation scenarios considered in this research, which are outdoor
and indoor propagation models. In both cases, this thesis only considers pathloss
models that work on typical WiMAX and LTE licensed spectrum, which are 800
MHz, 1.8 GHz, 2.3 GHz, 2.5 GHz, 2.6 GHz and 3.5 GHz [38, 2, 39, 40]. A widely
used model for outdoor propagation scenario at these frequency spectrums are the
Hatta and Stanford University Interim (SUI) models [38, 37]. On the other hand, a
widely used model for indoor propagation is the log normal shadowing model [37].

Hatta model which works up to 1.5 GHz is given by [38, 37] 1

PL(d) [dB] = 69.55+26.16 log10 (fc)−13.82 log10 (hte)−a (hre)+(44.9− 6.55) log10 (d)
(2.2)

where fc is the carrier frequency in MHz between 150 MHz and 1500 MHz, hte is
the basestation (BS) antenna height (in meters) ranging between 30 m and 200 m,
hre is the receiver antenna height between 1 m and 10 m, d is the distance between
transmitter and receiver (in km) and a (hre) is the mobile antenna correction factor
affected in decibel by the size of coverage area [37]. As shown in [37], the correction
factor in the case of large city is given by

a (hre) [dB] =

 8.29 (log10 (1.54hre))2 − 1.1 fc ≤ 300MHz
3.2 (log10 (1.54hre))2 − 4.97 fc > 300MHz

(2.3)

and in the case of small to medium city is given by

a (hre) [dB] = (1.1 log10 (fc)− 0.7)hre − (1.56 log10 (fc)− 0.8) (2.4)

SUI model distinguishes the environment into three Terrain types, A, B and C [38].
1For clarity reason, Hatta model shown in this chapter is only in the case of urban areas.
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Terrain type A is a hilly terrain with moderate-to-heavy tree densities, Terrain type
B is a hilly terrain with light tree densities or a flat terrain with moderate-to-heavy
tree densities and Terrain type C is flat terrain with light tree densities [38]. The
pathloss of this propagation model, which best works from 1.9 GHz up to 3.5 GHz
2 [40, 38], is given by

PL (d) [dB] = Q+ 10ϕlog10 (d/100) +Xf +Xh + s (2.5)

where Q = 20log10
(

4π100
λ

)
, ϕ is given by

ϕ = a− bhte + c

hte
+ χaσγ (2.6)

Xf is given by Xf = 6 log10
(

fc
2000

)
, Xh is given by [38]

Xh =

 10.8log10
(

2.0
hre

)
for Terrain types A and B

20log10
(

2.0
hre

)
for Terrain types C

(2.7)

and s is given by
s = χb (µσ + χcσσ) (2.8)

where χa, χb and χc are Gaussian random variables with zero mean.

Table 2.1.: Parameters of the SUI propagation model [38, 40]

Model
parameters

Terrain type A Terrain type B Terrain type C

a 4.6 4 3.6
b (m−1) 0.0075 0.0065 0.005
c (m) 12.6 17.1 20
σγ 0.57 0.75 0.59
µσ 10.6 9.6 8.2
σσ 2.3 3.0 1.6

The log normal shadowing model used to represent indoor propagation is given by

PL(d)[dB] = 20log10

(
4πd0

λ

)
+ 10β log10

(
d

d0

)
+Xσ (2.9)

2In the case of 3.5 GHz, [39] shows that SUI model provides the most accurate results for NLOS
compared to existing propagation models. However, it gives high error due to the fact that this
model distinguishes into three terrain types which may be chosen arbitrarily.
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where d0 is the reference distance close to the transmitter that is usually one meter,
d is the distance between transmitter and receiver, λ is the signal wavelength, β
is the pathloss exponent differs for each type of environment and Xσ is log normal
shadowing.

As can be seen from SUI and lognormal pathloss models, these models have shadow-
ing effect given by s and Xσ, respectively. The shadowing effect to Equation 2.9 and
Equation 2.5 is random fluctuation to the pathloss besides the average value caused
by the distance between transmitter and receiver. Hence, two points at different
locations with the same distance with a transmitter does not always mean similar
pathloss. This happens due to obstructions such as buildings, trees and hills in
the case of outdoor scenario and walls, open and closed doors in the case of indoor
scenario [37].

2.1.2. Small Scale Fading

Small scale fading occurs as a result of multipath arrival of the same signal from
the transmitter to the receiver and the relative movement between the receiver and
the surroundings in the vicinity of the mobile. This type of fading causes rapid
fluctuation of the received signal over a short distance and affects the magnitude as
well as the phase of the received signal that can lead to increase the error probability
of making received signal interpretation. Moreover, this also causes interference that
makes the error rate of the received signal worse.

Small scale fading results in similar effect to convolving a signal with a certain
random variable in Digital Signal Processing. This makes the small scale fading
best represented by an impulse response. The channel impulse response is given by
h(τ, t) where τ describes the delay path occurs as a result of multipath fading and t
describes time varying channel occurs as a result of relative movement. Therefore,
the received signal, y(t), is related to the transmitted signal, x(t) by

y(t) = x(t) ∗ h(τ, t) (2.10)
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A) Statistical Model of Small Scale Fading

Small scale fading can be classified as either with line-of-sight (LOS) or no line-of-
sight (NLOS). The small scale fading channel envelope, H, is a complex envelope
given by

H = Hr + jHi (2.11)

where Hr and Hi are the inphase and quadrature part of fading channel. A widely
used model assumes Hr and Hi as independent Gaussian random variables that is
distributed according to N (mr, σ

2) and N (mi, σ
2), respectively. This assumption

is used throughout this research.

When the channel has NLOS, the received signal does not have the significant path.
In this case and Gaussian random variables assumption of Hr and Hi, real and
imaginary components have the same mean given by mr = mi = 0, and the fading
envelope, |H|, is classified as Rayleigh envelope. The probability density function
(PDF) of Rayleigh fading envelope at any given x value is given by [41]

f|H|(x) =

 x
σ2 e
− x2

2σ2 x > 0
0 otherwise

(2.12)

On the other hand, when the received signal contains LOS, mr and mi > 0 . This
model, which is classified as Ricean fading envelope, has the PDF given by

f|H|(x) =

 x
σ2 I0

(
wx
σ2

)
e−

x2+w2
2σ2 x > 0

0 otherwise
(2.13)

where I0(x) denotes the modified Bessel function of the first kind and order 0, which
is given by [41]

I0(x) =
∞∑
k=0

(
xk

2kk!

)
(2.14)

and w is given by
w =

√
m2
r +m2

i (2.15)

Since the LOS contains direct signals which is higher than the reflected signal ar-
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rivals, Ricean fading envelope can be described by a Rice factor, K, as

K = w2

2σ2 . (2.16)

This ratio is equivalent to the ratio between the direct signal and the multipath signal
powers [42]. At high ratio, the fading envelope becomes equivalent to a Gaussian
noise channel because of small channel variation. On the other hand, when the ratio
is 0, this envelope becomes Rayleigh fading envelope.

B) Fading Effects as a Result of Multipath Arrival Signals

Multipath fading creates several copies of the transmitted signal arriving at the
receiver in different time slots. The different arrival times are called the path delay,
τ . The attenuation and phase shift of the channel associated with different path
delays are usually uncorrelated [41]. For this reason, fading analysis can begin by
considering the correlation between different attenuation and phase shift of different
path delays.

In order to understand multipath fading, a number of useful correlation functions
and power spectral density function need to be developed. This will lead to some
useful parameters and the effect of having different value of these parameters. The
autocorrelation function of the channel impulse response with uncorrelated scatter-
ing assumption in delay spread domain, τ , is given by [41]

Rh (τ1;4t) δ (τ2 − τ1) = E [h∗ (τ1; t)h (τ2; t+4t)] (2.17)

In the frequency domain, the autocorrelation can be analysed by taking the Fourier
transform of h (τ ; t) to obtain H (f ; t), which is given by H (f ; t)=

´∞
−∞h (τ ; t)e−jπfτ

dτ . Assuming that the channel is wide sense stationary, the autocorrelation function
in frequency domain is given by

RH (f2, f1;4t) = E [H∗ (f1; t)H (f2; t+4t)] (2.18)

Equation 2.18 can be simplified into

RH (f2, f1;4t) = RH (4f ;4t) (2.19)

where 4f = f2 − f1.
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By setting 4t = 0, the autocorrelation function, Rh (τ, 0) = Rh (τ), is equal to
the average power output of the channel as a function of delay path, τ , which is
called delay power spectrum [41]. Equivalently, the autocorrelation function in the
frequency domain, which is called spread-frequency correlation function, is related
by

RH (4f) =
∞̂

−∞

Rh (τ) e−j2πfτdτ (2.20)

The relationship of the spread-frequency correlation function and delay power spec-
trum is illustrated in

Figure 2.1.: Autocorrelation and power spectral density of the channel as a results
of multipath arrival of signals [41]

The range of delay path, τ , where Rh (τ) is non zero is called the multipath spread
or delay spread of the channel, τm. Hence, τm determines the length of the channel
impulse response. Equivalently, the range of frequency difference where RH (4f) is
non zero is called coherence bandwidth of the channel, (4f)c [41]. This parameter
determines how wide the bandwidth of the channel remains flat in frequency domain.
These two parameters are the parameters used to define the effect of multipath fading
in the channel and are related by 3

(4f)c ∝
1
τm

(2.21)

When the coherence bandwidth is wider than the signal bandwidth or the delay
spread is shorter than the symbol period, the channel is defined as a flat fading

3This relation only true in the case of negative exponential delay profile as shown by Figure 2.1.
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channel. On the other hand, when the coherence bandwidth is smaller than the
signal bandwidth or the delay spread is longer than the symbol period, the channel
is defined as a frequency-selective fading channel.

A flat fading channel is equivalent to multiplying a signal with a certain coefficient.
This is because all the signals arrive within one symbol period and hence, it only
affects the symbol energy. In addition, a flat fading channel can be represented
by impulse response with one tap coefficient. This is because in the receiver, the
received signal is digitised with sampling period twice the symbol period.

Different behaviour occurs when the delay spread is larger than the symbol period.
This result in frequency selective fading channel is equivalent to convolving a signal
with a series of channel coefficient. So, frequency selective fading channel can be
represented by impulse response with number of taps equals with τm/Tsampl where
Tsampl is the sampling period. The received signal is then can be represented by the
convolution of transmitted signal with the channel plus added noise.

C) Fading Effect as a Result of Relative Movement

In wireless communication, the relative movement of the transmitter and receiver
results in a time varying channel. In the frequency domain, it results in the Doppler
shift phenomenon. The fundamental effect of the relative movement in signal trans-
mission is in the difference between channel impulse response detected by the pilot
signal and the actual impulse response experienced by the signal.

In classic physics, when a source transmits a wave to the receiver at certain wave-
length, λ, to a destination with relative movement to one another at a speed, v,
results in a Doppler frequency shift given by

fD = v

λ
cos θ (2.22)

where θ is the angle arrival of the wave. So, the maximum Doppler shift occurs when
the angle arrive at 0 and π. In the case of the electromagnetic wave with speed of
light equals 300,000 km/s, the maximum Doppler shift is given by

fDmax = v

c
f (2.23)

where f is the electromagnetic wave frequency.
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Similar argument with the derivation of correlation function and power spectral of
multipath fading channel, the derivation in this section is used to develop a good
understanding of the time variant channel, its parameters and the effect of varying
the parameter value. The channel time variation can be analysed by taking the
correlation of the channel, RH , in term of 4t. In order to observe the effect of
Doppler shift, another parameter is required as the variable results in a Fourier
transform, which is Doppler frequency, υ. By taking the Fourier transform of the
channel correlation, the channel power spectral density can be obtained. So, the
channel power spectral density is given by

SH (4f ; υ) =
∞̂

−∞

RH (4f ;4t) e−j2πυtd4t (2.24)

By setting 4f = 0, the power spectrum is left with one parameter, which is Doppler
frequency, υ, and called the Doppler power spectrum of the channel, SH (υ), which
is given by

SH (υ) =
∞̂

−∞

RH (4t) e−j2πυtd4t (2.25)

Figure 2.2.: Autocorrelation and power spectral density of the channel as a results
of relative movement [41]

Doppler power spectrum and channel autocorrelation can be illustrated from Figure 2.2.
The range of Doppler frequencies with non-zero power spectrum is called Doppler
spread, WD, and the range of time varying parameter, t, over which the channel is
considered to be static or not varying is called coherence time, (4t)c [41].

Doppler spread, WD, is related to the Doppler maximum frequency shift by WD =
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2 fDmax [37]. (4t)c is related to WD by 4

(4t)c ∝
1
WD

(2.26)

The Doppler spread often is explained by the normalised Doppler spread, TSfDmax ,
where TS is symbol period.

2.2. Orthogonal Frequency Division Multiplexing

2.2.1. OFDM Transceiver

OFDM signal can be generated by two methods. The first method, which is called
conventional OFDM transmission throughout this report, utilises N point discrete
Fourier transform (DFT) and inverse discrete Fourier transform (IDFT) for N sub-
carriers [43]. The second method, described in [41], uses the fundamental Nyquist
sampling criterion, which requires a sampling/desampling frequency twice larger
than the baseband bandwidth signal. This is called Nyquist criterion OFDM trans-
mission. Hence, in order to modulate and demodulate a Ñ m-array quadrature
amplitude modulated (M-QAM) subcarriers, N = 2 Ñ DFT and IDFT points are
required.

Figure 2.3.: OFDM Transceiver

4This relation only true in the case of Jake’s circle scattering model [41].
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A) Conventional OFDM Transceiver

In this system, a N DFT points are allocated for N subcarriers. Assume the trans-
mitted signal in the frequency domain is given by X [n], n = 0, 1, . . ., N − 1, the
output of IDFT is a complex time domain discrete signal, x [a], a = 0, 1, . . ., N − 1.
In order to modulate a complex time domain, real and imaginary parts of x [a] are
converted into analogue signals, separately, with sampling/desampling period, TS,
equals to TO. After that, real and imaginary parts are multiplied by cos (2πfct) and
sin (2πfct), respectively. The results of these processes are signal with the spectral
efficiency shown in Figure 2.4.

At the receiver, the real and imaginary parts are detected by having two matched
filters. The matched filter works in equivalent with multiplying the received signal
with the carrier frequency at one symbol period. Hence, this can be represented by
multiplying the received signal with cos (2πfct) for the real part and with sin (2πfct)
for the imaginary part. Since this also yields 2fc frequency component, a low pass
filter (LPF) is required before digital-to-analogue converter (D/A).

B) Nyquist criterion OFDM Transceiver

Assuming that the transmitted Ñ subcarriers are given by X [n], n = 0,1,.., Ñ -1, it
would be required to re-arrange these into XO[n], n=0,1,...,N − 1, as follows

XO[n] = X[n], n = 1, ..., Ñ − 1
XO[N − n] = X∗[n], n = 1, ..., Ñ − 1
XO[0] = Re (X[0])
XO

[
Ñ
]

= Im (X[0])

. (2.27)

Thus invoking the N -point IDFT generates real-valued discrete time-domain signal,

x[a] = 1√
N

N−1∑
n=0

XO[n] exp
(
j

2πna
N

)
(2.28)

for a = 0, 1, . . . , N − 1. As the baseband signal is upconverted by multiplying x(t)
with cos (2πfct), 2

(
Ñ − 1

)
subcarriers will be allocated around fc, as in fc−fÑ−1 to

fc+f
Ñ−1. Since subcarriers fc−f1 to fc−fÑ−1 represent the lower sideband, hence

contain the same information as subcarriers fc + f1 to fc + f
Ñ−1, which represent

the upper sideband, a bandpass filter can be used to remove one of them, so to
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achieve identical bandwidth requirement as the conventional method. It is worth
emphasising that the same cannot be done with the conventional OFDM signal as
the lower half and upper halves do not represent the lower and upper sidebands.
The spectrum occupancy of the Nyquist criterion OFDM system is illustrated by
example in Figure 2.4.

Figure 2.4.: Occupied spectrum by various OFDM transceiver

Although the number of DFT points using this method is initially twice the con-
ventional OFDM signal, the symbol period is reduced to the same period as the
conventional OFDM symbol by employing a sampling/desampling period of half the
conventional OFDM symbol. Therefore, the resulting 1D OFDM signal has simi-
lar spectrum efficiency as the conventional one. The advantage of modulating an
OFDM signal in such a way lies in the fact since the channel is complex (inphase and
quadrature), this makes it possible to exploit the second dimension (the quadrature)
for diversity purposes and to allow interference exploitation, as well as, minimize
sensitivity to timing-misalignment between members of each cooperative pair as will
be shown in the next chapter.
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2.2.2. OFDM in Multiple Access

Because of the characteristics of the OFDM symbol, OFDM can be combined with
any multiple-access schemes, which are frequency division multiple access (FDMA),
time division multiple access (TDMA) and code division multiple access (CDMA).
The combination of the OFDM with the multiple access techniques inherits advan-
tages and disadvantages of all the multiple access as well as the immunity from
frequency selective fading channels.

OFDM and TDMA combination is possible by allocating different users in different
OFDM symbol period. At a particular period, the assigned user occupies all the
orthogonal frequency spectrum. By doing so, the orthogonality of the symbols from
all users are maintained. The combination of OFDM and TDMA system gives easier
power control managed by the base station, flexible data rate assignment to different
users and Inter Symbol Interference (ISI) resistance.

Combination of OFDM and CDMA can be achieved by employing multicarrier
CDMA (MC-CDMA) and multicarrier DS-CDMA. MC-CDMA works by spreading
the data before serial-to-parallel and DFT process like in normal OFDM system.
On the other hand, the spreading data is performed after serial-to-parallel and be-
fore DFT process in multicarrier DS-CDMA [44]. It results in different spreading
sequence will be allocated at different sub-carriers. Although the OFDM-CDMA
combination system is able to gain overall user capacity increases, which happens in
single carrier CDMA system as well as having ISI immunity [45]. However, a CDMA
system experiences self interference as a result of detecting the transmitted symbol
from the spreading sequence code. This interference occurs even in the absence of
other users [46].

The most interesting combination scheme is a combination of OFDM with FDMA.
The result of this combination is orthogonal frequency division multiple access
(OFDMA) [47]. This system works by allocating each user with subcarriers. The
key advantage of this system is the ability of applying user resource allocation,
dynamic scheduling [48] and adaptive modulation. User resource allocation and
dynamic scheduling applications allow maximising throughput of overall system by
dynamically assigning the best channel with best user. Adaptive modulation works
by assigning a good channel with high constellation modulation while the bad chan-
nel with low constellation. Another advantage of OFDMA is the scalability of the
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bandwidth usage while fixing the time and frequency resource [46]. This minimises
the impact to higher layers. Therefore, with minimum modification on the physical
interface, flexible spectrum allocation can be obtained digitally by modifying the
input of IDFT. This feature however, cannot be achieved in OFDM-TDMA based
system.

With the time and frequency equalisation techniques, which will be described in next
section, it is clear that combination between OFDM and FDMA system is the most
appropriate in current technology. For this reason, this research will use OFDMA
system whenever multiuser OFDM system is required.

2.2.3. Implementation Issues in OFDM Based Communication
System

As mentioned earlier, OFDM transmission has an advantage of simplifying equalisa-
tion in multipath frequency selective fading environment. However, there are some
challenging issues in implementing this technique, especially in the case of uplink
transmission.

The main issues in OFDM implementation can be summarised as a result of four
factors, which are peak-to-average power ratio (PAPR), channel estimation, time
synchronisation and frequency offset [41, 49, 50]. PAPR occurs when signals from
all subcarriers add the phase constructively. Using the central limit theorem in order
to model the combined N subcarriers, the PAPR is proportional to when N , number
of subcarriers, is large [41]. This problem results in saturation when using a power
amplifier, which leads to inter modulation distortion, and clipping of D/A output
voltage. So, PAPR becomes a serious problem for uplink OFDMA. Fortunately,
PAPR can be reduced by employing pseudo random phase shift insertion in each
sub-carrier and modulating a small amount of the sub-carriers distributed across
the frequency band with flexible design of dummy symbols [41]. Furthermore, the
most attractive way to reduce the impact of frequency offset is by employing single
carrier FDMA (SC-FDMA). This is a modified OFDMA based system that able to
reduce the impact of PAPR besides reducing the impact of frequency offset [51].
Hence, the PAPR problem will not be considered further in this research.
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Frequency offset occurs as results of Doppler shifts described in previous section
and frequency asynchronisation [41, 52]. It destroys the orthogonality of all subcar-
riers and results in inter-carrier interference (ICI). This interference degrades the
performance significantly. The effect of Doppler shifts into the multicarrier system
is shown by Figure 2.6. The ICI effect caused by Doppler shifts in an OFDM sys-
tem is almost similar with ISI in single carrier. Hence, minimum mean-square-error
(MMSE), recursive least square (RLS) and least mean square (LMS) can be used to
equalise the ICI [41].

The effect of frequency asynchronousity mainly arises in the uplink transmission.
This is because in the downlink transmission, there is only single source of signal.
Hence, the equalisation is almost similar with the single user OFDM transmission,
such as the equalisation technique described in [53, 54, 55]. The frequency asyn-
chronousity in uplink can be equalised in two steps, which are carrier frequency
offset (CFO) estimation and CFO correction [56]. Some good techniques in estima-
tion CFO were presented in [55, 57, 50, 58]. CFO correction basically works using
by using the same equaliser to reduce ICI as a result of Doppler shifts. [56] shows
that the proposed methods reduce the interference energy into negligible amount.
Therefore, the frequency synchronisation problem will not be considered further in
this report.

Channel estimation is a standard issue in any communication system. In multicarrier
system, the channel is estimated by inserting pilot carriers, which are known by the
receiver, in the OFDM transmission. This estimation, however, will not be perfect
in reality. So, this is important to take into consideration the channel estimation
error.

The estimated channel will always have errors from the actual channel because
the received signal always has additive noise. When the estimated channel error is
considered throughout this research, it is simulated by adding noise onto the channel
response such that the mean-absolute-percentage-error (MAPE) [59, 60] between the
actual and the estimated channel transfer function, which is given by

MAPE =
N−1∑
n=0

∣∣∣∣Hest −H
H

∣∣∣∣ /N (2.29)

Time mis-synchronisation can be represented by time shifts, ∆θ, in the received
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OFDM signal. If −G + τ - 1 ≤ ∆θ where G is the cyclic prefix (CP) length
and τ is the maximum delay spread, using the Fourier transform property for time
shifts in the time domain, the time shifts introduces phase shifts by 2πfk∆θ in the
frequency domain of the received signal. By knowing the length of ∆θ, the time
mis-synchronisation can be eliminated by simply compensating the phase shifts.
However, when −G + τ - 1 > ∆θ, inter-symbol interference (ISI) occurs and the
orthogonality cannot be maintained.

Time mis-synchronisation or mis-alignment more likely occurs in the uplink OFDMA
system. This is because the OFDM symbols from different users arrive at different
times. In this situation, the times arrival of all signals from different users need to be
predicted accurately. Even though the signal arrivals from all users can be predicted,
for instances using the technique proposed in [58, 61, 62], multiuser interference
(MUI), which destroys the orthogonality of the sub-carrier, can still exist when the
total length of the impulse response between the different users and BS exceed the
CP period [63, 64]. The effect of MUI in uplink transmission when the signals’ time
arrivals are known is almost identical with the effect of residual ISI in the downlink
transmission. Residual ISI in downlink occurs when the delay spread exceeds the
CP period. Therefore, the easiest way to overcome the effect of MUI is by having
the length of the CP period exceed the total period between the first and the last
arrival signal from all users [63, 64]. This method will surely mitigate the MUI
problem in uplink transmission. However, extending the guard intervals is a very
expensive solution since it reduces the bandwidth efficiency significantly.

An alternative to increasing the length of the CP would be to use receiver based
interference cancellation techniques such as the MMSE, RLS and LMS based linear
time-domain equaliser which are widely accepted [41]. For the interference effect, as
a result of residual ISI, the Residual ISI Cancellation (RISIC) algorithm, proposed
in [65], shows very promising results and is simpler to implement than the MMSE,
RLS and LMS based equalisers. Therefore, if time mis-synchronisation is considered,
RISIC equaliser is used as an equalisation method. Detail steps of RISIC equaliser
implementation can be seen from chapter 3 on page 76.

2.2.4. Impact of Small Scale Fading to OFDMA

A) Impact of Multipath fading
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Figure 2.5.: Effect of multipath fading channel to OFDM based system.

If an OFDM system with 64 subcarriers and where each subcarrier is modulated
with QPSK modulation, delay spread and CP period of 10% are assumed, the per-
formance of an OFDM signal under small scale fading channel under Rayleigh and
Ricean fading envelopes is shown by Figure 2.5. As can be seen from Figure 2.5,
Rayleigh fading envelope gives worse performance than the Ricean fading envelope.
This happens since the channel gain is more varying in the case of the Rayleigh
envelope than the Ricean which increases the number of deep fade subcarrier.

Figure 2.5 also shows that as the ratio of LOS and reflected signal increases, the
bit error rate (BER) performance improves significantly. The biggest performance
improvement occurs when the ratio is increased from k equals to 3 dB to 10 dB.
As the ratio increases, the performance difference is getting less difference. The
performance improvement will stop as the ratio goes to infinity, which is the case of
AWGN channel.

B) Impact of Relative Movement

Assuming an OFDM system with 64 subcarriers and where each subcarrier is mod-
ulated with QPSK modulation, a delay spread and CP period of 10%, and Rayleigh
fading envelope, the effect of Doppler spread on a QPSK system is shown by
Figure 2.6. As can be seen from this figure, increasing the normalised Doppler spread
TSfDmax degrades the BER performance and reduces the SINR because increasing
the normalised Doppler spread value increases the interference of adjacent subcar-
riers. Furthermore, there is no significant difference between normalised Doppler
value equals with 0.001 and 0.01. This means, at those values, the time varying
channel becomes almost negligible. If it is assumed typical OFDM symbol period
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Figure 2.6.: Effect of Doppler spread to the OFDM symbols transmission. (a)
BER of OFDM based with QPSK system in Rayleigh frequency selective fading
channel. (b) Signal-to-noise and interference ratio (SINR) against SNR per bit.

of 10−4s and carrier frequency of 2.3 GHz, this means the minimum speed in order
the Doppler spread start to affect the performance is 13.04 m/s or 46 km/h. Since
typical pedestrian users moves in a much slower performance than this, this effect
will not be considered further in this project.

2.3. MIMO System

Multiple-input and multiple-output (MIMO) transmission can undoubtedly provide
additional degrees of freedom that can be used for spatial multiplexing or spatial
diversity. Spatial multiplexing can achieve a maximum of T symbols/second/Hz
where T is the number of transmitting antennas at the price of requiring a similar
number of receiving antennas R [66]. On the other hand, spatial diversity provides
signal quality improvement with similar maximum throughput with single-input
and single-output (SISO) system [41]. Since MIMO system is part of the PHY layer
solution and this research focuses on signal quality improvement in the case of PHY
layer approach, only spatial diversity will be considered further in this thesis.
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2.3.1. Channel of MIMO System

A MIMO system has T transmitting antennas and R receiving antennas. Signal
from each antennas will experience different paths. At the receiver, the signal from
every antennas is combined and detected. So, the time-varying impulse response of
a MIMO system can be defined as [41]

h (τ ; t) =


h11 (τ ; t) h12 (τ ; t) . . . h1T (τ ; t)
h21 (τ ; t) h22 (τ ; t) . . . h2T (τ ; t)

... ... . . . ...
hR1 (τ ; t) . . . . . . hRT (τ ; t)

 (2.30)

In the receiver, the received signal is given by [41]

ym (t) =
T∑
n=1

hnm (τ ; t) ∗ sn (τ) + ηm (t) , m = 1, 2, . . . ,R (2.31)

where sn is the transmitted signal at nth antenna, hnm is the impulse response
of the signal received at antenna m from the transmitting antenna n and ηm (t)
additive white Gaussian noise (AWGN) signal. For simplicity, Equation 2.31 can be
explained in the matrix form and is given by [41]

y (t) = h (τ ; t) ∗ s (τ) + η (t) (2.32)

where y ∈ CR×1, s ∈ CT ×1, η ∈ CR×T .

2.3.2. MIMO for Spatial Diversity

Spatial diversity in MIMO systems can be achieved by two methods, which are space-
time trellis code and space-time block code (STBC). Amongst these two, STBC
that was first proposed by [67] provides simpler detection, lower complexity and
full diversity order. In this method, the number of time slots equals the number
of transmitting antennas, T . At the first time slot, all T symbols are transmitted
from T transmitting antennas. The symbols are arranged in certain manner so a
real T ×T generator matrix, G, with elements of g1, −g1, g2, −g2, . . ., gNT , −gNT
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has orthogonal property, which is given by [41]

GHG =
(

T∑
i

g2
i

)
IT (2.33)

where IT is T ×T identity matrix.

[68, 69] show that orthogonal design code yields spatial rate of less than one depend-
ing when the number of transmit antennas, T , is bigger than two. However, using
Quasi-orthogonal STBC, some number of transmit antennas yields full diversity as
well as maximise the spatial rate [41]. These numbers are two, four and eight.

For T = 4, the quasi-orthogonal generates the generator matrix, G, as shown below

G =


s1 s2 s3 s4

−s∗2 s∗1 −s∗4 s∗3

−s∗3 −s∗4 s∗1 s∗2

s4 −s3 −s2 s1



T

(2.34)

In the case of T = 2, the generator only uses the first two rows and columns. In
the receiver, the received signal, y, is given by

Y = GHMIMO (2.35)

that can be expanded as


Y11 . . . Y1R
... . . . ...

YT R . . . YT R

 =


s1 s2 s3 s4

−s∗2 s∗1 −s∗4 s∗3

−s∗3 −s∗4 s∗1 s∗2

s4 −s3 −s2 s1



H11 . . . H1R
... . . . ...

H41 . . . H4R

 (2.36)

The detection is performed in the following steps:

1. First change the received signal vector, Y , into the rearranged received sig-
nal vector, Ỹ , so transmitted symbol, S, can be detected by inverse channel
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detector. For T = 4, the received symbol

Ỹ =


Y11 . . . Y1R

Y ∗21 . . . Y ∗2R

Y ∗31 . . . Y ∗3R

Y41 . . . Y4R

 (2.37)

and the rearranged transfer function, H̃ , is given by

H̃ =
[
H̃1 . . . H̃R

]
(2.38)

H̃r =


Hr1 Hr2 Hr3 Hr4

H∗r2 −H∗r1 H∗r4 −H∗r3
−H∗r3 −H∗r4 H∗r1 H∗r2

Hr4 −Hr3 −Hr2 Hr1

 (2.39)

Therefore, relation between the rearranged transmitted symbol with the rear-
ranged transfer function and the transmitted symbol is given by

Ỹ = H̃S (2.40)

2. The predicted transmitted symbol, S̃, is then recovered by multiplying the
pseudoinverse of the re-arranged transfer function, H̃ . So, the predicted trans-
mitted symbol is given by

S̃ = H̃
−1
Ỹ (2.41)

If it is assumed an OFDM system with 64 subcarriers and where each subcarrier is
modulated with QPSK modulation, maximum delay spread and cyclic prefix period
of 10% and Rayleigh fading envelope, the impact of STBC implementation in OFDM
signal is shown by Figure 2.7. This figure shows that STBC application improves
the BER and spectrum efficiency performance of OFDM based communication sys-
tem. Figure 2.7 (a) shows that T ×R MIMO system with STBC code provides an
equivalent of T × R diversity orders. This is a practical solution in the case of
transmission when the receiving end cannot have a massive number of antenna due
to size constraint, complexity, etc.
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Figure 2.7.: Performance of STBC in OFDM based system. (a) BER result. (b)
Spectrum efficiency result.

2.4. Cooperative Diversity

The basic principle of cooperative diversity is shown by Figure 2.8. User Equipments
(UEs) are allowed to communicate with each others besides communicating with the
BSs. Normally, users are cooperated with the close vicinity users as illustrated in

Figure 2.8.: Cooperation strategy

this figure. As been described in the first chapter, cooperative diversity can be
classified into two major types, which are relay type (RT) and pairing type (PT).
As been mentioned in section 1.2 on page 25, the available PT techniques works in
CDMA scheme. For this reason, only RT cooperative diversity scheme that will be
discussed in this chapter.

RT cooperative diversity is depicted in Figure 2.9. In the first phase, the source
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Figure 2.9.: RT cooperative diversity model

terminals (users) broadcast their own symbol to the destination and their L relay
terminals. At this phase, the received signal of direct source to destination (SD)
transmission is given by

ySD(t) = hSD(t) ∗ x(t) + ηSD(t) (2.42)

and the received signal of source to lth relay (SR) transmission is given by

ySRl(t) = hSRl(t) ∗ x(t) + ηSRl(t) (2.43)

where x(t) is the transmitted symbol from the source, hSD(t) is the impulse response
of the SD channel, hSRl(t) is the impulse response between source and lth relay,
ηSD(t) is the noise signal at the destination of the SD transmission and ηSRl(t)is the
noise signal at the lth relay terminal. In the second phase, L relay terminals forward
the received symbol into the destination. The lth relay to destination received signal
is given by

yRDl(t) = hRDl(t) ∗ xRl(t) + ηRDl(t) (2.44)

where xRl(t) is the transmitted symbol from the lth relay terminal, hRDl(t) is the
channel impulse response of the RD transmission and ηRDl(t) is noise at the destina-
tion. After all the signals from first and second phase are received, the destination
terminal can then combine the two signals to achieve diversity.

Although a high number of relay terminals, L, provides more signal transmission
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paths that eventually improves the signal reception quality, this reduces the spectral
efficiency taken by the source’s signal to destination and eventually reduces the max-
imum achievable throughput of the system. In order to achieve a balance between
signal quality and achievable throughput, L = 2 that will be considered further in
this project.

Based on the method of relay-retransmission to the destination, RT category in-
cludes repetition-based RT (RRT), coded-cooperation (CC), compress-and-forward
(CF) and distributed space-time coded (DSTC) [10, 11, 70]. In the case of RRT,
the relay users only forward the entire received signal from the source. This type
of RT achieves a maximum of half a symbol/second/Hz for one relay. Due to its
simplicity, relay terminal can either retransmit with or without decoding [71] where
it is shown in [72] that decoding before retransmission achieve a better performance
than simply re-transmitting the signal to destination in the case of reliable inter-
users channel transmission. Since cooperation diversity is mostly applied to close
proximity users that provides a good inter-user channel, only decode-and-forward
(DF) RT scheme is considered further.

On the other hand, CC, CF and DSTC are more flexible schemes in terms of spectral
efficiency as they allow the relays to modify the received signal before retransmission.
In [73] and [74], it was shown that for the same spectrum efficiency and code-rate,
CC and CF have similar performance to RRT while DSTC have better performance
due to combining the source to destination signal with the STBC signals from the
source & relay terminals, [75], which creates the equivalent of three diversity orders
for a single relay system.

2.4.1. Repetitive based RT Cooperative Strategy

In the RRT cooperative strategy, the lth relay to destination (RD) transmission is
given by

yRDl(t) = hRDl(t) ∗ x̂l(t) + ηRDl(t) (2.45)

where x̂l(t) is the detected transmitted symbol at lth relay terminal. In the destina-
tion, all received signals, ySD(t) and yRDl(t), are transformed into frequency domain
given by YSD[n] and YRDl [n], respectively, and detected using the maximum ratio
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combining (MRC) scheme. If it is assumed the detection of the transmitted symbol
at lth relay terminal is given by

X̂l [n] = X [n] + εl [n] , n = 1, . . . , N (2.46)

where X[n] is the discrete frequency domain of x(t), the MRC scheme output is
given by

X̂ [n] =
YSD[n]H∗SD [n] +∑L

l=1 YRDl [n]H∗RDl [n]
|HSD [n]|2 +∑L

l=1 |HRDl [n]|2
(2.47)

where HSD [n] and HRDl [n] are DFT of hSD(t) and hRDl(t). Inserting Equation 2.46
into Equation 2.47 gives

X̂ [n] = X [n] +
∑L
l=1 εl [n] |HRDl [n]|2

|HSD [n]|2 +∑L
l=1 |HRDl [n]|2

+

NSD[n]H∗SD [n] +∑L
l=1NRDl [n]H∗RDl [n]

|HSD [n]|2 +∑L
l=1 |HRDl [n]|2

(2.48)

where NSD [n] and NRDl [n] are the DFT of the AWGN signals ηSD(t) and ηRDl(t),
respectively.

2.4.2. Distributed Space Time Coded RT Cooperation Strategy

Figure 2.10.: DSTC RT Scheme

The DSTC RT scheme is shown in Figure 2.10. For simplicity, it is assumed in
this figure that two users are cooperating with the first user transmits two symbols,
X1,1 [n] andX1,2 [n], and the second user transmits two symbols, X2,1 [n] andX2,2 [n].

This scheme is divided into two phases. The first two periods, each user transmit
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their own symbols to the destination. Lets assumes the received signals for the first
and second periods in the frequency domain are given by

Y1,t [n] = H1,1 [n]X1,t [n] +N1,t[n], t = 1, 2 (2.49)

Y2,t [n] = H2,2 [n]X2,t [n] +N2,t[n], t = 1, 2 (2.50)

After that, a STBC style transmission is transmitted in the last two periods. In the
third period, the received signals at the first and second spectrum are respectively
given by

Y1,3 [n] = H1,1 [n] X̃2,1 [n] +H2,1 [n] X̃2,2 [n] +N1,3[n] (2.51)

Y2,3 [n] = H1,2 [n] X̃1,1 [n] +H2,2 [n] X̃1,2 [n] +N2,3[n] (2.52)

Furthermore, the fourth period received signals at the first and second periods are
respectively given by

Y1,4 [n] = H1,1 [n] X̃∗2,2 [n]−H2,1 [n] X̃∗2,1 [n] +N1,4[n] (2.53)

Y2,4 [n] = H1,2 [n] X̃∗1,2 [n]−H2,2 [n] X̃∗1,1 [n] +N2,4[n] (2.54)

After receiving the symbols at the fourth period, the destination re-arrange the last
two symbols in an STBC style as follows Y1,3 [n]

Y ∗1,4 [n]


︸ ︷︷ ︸

Y1STBC

=
 H1,1 [n] H2,1 [n]
−H∗2,1 [n] H∗1,1 [n]


︸ ︷︷ ︸

H1STBC

 X̃2,1 [n]
X̃2,1 [n]


︸ ︷︷ ︸

X2STBC

+
 N1,3[n]
N ∗1,4[n]

 (2.55)

 Y2,3 [n]
Y ∗2,4 [n]


︸ ︷︷ ︸

Y2STBC

=
 H1,2 [n] H2,2 [n]
−H∗2,2 [n] H∗1,1 [n]


︸ ︷︷ ︸

H2STBC

 X̃2,1 [n]
X̃2,1 [n]


︸ ︷︷ ︸

X1STBC

+
 N1,3[n]
N ∗1,4[n]

 (2.56)

Then, Y1STBC and Y2STBC are multiplied with the Hermitian transpose of H1STBC and
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H2STBC , respectively. The results of this multiplication are given by

Y1MRC
[n] =

 |H1,1 [n]|2 + |H2,1 [n]|2 0
0 |H1,1 [n]|2 + |H2,1 [n]|2

 X̃2,1 [n]
X̃2,2 [n]

+
 H∗1,1 [n] −H2,1 [n]
H∗2,1 [n] H1,1 [n]

 N1,3[n]
N ∗1,4[n]

 (2.57)

Y2MRC
[n] =

 |H1,2 [n]|2 + |H2,2 [n]|2 0
0 |H1,2 [n]|2 + |H2,2 [n]|2

 X̃1,1 [n]
X̃1,2 [n]

+
 H∗1,1 [n] −H2,1 [n]
H∗2,1 [n] H1,1 [n]

 N2,3 [n]
N ∗2,4 [n]

 (2.58)

Finally, a MRC combining scheme is used to detect all these four symbols, which
are given by

X̂1,s [n] =
Y1,t [n]H∗1,1 [n] + Y2MRC

[s, n]
(
|H1,2 [n]|2 + |H2,2 [n]|2

)
|H1,1 [n]|2 +

(
|H1,2 [n]|2 + |H2,2 [n]|2

)2 , s = 1, 2 (2.59)

X̂2,s [n] =
Y2,t [n]H∗2,2 [n] + Y1MRC

[s, n]
(
|H1,1 [n]|2 + |H2,1 [n]|2

)
|H2,2 [n]|2 +

(
|H1,1 [n]|2 + |H2,1 [n]|2

)2 , s = 1, 2 (2.60)

As can be seen from Equation 2.59 and Equation 2.60, combination of the STBC
transmission and the MRC scheme provides a three order diversity system, this
scheme provides approximately a three diversity orders systems.

2.5. Femtocell in 4G Heterogeneous Cellular
Networks

It is known that wireless capacity has doubled every 30 months. In addition, recent
surveys shows that around 80% of wireless transmission are originated indoor, which
includes 50% of all voice calls and more than 70% of all data traffic [1]. This reduces
the reliability of macrocell network to accommodate the capacity increase due to
penetration loss in most of the transmission. Furthermore, macrocell BS consumes
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high amount of power other than power transmission. [76, 77] show that cooling fans
and power supply consumes four and seven times more power, respectively, than the
transmit power consumption. This means reducing the dependency with macro BSs
(MBSs) with various technology such as microcell, picocell, femtocell and distributed
relay antennas that make up a heterogeneous cellular network, is not only pivotal
to improve the cellular service but also improves the energy efficiency [78].

In comparison to picocells and relay antennas, femtocells offer the lowest cost solu-
tion for green heterogeneous cellular network systems. The cost reduction is achieved
by reducing and dividing the capital expenditure (CAPEX), which in the cellular
network term is the cost of a cellular network provider to install new BS, and op-
eration expenditure (OPEX), which in the cellular network term is the cost of a
company to maintain the operational of its BS, required for installation and main-
tenance between the cellular network provider and the end-users. On the other
hand, the power saving acquired by the femtocell technology not only comes from
less transmission power required by the small cells but also comes from eliminating
cooling fans requirement, which is required in macrocell base station (MBS), and
minimising the power amplifier consumption.

2.5.1. Physical Layer of 4G Cellular Networks

(a) (b)

Figure 2.11.: Simplified PUSC WiMAX Physical Layer. (a) Adjacent subcarriers
allocation. (b) Distributed permutation subcarrier allocation.

4G technology utilises a synchronous OFDMA transmission. Using this technique,
parallel transmission with maximum number of bits across different subcarriers can
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be achieved. Furthermore, this feature gives an adaptive modulation scheme that
can adapt the signal transmission with the channel state information and balance
the signal quality with the maximum achievable throughput. For instance, transmit
a high modulation order at a good channel while transmitting a low modulation
order at a bad channel. There are two major types of 4G technology exist. They
are WiMAX and LTE technologies.

Figure 2.12.: Simplified LTE Physical Layer [47]

A simplified physical layer resource mapping of WiMAX and LTE are shown in
Figure 2.11 and Figure 2.12. In WiMAX system, users are allocated with a set of
subcarriers. Set of allocated subcarriers can be allocated to user either in distributed
or in adjacent mode. Therefore, the users resource allocation can be flexible around
these subcarriers. Differently, a frame of transmission is divided into Tfr subframes
in the case of LTE system. Each subframe contains NRB resource blocks (RBs)
where each RB contains 12 subcarriers or resource elements (REs). 1 RB within a
subframe is allocated to a user [23]. Hence, the BS can schedule its users within a
frame of signal transmission.

In order to simplify the terminology for different standards, a term called parallel
resources (PRs) is used in this work to encapsulate the minimum entity of allocated
resource to any user per unit transmission. In the case of WiMAX system, 1 PR is
equivalent with one subcarrier while PR equals to one resource block (RB) in the
LTE systems.
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2.5.2. Femtocell in HetNets Architecture

Figure 2.13.: Simplified femtocell network architecture

Figure 2.13 and Figure 2.14 show a basic architecture of femtocell integration in a
heterogeneous networks (HetNets) as described in [79]. As can be seen from this
figure, a set of FAPs, will be connected to the macrocells networks, through a femto
gateway (FGW) and the FAPs and FGW are connected through the IP backhaul
provided by the ISP. The FGW, which typically supports from ten thousand to
hundred thousand FAPs, provides the security to the femtocells networks, authen-
tication authorisation and accounting (AAA) function and standard interface with
mobile core network (MCN) [79]. The MCN views the FGW as another radio net-
work controller (RNC) which acts as a gateway between macrocell BSs and the
MCN. Therefore, the complexity of femtocells networks can be hidden from the
macrocell networks element by FGW and it allows full macro-to-femtocell network
mobility support by reusing the existing inter-radio access network (RAN) element
mobility procedures [79].

Besides having a gateway function to the MCN, FGW may share operation and
management (OAM) functionality with the FAPs in order to maximize the overall
data rate performance while minimising the FAP complexity. The OAM of FGW
includes radio resource management (RRM) assistant in FAPs, e.g. frequency, time
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Figure 2.14.: Femtocell Mobile Core Network [79]

and code, as will be discussed in chapter 4, and maximising quality of service (QoS),
e.g. different scheduling of data and voice over the networks.

The OAM functionality in femtocells may be viewed almost in the same way as in
the picocell systems. In picocell systems, the radio control network (RCN), which
controls macro-, micro- and picocell BSs, will use all functionalities except the radio
transmission of a picocell. In femtocell, the OAM approach may use either a similar
approach as in the case of picocells or a flatter approach [79]. Flatter approaches
in FGW’s OAM allow FAPs and FGW to have flexibility of functionality choice. In
WiMAX and LTE system, one example of this approach may allow the FGW to
help the frequency allocation management only when it is required by the FAP.

The management of femtocells networks is performed by a femtocell management
system (FMS). The FMS is split into two elements. They are FAP management
system to manage typically millions of FAPs and FGW management system to
manage FGW [79].

2.5.3. Available Spectrum for Femtocell in 4G based HetNets

Femtocell may be deployed in the shared or different spectrum with the rest of the
cellular BSs’, such as macro- and microcells’ BSs [80]. Spectrum partition is possible
since the cellular company may acquire several separated spectrum band and can
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be beneficial in the case when macrocell users are much more dynamic than the
indoor users. However, this approach has poorer spectrum efficiency compared to
allocating the same spectrum with the rest of the networks.

In the case of same spectrum allocation, the frequency allocation for femtocells usage
in WiMAX and LTE technology can be adapted such that the transmission will not
interfere with the macrocell users and vice versa due to the flexibility and orthog-
onality that exist in OFDMA and SC-FDMA. For this reason, spectrum allocation
of femtocells needs to consider the deployment of general macrocell system. Cur-
rently, there are two standards of frequency allocation in WiMAX and LTE. They
are fractional frequency re-use (FFR) and soft frequency re-use (SFR). Furthermore,
it is assumed that FAPs have a sniffing or listening capability [79] so that they can
measure the relative position to the MBS.

(a) (b)

Figure 2.15.: Spectrum allocation of HetNets in Fractional Frequency Reuse. (a)
MBS spectrum allocation. (b) SBSs spectrum allocation
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A) Spectrum allocation in a Fractional Frequency Reuse

This frequency reuse scheme divides the coverage area of a macrocells into two
areas, which are inner and outer region. It allocates the inner area with frequency
reuse factor of one and outer area with frequency reuse factor of three or more.
Furthermore, the signal transmission for inner and outer regions are performed in
two separate spectrum regions. This scheme can be illustrated by Figure 2.15 (a).

By adapting with the macrocells frequency reuse pattern, the macrocell to femtocell
interference or vice versa can be minimised. Therefore, the femtocells spectrum
allocation of Figure 2.15 (a) illustration is depicted by Figure 2.15 (b).

B) Spectrum allocation in a Soft Frequency Reuse

(a) (b)

Figure 2.16.: Spectrum allocation of HetNets in Soft Frequency Reuse. (a) Macro-
cell spectrum allocation. (b) SBSs spectrum allocation without a special interfer-
ence avoidance technique.

In a soft frequency reuse (SFR) based system, macrocell BS (MBS) is able to utilise
the entire spectrum for its own users as shown by Figure 2.16 (a). This maximizes
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the achievable data rate for macrocell users. However, this pattern causes interfer-
ence problem for small cell users, especially femtocell UEs. Even though picocells’
users may experience small interference, but since this cellular network is installed
by the cellular operator, most of the case they are installed in the area where there
is no MBS signals, e.g. at a heavily shadowed area.

Without any interference avoidance, the femtocell access point (FAP) utilises a
sensing capability to determine its position. If the FAP exist within inner area, the
best allocation for its users is the same allocation with the inner users of macrocell
users. On the other hand, if femtocell exist within outer area, it can utilise the
entire spectrum since the signal from MBS for its outer users transmission is less
significant. These are illustrated in Figure 2.16 (b).

2.5.4. Femtocell Accessibility

Accessibility of femtocells can be open or closed to outside users. Open access can be
beneficial to the overall network capacity in comparison to closed access. However,
multiple access to different femtocells results in high probability of handover between
one femtocell to other femtocells. Furthermore, since the femto access point (FAP)
and the internet connection to support the femtocells system is privately owned, the
open access scheme might not be undesirable by the end-users. In fact, a review
shown in [81] indicates that most of the users do not wish to share their own resource
to unknown users.

Closed access can prevent blocking to the owners of FAP and internet backhaul
connection of a femtocell with penalty of reduced overall network capacity. Fur-
thermore, without interference coordination between the femtocell and macrocell,
closed access will cause a dead zone to macrocell’s users. Dead zone is an area where
the interference signal becomes very high such that reliable one bit transmission is
almost impossible. Although this mostly happens in CDMA system, uncoordinated
femtocell in WiMAX and LTE system could also experience this problem. This
illustrated by Figure 2.17.

A much preferable access scheme employed by network operators is a hybrid scheme
[34]. This scheme works by giving some of femtocell’s resources reserved to the
owners or registered users while giving the rest of resource open to outside users

67



Chapter 2 4G Cellular Networks Deployment

[1]. When the primary users require more frequency spectrum, the FAP simply
evacuates all the secondary users and gives the rest of spectrum to the primary
users [1]. In the scenario shown in Figure 2.17, some frequency spectrum will be
allocated to user B and the allocated spectrum to user C and D will be slightly
reduced. Therefore, a dead zone can be avoided.

Figure 2.17.: Dead zone illustration

2.6. Resource Management in Femtocell based 4G
HetNets

2.6.1. Interference Problems

The adaptation of femtocells with the surrounding is a very important issue, since
they will be installed by the end-users. This causes interference signal to the sur-
rounding users as an impact of ad-hoc nature in the femtocells networks. The
interference can be classified into two types of interference. They are macro-femto
interference (cross-tier interference) and femto-femto interference (co-tier interfer-
ence) [18]. Both types of interference affect data and control channel transmissions.

A) Co-tier interference

Co-tier interference is an unavoidable problem when all FAPs in a certain area work
without coordination. In uncoordinated scenarios, each FAP will allocate its users
to all the allocated subcarriers. Hence, this gives high chance of cell edge users to
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receive unwanted signals from nearby femtocells. For this reason, interference reduc-
tion techniques by employing interference cancellation and interference avoidance,
are always desirable in all femtocells networks with the focus on reducing co-layer
interference.

B) Cross-tier interference

Cross-tier interference in a shared spectrum network can be minimised by allocating
different spectrum to femtocell users as shown in subsection 2.5.3. By knowing the
location and the macrocell frequency pattern, the FAP can automatically adapt
its users frequency allocations. However, finding the exact location may not be a
straight forward task for a FAP. For instance, if a FAP does not receive significant
signal from macrocell due to shadowing while its users sense a significant amount of
signal, then this can result in a significant interference to these users. This situation
requires users sensing as a method to reduce the cross-tier interference.

Although interference between macrocell and femtocell in WiMAX and LTE systems
can be minimised by frequency splitting, the cross-tier interference still exist since
perfect frequency splitting can only be addressed in non-random scenario. Therefore,
perfect frequency splitting cannot always be achieved by femtocell network.

2.6.2. Interference Avoidance for Femtocell Technology

As mentioned previously, interference occurs in both data and control channels.
While data channel is mainly used to provide high data rate and/or low latency
transmission, the control channel requires a reliable communication channel.

Control channel needs to carry information regarding cell ID, allocated resources,
acknowledgement and Automatic Repeat reQuest (ARQ) from a BS to its users
[22, 82]. This means, the size of occupied resource in the control channel region
is affected by the number of users and the available channel for transmitting this
information should be able to accommodate the maximum number of users per BS
[82]. Due to low number of users, which is typically less than four users, femto-
cells require much less spectrum for transmitting their control information than the
available resources [83]. This creates a sparse region in the control information of
femtocell networks [83]. Using collision avoidance techniques, e.g. Carrier Sense
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Multiple Access, and/or frequency hopping techniques, co-tier interference of the
control channel can be avoided [83]. On the other hand, cross-tier interference may
still exist because macrocells most likely need to serve many users. This means,
almost all resources for control information will be used. Fortunately, using Cell ID
manipulation proposed in [83], control channel cross-tier interference can be avoided
significantly. For this reason, interference in control channel will not be considered
further in this research.

Downlink interference in the data communication channel of 4G HetNets that em-
ploy OFDMA is practically reduced using radio resource management (RRM) [20,
19, 84]. This includes frequency spectrum allocation and power control [19] where
spectrum coordination in terms of time and/or frequency provides a more prac-
tical implementation [85]. Generally speaking, OFDMA RRM techniques can be
classified into two categories which are Channel State Information (CSI) based and
self-organizing network (SON) [19, 86, 87]. Both types make a decision of resource
allocation in distributed and/or centralized manners. CSI based RRMs are resource
allocation that takes care the channel state information (CSI) feedback as the main
consideration. On the other hand, SON RRM that utilises SON functionality, such
as self-configuration, self-optimisation and self-healing [23, 8], is a good technique
for adapting to the immediate environment that allows the BSs to continuously
communicate with neighboring BSs and constantly monitor the signal sources at
the UEs [88] and avoid interference through negotiation or centralised node with-
out CSI consideration. Among these approaches, the centralised CSI based RRM
method is associated with higher levels of complexity due to requiring channel state
information (CSI) for the entire spectrum to achieve the most appropriate allocation
[19].

In the distributed CSI based RRM approach, each SBS manages resources to its
UEs independently from neighboring SBSs but in such a way that can minimize
interference [27, 29]. This can be achieved by requesting the UEs to continuously
monitor the received interference from the surrounding environment at all spectrum
subsets and report it back to the serving SBSs [89] where self adjustment in term of
subcarriers and/or power will be computed to achieve interference load minimisation
and utility maximisation [90]. Due to the possibility of having a large number of
femtocells, adjusting the subcarriers allocation is a preferable method for HetNet
systems compared to the power adjustment approach [28]. An efficient spectrum
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allocation in distributed RRM is presented in [26], in which the subcarrier allocations
are altered in order to minimize interference power based on feedback information.
Each femtocell achieves this by allocating their users with only half of the available
spectrum. To do this, self-organising RRM may require several iterations before
the optimum subcarrier configuration, that results in minimum interference, can be
achieved. Because only half of the subcarriers will be used in any SBS, irrespective of
interference at each UE, this RRM may lead to inefficient utilisation of the resource.

SON RRM uses both the distributed and centralised approach to reduce interference.
Distributed SON RRM is proposed in [88, 86]. In these method, a fixed frequency
pattern allocation between adjacent femtocells obtained from SON. The frequency
allocation stays fixed until new neighbouring FAP is detected. If a UE receives
high interference from neighbouring FAPs, the serving FAP asks its neighbouring
FAPs to configure the transmitted power or the subcarriers allocation. However, fix
frequency allocation may waste frequency spectrum when neighbouring FAPs do not
perform transmission. Furthermore, simple request to configure neighbouring FAPs’
frequency spectrum and power transmission might not be applicable in practice
because the FAPs are mainly interested to serve their own users. This will result
in unresolvable conflict between femtocells. For this reason, these two techniques
will not be considered further in this paper. On the other hand, SON RRM based
centralised technique mostly utilises coloured graph algorithm [91, 92].

Basic coloured graph SON RRM that presented in [91] and [92] determine a fix size
of colouring size between connected nodes. This objective limits the achievable sum
rate of a colouring graph RRM. On the other hand, a dynamic coloured graph, which
is presented in [93], allows two phases of graph colouring scheme. First, the central
node, which can be in a form of Femto Management System (FMS), allocates a set
of resources allocated to individual node. Then, it increases the resource allocation
based on certain maximisation objectives. In this research, [91] and [93] will be
considered further to represent the SON RRM.

A) Self Organisation RRM

1. Users sensing and reporting to their serving femtocells

Users are required to sense the interference from surroundings at all sub-carriers in
the case of WiMAX system and sub-channels in the case of LTE system periodically
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every Tsr period. After the sensing period, they need to send a Measurement Report
(MR) containing the interference at all subcarriers or subchannels to their serving
FAPs.

2. FAPs frequency allocation

After receiving information from the users, femtocell Fm then can begun the updat-
ing process. This happens after a random time period between 1 and 2 Tsr. Prior to
receiving the MR, the FAP updates interference matrix, Wm, where Wm ∈ RZm×N ,
Zm is number of connected matrix and K is the total number of PRs. Fm computes
the new sub-channel allocation to its users using the following criteria to minimize
the sum of overall interference suffered by all users:

min
Zm∑
z=1

N∑
n=1

Wm(z, n)A(z, n) (2.61)

subject to

Zm∑
z=1

A(z, n) ≤ 1, ∀n (2.62)

A(z, n) ∈ {0, 1} , ∀z, n (2.63)

where A(z, n) is a binary allocated PR that is equal 1 if user z is allocated with PR
n and 0 otherwise.

B) Basic Coloured Graph SON RRM

1. FAP measures the surrounding signals

Upon power ON, the femtocell measures the received signal from the surrounding
femtocells. If at least one BSs has an interference potential, this FAP reports to the
central node.

2. Graph colouring by the central node

After receiving the information from the FAPs, the central node forms an interfer-
ence graph of a set of connected nodes. It then applies a colouring graph such as
presented in [94] so that the connected nodes are not allocated with the same PRs.
Each BSs is coloured with a certain amount of PRs, Nm. The amount of PRs that
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will be assigned for each BS needs to be considered carefully since large number of
PRs per FAP increases the chance of any FAP cannot be allocated any empty PRs
that reduces the fairness and small number of PRs reduces the resource utilisation.

C) Dynamic coloured Graph SON RRM

Algorithm 2.1 Maximisation of Dynamic Coloured Graph
1 sort V based on the number of connected lines from the lowest to the highest
2 for n = 1 until N do
3 if n can be allocated further
4 repeat
5 allocate n to the lowest Ṽ .
6 if more than one BS can be allocated due to similar number of connected

lines, assign n to the one having minimum number of already assigned resource
7 until n cannot be allocated any further
8 end if
9 end for

1. Interference measurement by users

Utilising measurement report (MR) that exists in WiMAX and LTE standards, UE
can report the measured power from the surrounding BSs. With this feature, a FAP
can measure the potential interference from the surrounding BSs. A user z which is
served by BS Fm is classified as interfered by FAP Fc if

Ez,m
Ez,c

< γth (2.64)

where Ez,m and Ez,c is the received power from Fm and Fc, respectively. If F ′ms
users is interfered by Fc, Fm is virtually connected with Fc. If this is happens, Fm
reports to the central node.

2. Initial resource allocation

Similar to the basic coloured graph, this method applies Nm PRs to each virtually
connected nodes. In order to maximize the resource allocation, the Nm PRs is
selected for Tm BS from N available PRs such that the selected PRs have been
assigned the most by other BSs within a cluster of SBSs given that these PRs have
not been selected for Tm’s direct neighbouring BSs.

3. Resource maximisation
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After assigning all FAPs with resources, the central node maximises the resource
utilisation by assigning unallocated resource consecutively one at a time. A resource
will be allocated to FAP that maximise the resource allocation. This can be done
using Algorithm 2.1 [93].

2.7. Summary

Important aspects for designing a cross-layer improvement scheme have been con-
sidered. Signal propagation results in large-scale and small-scale fading channels.
Large scale fading affects the average received signal power while small scale fading
affect the signal variation across small distances and spectrum. Small scale fading
is caused by multipath signals and/or relative movement of the transmitter and re-
ceiver. It is shown that OFDM based transmission simplifies the equalisation of the
multipath fading channel.

MIMO provides an additional degree of freedom that provides spatial diversity
through the STBC scheme. However, due to size constraint, complexity amongst
others, cooperative diversity is a much preferable method in the uplink scenario.
Cooperative diversity can be classified into RT and PT cooperative diversity.

FGW and FMS play an important role in the femtocell networks architecture. Be-
sides providing a gateway functionality, they also provides OAM functionality that
can be beneficial in supporting RRM.

Accessibility to the femtocell can be made open, closed and hybrid. Open access can
be beneficial to the overall network capacity in comparison to closed access. How-
ever, multiple access to different femtocells results in high probability of handover
between one femtocell to other femtocells. Closed access can prevent blocking to
the owners and internet backhaul connection of a femtocell with penalty of reduced
overall network capacity. Furthermore, without interference coordination between
the femtocell and macrocell, closed access will cause a dead zone to macrocell’s users.

Flexibility and orthogonality of multiple carriers in WiMAX and LTE PHY layers
allow adaptive frequency allocation to the femtocell. Depending on which frequency
allocation pattern will be used by the macrocell, cross-layer interference can be
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minimised by adapting with the macrocell frequency allocation. This frequency
adaptation requires heavily on signal energy sensing on the femtocell users to detect
the macrocell carrier frequency.

There are two types of interference mitigation techniques. They are CSI and SON
based RRMs. Both types make a decision of resource allocation in distributed
and/or centralized manners. CSI based centralised RRM is shown to be impractical
due to its requirement with the CSI exchange between FAPs and central computer.
For this reason, only the distributed CSI and SON RRMs are considered further in
this thesis.
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3. Cooperative Diversity in OFDMA
based Transmission

Inspired by lack of development of the pairing technique (PT) cooperative diver-
sity for orthogonal frequency division multiple access (OFDMA) based systems and
the growing popularity of license-exempt spectrum for cellular systems such as the
Unlicensed Mobile Access (UMA) [35], this chapter introduces a novel pairing diver-
sity technique specifically designed for uplink OFDMA which can double the signal
power at the receiver, through constructive interference exploitation, as well as offer
two diversity orders with uncompromising data transmission rate. It is worthwhile
highlighting that unlike other diversity techniques, such as the RT techniques, which
offer diversity at the expense of data rate reduction, the proposed maintains the data
rate unchanged.

The main contribution of this chapter is to utilise Nyquist criterion OFDM transmis-
sion system to combine two users’ signals and produce a single dimensional OFDM
signal with PT diversity. The single dimensional OFDM signal ensures orthogonal-
ity within the cooperating users while unlicensed band utilisation, for exchanging
data within each pair, allows better throughput compared to RT based cooperative
diversity. The paired users must map their combined data according to a predefined
rule such that members of the same pair transmit the same constellations over the
same subcarriers simultaneously. By doing so, the signals arriving at the BS from
one pair will pass through independent channels and can combine constructively.
Moreover, this allows timing synchronisation within each pair to be relaxed. It is
important to emphasize that inter-user communications must be performed at much
lower power level than the uplink and within the unlicensed spectrum power con-
straints. Furthermore, data exchange must happen simultaneously with the uplink
transmission in order to avoid any unacceptable latency.
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In the cellular transmission, error correcting codes are required to ensure good trans-
mission quality. Using error correcting codes such as Hamming code [95], the error
rate is controlled by the size of the redundancy bits at the cost of reducing the spec-
tral efficiency. The size of error correcting code is also determined by the channel
quality and modulation order. Generally speaking, in a good channel, less redun-
dancy bits are required compared to a bad channel quality. In order to maintain the
focus of this research, the impact of the proposed scheme is focused on improving
channel efficiency using various modulation schemes without using error correcting
codes.

It will be shown that, for the same total transmit power, the proposed technique
achieves significant throughput enhancements and BER reduction under various
channel conditions in comparison to other cooperative techniques. Both time syn-
chronous and asynchronous scenarios will be considered here. In the case of the
time-asynchronous condition further design enhancement, to overcome residual de-
structive interference, will be presented.

The rest of this chapter is organised as follows. Section 3.1 describes the OFDM
system model employed. The proposed pairing technique is fully presented in
section 3.2. Section 3.3 and section 3.4 present the analysis and evaluation re-
sults under both synchronous and asynchronous conditions. Finally, summary is
presented in section 3.5.

3.1. Channel Models and Spectrum Allocation

Assuming that the members of each pair are selected on the basis of best inter-user
link, the channel model for each pair of users and spectrum allocation for a total of
P pairs can be illustrated by Figure 3.1. In the initial step each UE receives a noisy
signal from their partner during the inter-user data exchange in the unlicensed band
represented as

yp,1(t) = sp,1(t) ∗ √αp12hp,12(t) + ηp,1(t) (3.1)

yp,2(t) = sp,2(t) ∗ √αp21hp,21(t) + ηp,2(t) (3.2)

where αp12 and hp,12(t) are inter-user pathloss and multipath fading used by Up1,
respectively, αp21 and hp,21(t) are inter-user pathloss and multipath fading used by
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Figure 3.1.: User pairing cooperative system model

Up2, respectively, and, sp,1(t) and sp,2(t) are the original symbols of Up1 and Up2,

respectively. The partners’ symbols are combined by each user based on a predefined
lookup table and then transmitted simultaneously to the BS. The BS receives the
composite of the two channel perturbed signals as

y(t) =
P∑
p=1

{
xp1(t) ∗ √αp1hp1(t)+ xp2(t) ∗ √αp2hp2(t)

}
+ ηp(t) (3.3)

where * indicates a convolution process, P is the total number of user pairs, ηp(t),
ηp,1(t) and ηp,2(t) are the AWGN signals, hp1(t) and hp2(t) are the multipath fading
channels between users and the BS, αp1 and αp2 are the pathloss coefficients between
the users and BS, and, xp1(t) and xp2(t) are the combined symbol transmitted by Up1

and Up2, respectively. Our model further assumes that all communication channels
are quasi-static Rayleigh frequency selective fading channel.
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3.2. Pairing Cooperative Diversity in OFDMA

3.2.1. Data Remapping

The first stage of the proposed technique is to group the UEs in pairs according to
the best inter-user link [96], [97]. Once the pairs are defined, the members of each
pair performs data exchange on a block by block basis in the unlicensed band before
transmitting the resulting remapped data block to the BS using single dimensional
OFDM. To clarify this further consider the block diagram in Figure 3.2 (c). For
reference sake, the RRT and DSTC cooperative diversity, presented in [75], are
shown in Figure 3.2 (a) and (b), respectively. It is important to note that the
cooperating UEs must have a dual band transceiver in order to be able to transmit
and receive simultaneously at different spectrum band.

(a)

(b)

(c)

Figure 3.2.: Transmission timing diagram. (a) RRT cooperative OFDMA scheme. (b)
DSTC OFDMA scheme. (c) Constructive interference PT OFDMA scheme. Note: Wp1
= Wp2=Wp.
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Since the regulation for the maximum transmitted power density in the unlicensed
band is 5 mW/MHz, [17], compared to 50 mW/MHz of a typical WiMAX mobile
handset, [21], the inter-user data transmission is performed at a much lower power
level that satisfies the regulation. In this chapter, it is assumed that the inter-user
transmission only uses 10% of the user to BS data transmission power.

It is assumed that the pth pair is made up of user Up1 and Up2. For demonstration
purposes we refer to the data bit stream of Up1 as a0, a1, a2, . . . , aF , and that of Up2

as b0, b1, b2, . . . , bF , where F is the maximum number of bits. For clarity, F in this
illustration is chosen to be a small number of 7. We also assume here, without loss
of generality, that 16QAM is used over the channel between the users and the BS.
With this in mind the proposed can be described in steps as follows:

1) Inter-user data exchange

The paired users begin by exchanging their own symbols over the license-exempt
band, Wp12 and Wp21 in Figure 3.2 (c), using any predetermined air interface tech-
nique. In this chapter, it is assumed that the users use OFDMA interface at this
level as well. Also, although any modulation order can be used it is preferred to use
low order modulation at this stage to ensure good BER performance. Obviously
the modulation order is constrained by the available license exempt bandwidth and
required system bit rate at the BS. In Figure 3.2 (c), QPSK is used.

2) Combined data bits assignment and modulation

Once the users have detected their partner’s symbols, the bits of the two users
are interleaved in a predetermined way. In this chapter the first K2 bits of every
constellation symbol to be from Up1 and the second K2 bits from Up2 are proposed,
before the symbols are modulated on 2KQAM. See Figure 3.2 (c) for example.

Let us assume the modulated symbol per sub-carrier of the combined data bits
for Up1 and Up2, if decoded correctly is given by, Xϑp [n] = An exp (jθn) for n =
0, 1, ..., Ñ − 1 where An and θn are the actual 2KQAM modulation amplitude and
phase of the combined bits, respectively. Due to possible transmission errors during
inter-user communication, the modulated symbol of Up1 and Up2 are given by

Xϑp1 [n] = Xϑp [n] + εp1 [n] exp (jφp1 [n]) (3.4)

Xϑp2 [n] = Xϑp [n] + εp2 [n] exp (jφp2 [n]) (3.5)
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for n = 0, ..., Ñ − 1, respectively, where εp1 [n] and εp2 [n] and φp1 [n] and φp2 [n] are
the amplitude and the phase errors of modulating the combined symbol by Up1 and
Up2, respectively.

3) Signal transmission to BS

After applying the same interleaving and modulating scheme by each user, the cor-
responding data signal is transmitted simultaneously by both users over the same
licensed sub-band to the BS. To achieve maximum gain, the single dimensional
property of OFDM implementation by assigning Up1 a cosine signal and Up2 a sine
signal is utilised. By doing this we minimize unwanted interference while achieving
full diversity.

Assume the re-arranged version of Xϑp1 [n] and Xϑp2 [n] using 1D OFDM modulation
described in section 2.2 of chapter 2, are given by Xp1 [n] and Xp2 [n], respectively.
The baseband representation of the first and second user’s transmitted symbols with
cosine and sine signals respectively are given by

xp1 [a] = 1√
N

N−1∑
n=0

Xp1 [n] exp
(
j

2πna
N

)
(3.6)

xp2 [a] = 1√
N

N−1∑
n=0

Xp2 [n] exp
(
j

2πna
N

)
(3.7)

for a = 0, . . . , N − 1. Using xp1 [a] and xp2 [a], the combined symbol in discrete time
that will be transmitted by Up1 and Up2 after cyclic prefix (CP) addition are given
by xϑp1 [a] and xϑp2 [a], respectively. xϑp1 [a] and xϑp2 [a] are given by

xϑp1 [a+ G] = xp1 [a], for a = 0, . . . , N − 1
xϑp1 [a] = xp1 [N − G + a], for a = 0, . . . ,G − 1

(3.8)

xϑp2 [a+ G] = xp2 [a], for a = 0, . . . , N − 1
xϑp2 [a] = xp2 [N − G + a], for a = 0, . . . ,G − 1

(3.9)

where G is the discrete signal CP period. The corresponding analogue signal of Up1

and Up2 are respectively given by

xϑp1(t) = xϑp(t) + εp1(t) (3.10)

xϑp2(t) = xϑp(t) + εp2(t) (3.11)

81



Chapter 3 Cooperative Diversity in OFDMA based Transmission

for −TG ≤ t < TO where TO is the OFDM symbol period, TG is the analogue signal
CP period, xϑp(t) is the actual combined symbol in time domain, εp1(t) and εp2(t)
are the error in time domain due to inter-user channel. xϑp(t) is given by

xϑp(t) = 2√
N

Ñ−1∑
k=0

An cos (2πfnt+ θn) , (3.12)

εp1(t) and εp2(t) are given by

εp1(t) = 2√
N

Ñ−1∑
n=0

εp1 [n] cos (2πfnt+ φp1 [n]) (3.13)

εp2(t) = 2√
N

Ñ−1∑
n=0

εp2 [n] cos (2πfnt+ φp1 [n]) . (3.14)

After the upconversion, the first and second user’s transmitted symbols are assigned
orthogonally as

xp1(t) = 2xϑp1(t) cos (2πfct) ∗ YBP (t) (3.15)

xp2(t) = 2xϑp2(t) sin (2πfct) ∗ YBP (t) (3.16)

where YBP (t) represents the bandpass filter used to remove one of the side bands
OFDM symbol after it is been modulated on to fc.

Assuming that the channel is frequency-selective fading across the whole frequency
spectrum and the complex channel impulse response between Up1 and BS is given
by hp1(t), and between Up2 and BS is given by hp2(t), the received signal at the
receiver, y(t), is given by Equation 3.3 where hp1(t) and hp2(t) are given by

hp1(t) = (hp1R(t) cos (2πfct) + hp1I (t) sin (2πfct)) ∗ YBP (t) (3.17)

hp2(t) = (hp2R(t) cos (2πfct) + hp2I (t) sin (2πfct)) ∗ YBP (t) (3.18)

hp1R(t) and hp2R(t) are baseband representation of the inphase of the impulse re-
sponses between users and the BS and hp1I (t) and hp2I (t) are baseband representa-
tion of the quadrature of the channels’ impulse responses between the users and the
BS.

4) Signals reception
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At the BS, shown in Figure 3.3, the real and imaginary parts of the baseband re-
ceived signal are separated by multiplying the signal with cos (2πfct) for the real
part and sin (2πfct) for the imaginary part. This operation however yields 2fc fre-
quency component. A low pass filter (LPF) is therefore used to remove the high
frequency component before the analogue to digital converter (A/D). Hence, the
inputs of the A/D for real and imaginary parts, y1(t) and y2(t) respectively. They
are given by

y1(t) =
P∑
p=1

√
αp1 (hp1R(t)− hp2I (t)) ∗ xϑp(t) + εpR(t) + ηpR(t) (3.19)

y2(t) =
P∑
p=1

√
αp2 (hp2R(t) + hp1I (t)) ∗ xϑp(t) + εpI (t) + ηpI (t) (3.20)

where ηpR(t) and ηpI (t) are the inphase and quadrature components of the AWGN
noise signal, ηp(t), respectively, εpR(t) and εpI (t) are the inphase and quadrature
components error due to probability of error in inter-user communication. εpR(t)
and εpI (t) are given by

εpR(t) =
{√

αp1hp1R(t) ∗ εp1(t)−√αp2hp2I (t) ∗εp2(t)} (3.21)

εpI (t) =
{√

αp1hp1I (t) ∗ εp1(t) +√αp2hp2R(t) ∗ εp2(t)
}
. (3.22)

Equation 3.19 and Equation 3.20 can be simplified into

y1(t) =
P∑
p=1

√
αp1hpR(t) ∗ xϑp(t) + εpR(t) + ηpR(t) (3.23)

y2(t) =
P∑
p=1

√
αp2hpI (t) ∗ xϑp(t) + εpI (t) + ηpI (t) (3.24)

where hpR(t) and hpI (t) are the impulse responses experienced by the inphase and
quadrature signals, respectively. They are given by

hpR(t) = h1pR(t)− h2pI (t) (3.25)

hpI (t) = h2pR(t) + h1pI (t). (3.26)

Let first assume synchronous communication between the UEs and BS, then the
asynchronous case will be considered. The receiver first takes the Fourier transform
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of y1[a] and y2[a], which are the discrete signals of y1(t) and y2(t) after the CP
removal. Then, the frequency domain of y1[a] and y2[a] are given by

Y1[n] =
P∑
p=1

√
αp1HpR [n]Xϑp [n] + εpR [n] +NpR [n] (3.27)

Y2[n] =
P∑
p=1

√
αp2HpI [n]Xϑp [n] + εpI [n] +NpI [n] (3.28)

for n = 0, 1, . . . , Ñ − 1 and combined using maximum ratio combining (MRC) after
the DFT process. HpR [n] and HpI [n] are the discrete transfer functions correspond-
ing to hpR(t) and hpI (t), respectively. Since different pairs of users occupy orthogonal
subcarriers, which means no interference from different pairs of users in the perfect
frequency synchronised system, the combined data per sub-carrier output from the
MRC scheme for each pair of users is given by

X̂ϑp [n] = Xϑp [n] +
(Npr[n] + εpR [n])H∗pR [n](

αp1 |HpR [n]|2 + αp2 |HpI [n]|2
)

+
(NpI [n] + εpI [n])H∗pI [n](

αp1 |HpR [n]|2 + αp2 |HpI [n]|2
) (3.29)

Finally, the BS detects the bits in each subcarrier by demodulating X̂ϑp for n =
0, 1, . . . , Ñ −1. In accordance with the predefined remapping scheme, it will assume
that the first K2 belong to Up1 and the second K2 bits belong to Up2.

Since the members of each pair transmit the same signal in real and imaginary parts
separately, the interference they inflict on each other is constructive. This therefore
doubles the received signal-to-noise ratio (SNR) per symbol relative to the direct
uplink transmission. Hence, the proposed technique is able to achieve two diversity
order and a 3 dB gain without sacrificing data rate in comparison to conventional
direct transmission OFDMA. Furthermore, the fact that each pair contains two
users, hence twice the number of subcarriers, means doubling the data transmission
rate which cancels out the effect of doubling the symbol duration due to the single
dimensional OFDMA signal model.
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Figure 3.3.: Block diagram of BS used for uplink transmission

3.2.2. Time Synchronisation and Channel Estimation

Sensitivity to time synchronisation and channel estimation errors can be a major
concern for OFDMA systems [63, 50]. Channel estimation errors occur as a result of
factors such as noisy received signal at the BS or/and undersampled channel. Also,
time mis-synchronisation can result in loss of orthogonality as OFDM symbols from
different users arrive at the BS with different time shifts. This has two implications,
the first of which is between the two members of each pair and the second is between
the different pairs. However, as the two members of each pair transmit the same
symbol, time mis-synchronisation within each pair will only lead to additional phase
randomisation which can easily be compensated as part of the channel equalisation
process. To demonstrate that additional phase randomisation effect due to time
mis-alignment within each pair we must consider their signal model. For simplicity,
lets focus on only one pair which includes Up1 and Up2 communicating together and
with the BS simultaneously. This implies that P = 1 in Equation 3.3. Assume the
transmitted signal of Up1 is given by Equation 3.15 and signal of Up2 is given by

xp2(t) = 2xϑp(t) sin (2πfct+ θa) ∗ YBP (t) (3.30)

where θa is the phase offset between signals of Up1 and Up2. Furthermore, assume
hp1(t) and hp2(t) are two-path fading channels with magnitudes of h1, h2 and h3,
h4, respectively. In addition, the time delay for hp1(t) are td1 and td2 and for hp2(t)
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are td3 and td4. Without loss of generality lets also assume that the duration of the
impulse responses is shorter than the cyclic prefix and the noise and error in inter-
user communication in Equation 3.4 and Equation 3.5 are negligible, the received
signal at the BS is

y(t) = YBP (t) ∗
{

2xϑp(t) cos
(

2πfct+ 2πtd1

TO

)
h1+

2xϑp(t) cos
(

2πfct+ 2πtd2

TO

)
h2 + (3.31)

2xϑp(t) sin
(

2πfct+ θa + 2πtd3

TO

)
h3 +

2xϑp(t) sin
(

2πfct+ θa + 2πtd4

TO

)
h4

}

For simplicity of notations, the following substitution is used below: θd1 = 2πtd1
TO

, θd2

= 2πtd2
TO

, θd3 = 2πtd3
TO

and θd4 = 2πtd4
TO

. Equation 3.31 can be expanded as

y(t) = YBP (t) ∗ 2xϑp(t) {h1 [cos (2πfct) cos (θd1)− sin (θd1) sin (2πfct)] +

h2 [cos (2πfct) cos (θd2)− sin (θd2) sin (2πfct)] +

h3 [sin (2πfct) cos (θa + θd3) + sin (θa + θd3) cos (2πfct)] + (3.32)

h4 [sin (2πfct) cos (θa + θd4) + sin (θa + θd4) cos (2πfct)]}

At the BS, the received signal, y(t) is multiplied with cos (2πfct) for the inphase and
sin (2πfct) for the quadrature signals. If it is assumed that there is additional time
offset in the local oscillator (LO) which leads to some phase offset, θo, the inphase
signal after multiplication with the LO signal will become

yi(t) = y(t) cos (2πfct+ θo) (3.33)

and the quadrature received signal will become

yq(t) = y(t) sin (2πfct+ θo) . (3.34)

Finally, the two signals are low pass filtered in order to remove the 2fc components
and get the baseband signal of the inphase, y1(t), and quadrature, y2(t), signals for
maximum ratio combining in the frequency domain as illustrated in Equation 3.19
and Equation 3.20. Hence, after filtering, y1(t) and y2(t) in the absence of noise as
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can be seen from Appendix B are given as

y1(t) = xϑp(t) {h1 [cos (θd1) cos (θo) + sin (θd1) sin (θo)]

+h2 [cos (θd2) cos (θo) + sin (θd2) sin (θo)]

+h3 [sin (θa + θd3) cos (θo) + cos (θa + θd3)

sin (θo)] + h4 [sin (ao + θd4) cos (θo) + (3.35)

cos (θa + θd4) sin (θo)]}

y2(t) = xϑp(t) {h1 [cos (θd1) sin (θo) + sin (θd1) cos (θo)]

+h2 [cos (θd2) sin (θo) + sin (θd2) cos (θo)]

+h3 [− sin (θa + θd3) sin (θo) + cos (θa + θd3)

cos (θo)] + h4 [− sin (θa + θd4) sin (θo) + (3.36)

cos (θa + θd4) cos (θo)]} .

As can be clearly seen from Equation 3.35 and Equation 3.36, the phase offset within
one pair, θa, only randomizes further the already random channel path magnitude.
Moreover, it is evident that even when the BS’s LO phase offset, θo, is not perfectly
synchronised with that of the transmitters, the receiver will always be able to detect
the correct signal from the pair since the inphase and quadrature contain the same
baseband signal. In contrast, this is not possible in the case of complex OFDM
signal because the inphase and quadrature signals are different and hence the LO
imperfections will affect them differently. The worst case scenario of LO imperfection
of the complex OFDM signal is when the receiver detects the inphase signal as
quadrature signal, which happens when the LO is offset by π/2.

Time mis-synchronisation between the different pairs results in multiuser interfer-
ence (MUI) which may exist even though the signal arrival times from all users can
be predicted. This happens when the total length of the impulse response between
the different users and BS exceeds the CP period [63], [64]. The effect of MUI in
uplink transmission when the signals’ time of arrivals are known is almost identical
with the effect of residual ISI in downlink transmission. Residual ISI in downlink
occurs when the delay spread exceeds the CP period. Hence, the easiest way to
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overcome the effect of MUI in this case is by having the length of the CP to be at
least equals to the period between the first and last signals arrival from all users
[64]. However, extending the guard intervals is a very expensive solution since it re-
duces the bandwidth efficiency significantly. An alternative would be to use receiver
based interference cancellation techniques such as the Minimum mean-square-error
(MMSE), recursive least square (RLS) and least mean square (LMS) based linear
time-domain equalizer [41]. However, it was shown in [65] that for the interference
resulting from residual ISI, the Residual ISI Cancellation (RISIC) algorithm [65],
combines effectiveness with implementation simplicity. Incorporating of this equal-
izer in the BS block diagram is depicted in Figure 3.3. The impact of this will be
analysed in a subsequent section.

The RISIC equalizer works by performing tail cancellation and cyclic reconstruction,
respectively. Considering the ẗth transmitted OFDM signal, xẗ, the received signal
is yẗ, the impulse response is hδ, the RISIC equalisation steps can be summarised
as follows:

1. Detect and re-modulate the
(
ẗ− 1

)
th OFDM symbol that affects the ẗth sym-

bol, x̂ẗ−1.

2. Performs tail cancellation to evaluate yT,ẗ given by:

yT,ẗ = yi − hδx̂ẗ−1 (3.37)

= hδ (xẗ−1 − x̂ẗ−1) + xẗ (∗) h− hδxẗ + ηẗ.

3. Detect and re-modulate the ẗth OFDM symbol, x̂1,ẗ.

4. Perform first iteration of cyclic reconstruction to evaluate yC1,ẗ given by:

yC1,ẗ = yẗ + hδx̂1,ẗ (3.38)

= xẗ (∗) h + hδ
(
x̂1,̈t − xẗ

)
+ ηẗ.

5. Repeat step 3) to calculate x̂O,ẗ and 4) to calculate yCO,ẗ if necessary, where
subscript O is the number of iterations.

Note that for the first OFDM symbol, the RISIC algorithm start from step 3)
because the first symbol contains no residual ISI and hence no requirement to do
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tail cancellation. Thus, yẗ, xẗ and hδ are given by Equation 3.57, Equation 3.59 and
Equation 3.60, respectively.

3.3. Performance Analysis

3.3.1. Synchronous Condition

Figure 3.4.: Conditional probability

For better clarity, let us assume that BPSK and QPSK modulation per subcarrier
is used for inter-user and users to BS communications, respectively. Lets also define
the probability notations for all the possible events shown in Figure 3.4 as follows:
Up1 and Up2 exchange their symbols correctly is C12, either Up1 or Up2 receives
its partner’s symbols incorrectly is C1or2, neither Up1 or Up2 receives its partner’s
symbols correctly is Ĉ12, the BS receives the correct combination symbol is C and
the BS receiving the wrong combination symbol is ε. Using this, the probability
that the BS receives the correct symbol is given by

Pr (C) = Pr (C ∩ C12) + Pr (C ∩ C1or2) + Pr
(
C ∩ Ĉ12

)
. (3.39)
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Using Bayesian conditional probability theory, Pr (C) can be expanded into

Pr (C) = Pr (C | C12) Pr (C12) + Pr
(
C | Ĉ12

)
Pr
(
Ĉ12
)

+Pr (C | C1or2) Pr (C1or2) . (3.40)

With this in mind, the probability of combined symbol error, Pr (ε), is given by

Pr (ε) = 1− Pr (C) (3.41)

and the probability of bit error of the proposed technique, Pb, is approximated by

Pb ≈
Pr (ε)
K

(3.42)

where K is the number of bits per subcarrier for UEs to BS communication.

Similarly, the probability that Up1 receives a correct symbol from Up2 and vice versa,
Pr (C12), is simply given by

Pr (C12) = (1− Pξ)2 (3.43)

where Pξ is the probability of bit error for BPSK in Rayleigh fading. Pξ is given by
[41]

Pξ = 1
2

(
1−

√
γ12/ (1 + γ12)

)
(3.44)

where γ12 is the average signal-to-noise ratio (SNR) between Up1 and Up2 or inter-
user SNR. In addition, the probability that neither Up1 or Up2 receive their pair’s
symbols correctly, Pr

(
Ĉ12

)
, is given by

Pr
(
Ĉ12
)

= P2
ξ . (3.45)

Hence, the probability that either Up1 or Up2 can receive their partner’s symbols
correctly, Pr (C1or2) is given by

Pr (C1or2) = 1−
{

Pr (C12) + Pr
(
Ĉ12
)}

(3.46)

which can be simplified into

Pr (C1or2) = 2(1− Pξ) Pξ (3.47)
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The probability that the BS receives the correct symbol given that Up1 and Up2

receive their partner’s symbols correctly, Pr (C | C12), is similar to the probability
of receiving a correct QPSK symbol with two diversity channels detected using the
MRC combining scheme, Pϕ. Pϕ is given by

Pϕ = 1− Pϕ̂ (3.48)

where Pϕ̂ is the probability of QPSK symbol error of two order diversity with MRC
combining [41]

Pϕ̂ = 1
2

(
1−

√
γc

1 + γc

)2 1∑
k=0


 1 + k

k

[1
2

(
1 +

√
γc

1 + γc

)]k (3.49)

where γc is the SNR per bit between the users equipments and the BS. So,

Pr (C | C12) = 1− Pϕ̂. (3.50)

On the other hand, the combined QPSK symbol modulated by the pair of users
will have a 180o of phase separation when the inter-user communication results in
error symbols detected by both users. It results in signal cancellation at the receiver
and leaves the received signal with the noise term. Since the noise is Gaussian
distributed in the real and imaginary parts, the probability of receiving a correct
symbol is similar to the probability of receiving any QPSK symbol. Therefore,

Pr
(
C | Ĉ12

)
= 1

4 . (3.51)

When either Up1 or Up2 receive their partner’s symbols correctly, the received sig-
nal constellation will lie between the correct symbol and its adjacent constellation,
separated by 90o. Assuming the event of receiving correct symbol and its adjacent
constellation is given by ν, the probability of receiving correct symbols given that
either Up1 or Up2 receive their pair’s symbols correctly, Pr (C | C1or2), can be related
to this event by

Pr (C | C1or2) = Pr (C | ν) Pr (ν) . (3.52)

The probability of the received signal constellation being in these two constellations,
Pr (ν), equals the probability of receiving a correct BPSK symbol with dual diversity
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channel combined with the MRC scheme, Pβ. Pβ is given by

Pβ = 1− 1
2Pϕ̂ (3.53)

and Pr (C | ν) is similar to the probability of receiving any of these two symbols.
Therefore,

Pr (C | ν) = 1
2 (3.54)

and Pr (C | C1or2) is given by

Pr (C | C1or2) = 1
2

(
1−

Pϕ̂

2

)
(3.55)

and thus, the theoretical BER, Pb, of the proposed technique with BPSK and QPSK
modulation per subcarrier for inter-user and users to BS communications, respec-
tively, is approximated by

Pb = 1
2 −

1
2


1− 1

2

(
1−

√
γc

1 + γc

)2 1∑
k=0

 1 + k

k

[1
2

(
1 +

√
γc

1 + γc

)]k
(1− Pξ)2 + 1

2

1− 1
4

(
1−

√
γc

1 + γc

)2 1∑
k=0

 1 + k

k

[1
2

(
1 +

√
γc

1 + γc

)]k
(2 (1− Pξ)Pξ) + 1

4P
2
ξ

}
. (3.56)

3.3.2. Asynchronous Condition

The performance of the asynchronous condition can be analysed by estimating the
average interference energy at the output of the RISIC equalizer. This interference
energy is used for BER calculations by replacing the SNR per user in Equation 3.56
with the signal-to-interference and noise ratio (SINR) per user.

1) MUI Interference Analysis

In order to analyze the interference energy output from the RISIC equalizer, first,
we need to consider the MUI energy received by the RISIC equalizer as seen from
Figure 3.3. Since the signal component at the real and imaginary part has similar
transmitted signal and channel impulse response length, the interference energy
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input at both RISIC equalizers shown in Figure 3.3 are approximately identical.
This makes the analysis for the real part also applicable for the imaginary part.

The mathematical model of the real or imaginary part of the received signal at the
ẗth OFDM symbol, yẗ, is given by

yẗ = yẗ|ẗ−1 + yẗ|ẗ + ηẗ, yẗ,yẗ|ẗ−1,yẗ|ẗ,ηẗ ∈ RN (3.57)

where nẗ is the noise signal, yẗ|ẗ−1 is the
(
ẗ− 1

)
th OFDM symbol that has contri-

bution to the ẗth symbol, yẗ|ẗ is the ẗth OFDM symbol that has contribution to the
ẗth symbol and N is number of samples or DFT point of the system. yẗ|ẗ is given by

yẗ|ẗ = xẗ (∗) h− hδxẗ, hδ ∈ RN×N xẗ,h ∈ RN (3.58)

where (∗) indicates a circular convolution, xẗ is the ẗth OFDM symbol, h is the
impulse response and hδ is the impulse response matrix that results in ISI. h is
given by h =

[
h0 · · · hτ−1 0 · · · 0

]
, xẗ is given by

xẗ =
[
xẗ,0 xẗ,1 · · · xẗ,N−1

]
(3.59)

and hδ is given by

hδ (m, a) =

 hτG G ≤ m, a ≤ τ − 1
0 otherwise

(3.60)

where G is the length of the CP, τ is the total length of the impulse response of the
channel in the case of MUI, τ ≥ G + 1 and hτG is given by

hτG =



hτ−1 hτ−2 · · · hG+2 hG+1

0 hτ−1
. . . . . . hG+2

0 . . . . . . . . . ...
... . . . . . . hτ−1 hτ−2

0 · · · 0 0 hτ−1


, hτG ∈ R%×% (3.61)

where % = τ − G − 1. On the other hand, yẗ|ẗ−1 is given by

yẗ|ẗ−1 = hδxẗ|ẗ−1, xẗ|ẗ−1 ∈ RN (3.62)
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where xẗ|ẗ−1 is the
(
ẗ− 1

)
th vector symbol transmitted data that affect the ẗth

symbol and is given by

xẗ|ẗ−1 (m) =

 xẗ−1,N−(m−G+1), G ≤ m ≤ τ − 1
0 elsewhere

(3.63)

Therefore, Equation 3.57 can be re-written as

yẗ = hδxẗ|ẗ−1 + xẗ (∗) h−hδxẗ + η ẗ (3.64)

The first, second, third and fourth terms of Equation 3.64 are the ISI, wanted signal,
ICI and noise, respectively.

Having considered the mathematical model of the received signal with the residual
ISI, the signal energy equation can now be calculated. The wanted signal energy,
ES, is given by

ES = ‖xẗ (∗) h‖2 = (xẗ (∗) h)H (xẗ (∗) h) (3.65)

where AH denotes a Hermitian transpose of matrix A. The ISI energy is given by

Γ =
∥∥∥hδxẗ|ẗ−1

∥∥∥2
=
(
hδxẗ|ẗ−1

)H (
hδxẗ|ẗ−1

)
(3.66)

and the ICI signal energy is given by

ð = ‖hδxẗ‖2 = (hδxẗ)H (hδxẗ) (3.67)

Inserting Equation 3.60, Equation 3.63 into Equation 3.66 and Equation 3.59, Equation 3.60
into Equation 3.67, Equation 3.66 can be rewritten as

Γ =
∣∣∣hτ−1xẗ−1,N−(m−G+1) + · · ·+ hG+2xẗ−1,N−2 + hG+1xẗ−1,N−1

∣∣∣2 +∣∣∣hτ−1xẗ−1,N−(m−G) + · · ·+ hG+3xẗ−1,N−2 + hG+2xẗ−1,N−1

∣∣∣2 +

· · ·+
∣∣∣hτ−1xẗ−1,N−1

∣∣∣2 (3.68)
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and Equation 3.67 can be rewritten as

ð =
∣∣∣hτ−1xẗ,G+1 + · · ·+ hG+2xẗ,τ−2 + hG+1xẗ,τ−1

∣∣∣2
+
∣∣∣hτ−1xẗ−1,N−(m−G) + · · ·+ hG+3xẗ−1,N−2 + hG+2xẗ−1,N−1

∣∣∣2 +

· · ·+
∣∣∣hτ−1xẗ−1,N−1

∣∣∣2 . (3.69)

If the channel impulse response h has a Rayleigh distributed envelope, the trans-
mitted OFDM symbol energy, ES, is equally distributed into all samples in the time
domain and the ISI energy is equal the ICI energy. Furthermore, the last term of
Equation 3.31 and Equation 3.69 can be estimated as

∣∣∣hτ−1xẗ−1,N−1

∣∣∣2 ≈ var(h)ES
N

(3.70)

and the first term of Equation 3.31 and Equation 3.69 can be estimated as

∣∣∣hτ−1xẗ−1,N−(m−G+1) + · · ·+ hG+2xẗ−1,N−2 + hG+1xẗ−1,N−1

∣∣∣2 ≈ (τ − G) var(h)ES
N
.

(3.71)
Since the ISI and ICI energy form a sum of arithmetic series, they are given by

Γ = ð = var(h)ES
N

(τ − G)
2 (1 + (τ − G)) (3.72)

2) RISIC Equalizer Interference Reduction Analysis

As mentioned earlier, the RISIC equalizer works by performing tail cancellation and
O iterations cyclic reconstruction in order to remove the ISI and ICI terms shown
in Equation 3.64. After the tail cancellation step, the remaining ISI energy is given
by

ΓT,ẗ = ‖hδ (xẗ−1 − x̂ẗ−1)‖2 (3.73)

and can be approximated as

ΓT,ẗ ≈
√

2
√

2Pδ,ẗ−1Γ (3.74)

where Pδ,ẗ−1is the probability of detecting the wrong symbol per sub-carrier at the
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(
ẗ− 1

)
th OFDM symbol with SINR, ψδ,ẗ−1, given by

ψδ,ẗ−1 = ES
ðCO,ẗ−1 +N0

(3.75)

and Pδ,ẗ−1is given by

Pδ,ẗ−1 = 1−

√√√√ ψδ,ẗ−1/2
1 + ψδ,ẗ−1/2

(3.76)

ðCO,ẗ−1 is the interference energy at the
(
ẗ− 1

)
th OFDM symbol after performing

Oth iteration of cyclic reconstruction.

After tail cancellation, the RISIC equalizer performs O iterations cyclic reconstruc-
tion. The ICI energy after Equation 3.38 is given by

ðC1,ẗ−1 =
∥∥∥hδ (x̂1,̈t − x

ẗ

)∥∥∥2
(3.77)

and can be approximated as

ðC1,ẗ−1 ≈
√

2
√

2PC1,ẗð (3.78)

where PC1,ẗ is the probability of detecting the wrong symbol per sub-carrier at the
ẗth OFDM symbol after the first cyclic reconstruction iteration with SINR, ψC1,ẗ, is
given by

ψC1,ẗ = ES
ð+ ΓT,ẗ +N0

(3.79)

and PC1,ẗ is given by

PC1,ẗ = 1−

√√√√ ψC1,ẗ/2
1 + ψC1,ẗ/2

. (3.80)

After the Oth iteration of cyclic reconstruction, the ISI energy left, ðRO,ẗ, is given
by

ðCO,ẗ ≈
√

2
√

2PCO,ẗð (3.81)

where PCO,ẗ is the probability of detecting the wrong symbol per sub-carrier at the
ẗth OFDM symbol after the Oth iteration with SINR, ψCO,ẗ, given by

ψCO,ẗ = ES
ðCO−1,ẗ + ΓT,ẗ +N0

(3.82)
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and PCO,ẗ is given by

PCO,ẗ = 1−

√√√√ ψCO,ẗ/2
1 + ψCO,ẗ/2

(3.83)

The total interference energy after the RISIC equalizer in every OFDM symbol, Υẗ,
is given by

Υẗ = ðCO,ẗ + ΓT,ẗ. (3.84)

Since all symbols are transmitted with the same energy, the average interference
energy after the RISIC equalizer, Υ, is given by Υ = Υẗ.

The theoretical BER of asynchronous two users pairing OFDMA equalised by the
RISIC equalizer can be obtained by replacing the SNR per bit between UEs and
the BS, γc, in Equation 3.56 with the SINR per user between UEs and the BS, ψc,
given by

ψc = ES
Υ +N0

(3.85)

3.4. Results and Discussion

Table 3.1.: Uplink OFDMA simulation parameters

Parameter description Parameter
value

Number of subcarriers, Ñ 64
CP period, TG 10% of Tsym
Impulse response length 10% of Tsym
Bandwidth per subcarrier Wn 5 kHz

3.4.1. Performance under Synchronous Condition

In this simulation, the BER and throughput of the proposed technique under QPSK,
16QAM and 64QAM modulation per subcarrier is considered. Furthermore, since
the users of one pair need to exchange their own data in the license-free band
before transmission to BS, we examine the performance in various levels of inter-
user channel quality. We define the inter-user channel quality by the path loss ratio,
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ϕ, which is given as ϕ = αp/α12 where α12 is the inter-user pathloss and αp is the
pathloss between users and BS. Three values of ϕ have been considered, which are
0.05, 0.01 and 0.001 as used in [98] and [73]. It is worthwhile mentioning that power
used in the data exchange channel is deducted from the uplink transmit power such
that the total transmit power remains unchanged. For reference sake, the results are
compared with the conventional uplink (CU) transmission, RRT and DSTC relay
cooperative techniques as illustrated in Figure 3.2 (a) and (b). The inter-user SNR
for PT is assumed to be 10 dB lower than the relay cooperative techniques.
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Figure 3.5.: BER of two users synchronous communication with QPSK modulation per
subcarrier . (a) ϕ is 0.05, (b) ϕ is 0.01 and (c) ϕ is 0.001.

The throughput, R, is calculated by first considering the spectral efficiency, which
is given by

s = Cdis/ (TsymW ) (3.86)

where Tsym is the total OFDM period including the CP period, W is OFDM band-
width and Cdis is the discrete-time channel capacity. W is given by

W = ÑWn (3.87)

where Wn is the bandwidth per subcarrier. Wn, Tsym and Cdis are given by

Wn = 1/TO (3.88)

Tsym = TO + TG (3.89)

Cdis = KO − Ξq (PO) (3.90)
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where KO is the number of bits per OFDM symbol for uplink, PO is OFDM symbol
error rate and Ξq (PO) is the equivocation of the OFDM symbol at a given PO, [41].
Ξq (PO) is given by [99]

Ξq (PO) = −PO log2

(
PO

2KO − 1

)
− (1− PO) log2 (1− PO) (3.91)

R is related to s by
R = sÑWn. (3.92)
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Figure 3.6.: BER of two users synchronous communication with 16QAM modulation
per subcarrier. (a) ϕ is 0.001 and (b) ϕ is 0.01.
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Figure 3.7.: BER of two users synchronous communication with 64QAM modulation
per subcarrier. (a) ϕ is 0.001 and (b) ϕ is 0.01.
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Figure 3.8.: Throughput of uplink OFDMA communication with QPSK. (a) ϕ is
0.001 and (b) ϕ is 0.05.

The BER of the proposed technique under QPSK modulation and three different
inter-user communication SNR values will be shown separately from 16QAM and
64QAM results in order to prove the validity of the analysis presented first. On the
other hand, for better clarity, the throughput will show the results of QPSK and
64QAM modulation only.
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Figure 3.9.: Throughput of uplink OFDMA communication with 64QAM modu-
lations. (a) ϕ is 0.001 and (b) ϕ is 0.05.

As can be seen from Figure 3.5, the simulation results are almost perfectly aligned
with the theoretical ones, which confirms the validity of the BER analysis presented
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earlier. Figure 3.5, Figure 3.6 and Figure 3.7 show that the proposed PT improved
the BER at low SNR per bit in comparison to the other techniques, especially when
the pathloss ratio, ϕ, is lower than 0.01. Furthermore, at ϕ equals 0.001, the pro-
posed technique achieves the best BER results at low SNR. Even though DSTC in
single relay system provides three diversity orders, this technique achieves worse per-
formance than the proposed technique because at low SNR, the direct transmission
required for achieving third diversity order results in higher probability of symbols
error rate compared to the proposed PT. Only when the direct transmission is reli-
able, which is achieved at high SNR, the DSTC achieves better BER performance
than PT. Due to its low inter-user SNR compared to the RT cooperative diversity
techniques, the proposed PT may not be able to provide BER improvement in com-
parison to the relay cooperative techniques at ϕ equals 0.05. This happens since low
quality inter-user SNR leads to data exchange errors and wrong symbol transmission
to the BS. Nevertheless, at all ϕ values, the proposed technique is still capable to
achieve better performance than the CU direct transmission. The BER performance
improvement in comparison to CU transmission is achieved without sacrificing the
data rate, as can be seen from Figure 3.8 and Figure 3.9. In contrast to the RRT
and DSTC techniques, which achieve improved performance in comparison to CU at
low SNR values only, the proposed attains a significant improvement of throughput
at all SNR values.

3.4.2. Performance under Asynchronous Condition

In order to simulate time asynchronism, all users, except the user of interest, have
random time of arrivals with uniform distribution and maximum values of 10%,
20% and 30% of the OFDM symbol period as were adopted in [100]. In this sim-
ulation, the RISIC algorithm employs three cyclic reconstruction iterations. For
reference sake, the results of asynchronous communication will be compared with
the performance of CU and DSTC OFDMA under similar conditions.

The asynchronism impact on BER performance will be observed under two users
with various received SNR values and under multiple users transmission schemes.
Both conditions are simulated with ϕ equals 0.001. Furthermore, since the proposed
technique achieves similar trend of BER improvement in comparison to other trans-
mission techniques in all modulation orders, shown in Figure 3.5 - Figure 3.9, only
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QPSK modulation is considered in this simulation. Also, in the case of asynchronous
simulation the impact of imperfect channel estimation is considered. Channel es-
timation errors are simulated by adding noise onto the channel response such that
the mean-absolute-percentage-error (MAPE) between the actual and the estimated
channel transfer function, given by MAPE = 1

N

∑N−1
k=0 |(Hest −H) /H|, is not zero

[59, 60]. Simulation under non-ideal conditions, such as asynchronous communica-
tion with noisy channel estimates will be considered for various numbers of users
under 10% of MAPE and 10% and 20% of time asynchronism.
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Figure 3.10.: BER of asynchronous communication with QPSK modulation. (a)
Up to 10% asynchronous in time, (b) Up to 30% asynchronous in time.

Figure 3.10 - Figure 3.12 show how the PT performs under non-ideal conditions.
Figure 3.10 shows that the simulation results are almost perfectly aligned with the
theoretical results, which confirms the validity of the BER analysis presented ear-
lier. This figure also shows that the proposed technique is a robust scheme in
asynchronous uplink transmission. Unlike DSTC scheme, the proposed technique is
better than CU at any asynchronism value. This happens because the DSTC RT
employs STBC scheme for relay transmission and RISIC equalizer works by slowly
decode the received symbols before removing the ISI. Since decoding two sources
of signal is worse than single source, so as the time arrivals increases to 30%, the
RISIC equalizer becomes unable to reduce the interference in DSTC RT method
and result in worse performance than the CU transmission.

Similar with the synchronous case, the BER performance improvement in compari-
son to CU transmission is achieved without sacrificing the data rate, as can be seen
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from Figure 3.11. Unlike DSTC techniques, which achieve improved throughput in
comparison to CU only at low SNR value, the proposed cooperative diversity attains
a significant improvement of throughput at all SNR values.
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Figure 3.11.: Throughput of uplink OFDMA communication. (a) 10% asyn-
chronous in time and (b) 30% asynchronous in time.

Similar with the synchronous case, the BER performance improvement in compari-
son to CU transmission is achieved without sacrificing the data rate, as can be seen
from Figure 3.11. Unlike DSTC techniques, which achieve improved throughput in
comparison to CU only at low SNR value, the proposed cooperative diversity attains
a significant improvement of throughput at all SNR values.

Figure 3.12 shows that the PT is almost unaffected by the number of users while
the BER of conventional uplink OFDMA increases slightly as the number of users
increases. This is because the time asynchronism in conventional uplink OFDMA
results in time shifting the impulse response while the time asynchronism in our PT
results in an extended impulse response. Extended impulse response results in more
distributed power over the whole impulse response energy in comparison to the time
shifted one. Thus, the ratio between ISI energy and the impulse response within the
CP in the extended impulse response is lower than that in the time shifted impulse
response. As could be seen from this figure, the performance of the multiuser pairing
technique under imperfect channel estimates only suffers slightly in comparison with
the performance under perfect channel knowledge. Furthermore, the performance is
still superior to the performance of the CU in 10% asynchronous. In this case the
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Figure 3.12.: BER of multiuser pairing in up to 10% channel estimation error. (a)
is up to 10% asynchronous in time and (b) is up to 20% asynchronous in time.

performance increases from 6×10−5 to almost 2×10−4. In 20% asynchronous time,
the performance increases from 5×10−4 to 8×10−4.

3.4.3. Performance under Multiple Receiver Antennas

As most basestations are nowadays equipped with multiple receive antennas it is
important to assess the performance of the proposed technique under this scenario.
The observation will assess the performance of a ten user system in up to 10%
asynchronous communication using the parameters shown in Table 3.1. In addition,
the performance will be compared with synchronous CU transmission.

In the multiple receiver antennas system, the number of diversity orders using the
proposed scheme is twice the number of receiving antennas. Figure 3.13 shows
that the performance follows the expectation. As can be seen from this figure,
the proposed technique provides up to 7 dB performance improvement in the case
of two receiving antennas. Furthermore, it also shows that the most significant
improvement occurs when the number of receiving antennas is increased from two
to three, which is equivalent with the improvement from four to six orders diversity.
The improvement becomes smaller as the number of receiving antennas is increased
beyond two antennas, which is a similar trend in diversity order improvement beyond
six diversity orders.
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Figure 3.13.: BER of ten users pairing technique in up to 10% asynchronous com-
munication and multiple receiver antennas with inter-user SNR per bit is 20 dB
better than the SNR per bit per user at the base station

3.5. Summary

This chapter has presented a unique user pairing diversity technique for uplink
OFDMA systems. The proposed utilises the unlicensed band and single dimensional
OFDM modulation to achieve two diversity orders and a transmission rate of one
symbol/second/Hz. It was shown that this technique provides significant BER re-
duction, especially at low SNR, and improves throughput compared to conventional
direct transmission and RT techniques under both ideal and non-ideal channel con-
ditions. The improvements occur as a result of three factors which are achieving two
diversity orders, doubling of the received signal power, due to constructive combing
of the paired users’s signals, and, appropriate utilisation of free-license spectrum
through reduced transmitted power and interference amongst the pairs. The perfor-
mance results were verified by matching accurate analytical and simulation results.
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4. Interference Mapping based RRM
for 4G Cellular Networks

Motivated by the need to achieve higher spectral efficiency, this chapter presents
a confederation-style SON RRM combined with a principle of routing algorithm.
The confederation aspect helps in minimising overhead signaling while the routing
algorithm principle, in particular distance vector routing protocol (DVRP) principle,
is used to maximise spectral efficiency. The proposed uses a novel downlink interfer-
ence mapping method in the form of a matrix of conflicts (MoC) to track how the
BSs links affect certain UEs and locate possible interference instances per user per
subcarrier. When the MoC indicates no potential interference, the BS will perform
the PF scheduling for its UEs using the entire available spectrum. Otherwise, a
centralised RRM-routing principle is invoked to prevent the interference instances.
Generally speaking, the centralised approach is applied only when the MoC within a
group of BSs undergoes certain changes. Using DVRP routing principle, the central
node consecutively assigns resources to UEs of a basestation (BS) while the common
information is shared amongst the conflicted BSs. The proposed technique uses the
SON functionality to facilitate successful and efficient application of this approach,
which is why it is categorised as SON-RRM.

The adaptive capability of the proposed technique can be implemented in both
HoNet and HetNet environments. Furthermore, the proposed technique utilises
all basic 4G standards for the implementation. Therefore, this method can be
implemented for current 4G HetNets.

For simplicity, the proposed algorithm and the evaluation will be described in dif-
ferent chapters. This chapter is organised as follows. The system model assumed
throughout this chapter is presented first. After that, section 4.2 describes the al-
gorithm. Then, the analysis of the proposed technique is presented in section 4.3.
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Finally, the summary is given in section 4.4.

4.1. System Model

This chapter considers a downlink scenario of fractional frequency reuse (FFR) and
soft frequency reuse (SFR) based HetNet [101], [102], which uses OFDMA system
with adaptive modulation [103]. N parallel resources (PRs) are divided into I

separate groups with index i and each group has Ni PRs. If it is assumed that
frequency reuse factor of 3, I = 6 in the case of FFR where i = 1 until i = 3 for
inner users and i = 4 and i =6 for outer users. On the other hand, using the same
assumption, I = 3 in the case of SFR where inner users will be allocated with 2
PRs groups for inner users and 1 PRs group for the outer users. As been mentioned
in chapter 2, PR is the available resource within a synchronised transmission. In
the case of WiMAX system, 1 PR is equivalent with one subcarrier and N PRs are
equivalent with N subcarriers within one OFDM symbols. On the other hand, PR
equals to one resource block (RB) and N PRs indicates the total RBs within one
frame of symbols transmission in the case of LTE system.

Each SBS determines the relative position after measuring the signal power from
the MBS using a sniffing or listening capability [79]. If an SBS senses that it exists
within the range of the inner MBS’s UEs, this SBS utilises the PRs groups that min-
imise the cross-tier interference as been illustrated by Figure 2.16 and Figure 2.15
in chapter 2.

The micro- and pico- cells are connected with the macrocell through a Radio Network
Controller (RNC). On the other hand, a set of femto access points (FAPs) or Home
Node BSs (HNBs) are connected to a Femto Management System (FMS), which is
controlled by an Operator Management System (OMS), through the Internet Ser-
vice Provider (ISP) backhaul. This is shown in Figure 4.1. While FMS provides
operation and management (OAM) functionality for the femtocell networks, OMS
provides OAM functionality for the macro-, micro- and pico- cells as well as to the
FMS [79]. The OAM may include RRM assistant, users authentication, authorisa-
tion, accounting and optimising scheduling of data in the network. Therefore, both
OMS and FMS provide central controller functionality for HetNets.
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Using SON capability, each BS is able to establish the neighbouring BSs link auto-
matically. Therefore, the MBS knows exactly the identity of the SBSs in the same
cell and the SBSs have the neighboring BS list registered on their memory.

Also, all UEs are capable of measuring power signals from different BSs as well as
identifying their identity (ID) using the measurement report (MR) capability em-
bedded in LTE [104]. There are two types of MR, which are periodic and event
triggered. In the periodic case, MR is reported every 300 ms or 3000 ms [105]. On
the other hand, in the case of event triggered MR, a BS sends a Radio Resource
Control (RRC) connection reconfiguration message to a UE. Upon receiving this
message, the UE searches for the neighboring BSs, identifies the Physical Layer
Cell Identities (PCI) and measures their Reference Signal Received Power (RSRP)
and/or Reference Signal Received Quality (RSRQ). The MR contains the PCI in-
formation and their average received power [104]. The MR is submitted by a UE
before being served by a BS and/or when the signal power falls below a certain
threshold due to its mobility. Normally, the MR is only used to make a decision on
handover requirement to a neighboring femtocell with higher received signal. In the
proposed SON RRM algorithm, this information will also be used for approximating
the downlink interference.

Figure 4.1.: HetNet Architecture Example

In the considered heterogeneous network, there are (M -L) SBSs and L MBSs de-
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noted in set T =
[
T1 . . . TM

]
, where T1 until TM−L represent SBSs and TM−L+1

until TM represent the MBSs, and their corresponding users set, U =
[
U1 . . . UZ ],

where Z is the total number of users. This set is held by the FMS. It is further as-
sumed that BS Tm, holds its own neighboring BSs set Tm,C =

[
Tm,1 . . . Tm,Cm

]
,

where Cm < M is the number of Tm’s neighboring BSs with index cm, and Tm,C
acts as a pointer for the T set held by the FMS.

4.2. MoC Based Hybrid SON RRM

Figure 4.2.: Matrix of Conflicts based Radio Resource Management

A flow chart for the proposed technique is shown in Figure 4.2. This algorithm
uses the FMS as the central controller because femtocells are installed by the end-
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user and causes more interference compared to other small cells. The first major
step in the proposed method is to establish the MoC. Two types of MoCs must be
constructed within a HetNet, which are termed local and global MoCs. A local MoC
is the interference map within each BS while the global MoC is the combination of
the local MoCs from all BSs. The BSs monitor their local MoCs periodically and
submit their updates to the FMS whenever they change or requested by the FMS.
When a BS submits its map, using a routing algorithm principle to check with the
global MoC, the FMS will decide whether this BS can use a part of or the entire
spectrum.

The routing strategy used by the FMS to decide the spectrum subset for the conflict-
ing BSs works in a similar manner as the distance vector routing protocol (DVRP)
in which each node consecutively constructs its routing table based on a certain
queuing criterion and then shares this with its neighbors [106]. Similarly, the FMS
consecutively assigns temporary PRs to the UEs of a BS and the common informa-
tion is shared amongst these BSs in order to compute their allocated PRs set. After
receiving this information from the FMS, each BS then schedules the resources using
the PF algorithm. The PF scheduler uses the feedback channel and MR information
to predict the interference received by each UE to estimate the gain variation across
the allocated PRs.

Thus, generally speaking, the proposed revolves around constructing the MoC and
accordingly deciding whether a distributed or centralised approach is needed for each
basestation (BS). The process is described in details in three major stages below.

4.2.1. Constructing The MoCs

1) Local and Global MoCs Construction

When a UE wants to connect to a BS, this BS requests its MR reading. Lets assume
there are Zm UEs within BS Tm, the MR readings from all of Tm’s UEs are organised
into the two matrices: αm,t ∈ RZm×1, which is the instantaneous pathloss between
Tm and its UEs, and ECm,t ∈ RZm×Cm×I , which is the received power from Tm’s
neighbor BSs to its UEs at I PRs group. Using αm,t, is given by

Em,t(z, i) = Pm,i
αm,t(z) , ∀z = 1, . . . , Zm (4.1)

110



Chapter 4 Interference Mapping based RRM for 4G Cellular Networks

for i = 1,. . ., I where i is the PRs group index and Pm,i is the average downlink
transmitted power of Tm at the ith PR index. If Em,t(z, i)/ECm,t(z, cm, i) < γth

where γth is the signal-to-interference ratio (SIR) threshold, Tm will detect that uz
is interfered by Tm,cm at index i. Based on this information, the local MoC of Tm,
ζm ∈ RZm×Cm×I , is constructed as follows

ζm (z, cm, i) =

 we, Em,t(z, i)/Ecm,t (z, cm, i) < γth & Ecm,t (z, cm, i) > N0

0, otherwise
(4.2)

for z =1,. . ., Zm, i = 1,. . ., I, where Zm is all the UEs of Tm, cm is Tm’s neighboring
BS index from Tm,C , we is any positive integer number bigger than 0 and N0 is
noise level. The integer value of we does not affect the performance of the proposed
scheme because this value is only used to differentiate between the interfering and
non-interfering BSs. This implies that we value can be equal with 1 for simplicity.
Every time Tm updates ζm, it will check the result with the previous measurement.
Assuming the previous measurement of ζm is given by ζ′

m, Tm will report ζm at the
ith PR index to the FMS if

Zm∑
z=1

Cm∑
cm=1

∣∣∣ζm (z, cm, i)− ζ′
m (z, cm, i)

∣∣∣ > 0 (4.3)

This MoC is sent to the FMS through the backhaul using the message structure
shown by Figure 4.3. This information begins and finishes by sending a header and
a tail messages to distinguish the MoC information exchange from other data trans-
missions. Then, the MoC is contained by sending the IP address of the interfering
BSs and the MoC associated with it consecutively.

Figure 4.3.: Local MoC Information Message to the FMS
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Upon receiving ζm updates from Tm the FMS waits for the other BSs within the
Tm,C set to send their own matrix of conflicts for a certain period, which could be
in terms of mili seconds, before updating the global MoC, ζ ∈ RZ×M×I , given by

ζ(z, a, i) =


ws, if Ta is the BS of uz
we, if Ta interferesuz
0, otherwise

(4.4)

where ws is any positive integer number bigger than 0 and ws 6= we.

2) Local MoC Request Criterion by The FMS

After ζ is updated, the FMS calculates the total detected users by Tm at the ith PR
index, Sm,i, which is given by

Sm,i =
Z∑
z=1
{ζ(z,m, i) ∼ ws}+

Z∑
z=1
{ζ(z,m, i) ∼ we} (4.5)

where x = {a ∼ b} means x = 1 if a is equal to b, otherwise x = 0. Then, it checks
all BSs that require frequency update, which are the conflicting BS. If the previous
measurement of ζ and Sm,i are given by ζ ′ and S ′m.i, any Tm ∈T is categorised as
conflicting BS at the ith PRs group index if, at least, one of the following conditions
is fulfilled:

I)
M∑
c=1
{ζ (z, c, i) ∼ we} ∩ {Sc,i > S ′c.i} > 0, c 6= m, ∀z ⊆ Z | ζ (z,m, i) = ws (4.6)

II)
Z∑
z=1
|[ζ (z,m, i)− ζ′ (z,m, i)] ∩ {ζ (z,m, i) � ws}| > 0 (4.7)

III
M∑

c = 1
|[ζ (z, c, i)− ζ′ (z, c, i)]| > 0, ∀z ⊆ Z, c 6= m | ζ (z,m, i) = ws (4.8)

where ∩ denotes the AND logic operation and x = {a � b} means x = 1 if a is not
equal to b, otherwise x = 0.

After all BSs have been assessed, the FMS constructs the set of BSs that require
conflicts to be resolved at a particular time and the ith PRs group index is given by
TB,i =

[
T1,i . . . TBi,i

]
with index Tb,i where Bi≤M is the total conflicting BSs at
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the ith PRs group index and TB,i acts as a pointer for the T set in the FMS memory.
If the MBS is among the BSs that require allocation update, TM,i will also include
the MBS. Lets assume the UEs of TB,i are given by QB,i =

[
q1,i . . . qZBi,i

]
with

index qb,i, where ZBi ≤ Z is the total UEs of conflicting BSs at the ith PRs group
index. Then, the FMS passes the ζ information into the TB,i’s matrix of conflicts,
ζB,i.

4.2.2. Routing Principle Based Centralised SON RRM

If uz, which is served by Tm, is interfered by BS Tc, then this interference is denoted
as Tc → Tm and the general case of Tm and Tc interference with each others’ UEs is
denoted as Tc 
 Tm. In this thesis, Tc ←→ Tm denotes that Tc and Tm are related
through an interference connection. As all conflicting BSs can be assumed to be
virtually connected nodes, this research proposes a new set of frequency allocation
which utilises a routing protocol such as the DVRP. The routing protocol principle
combined with the SON RRM in this thesis works according to the following steps:

1. grouping the small cells

2. passing the entire networks parameters

3. measuring queuing criterion

4. initial frequency allocation

5. underused spectrum utilisation

As mentioned previously, the FMS consecutively assigns PRs to UEs of a BS and the
common information is shared amongst the connected BSs. In this algorithm, the
common information is encoded in the form of binary matrices called entire forbidden
PRs, Θi ∈ RZBi×Ni , partial forbidden PRs, Φi ∈ RZBi×Ni , priority PRs, P i∈ RZBi×Ni

and temporary allocated PRs, Ai ∈ RZBi×Ni , where Ni is the total available PRs
per OFDM symbol at the ith PRs group index. Θi is used to indicate which PRs
cannot be assigned to a particular UE due to orthogonality requirements with two
or more UEs in the same BS or in other BSs while Φi represents the forbidden PRs
due to orthogonality requirement with UEs in other BSs. On the other hand, P i

is required so that the PRs can be allocated to each UE much more efficiently such
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that maximum resource allocation can be achieved. In addition, Ai is the matrix
indicating temporary PRs allocation for these UEs. Initially, these matrices have
all zeros value. After this centralised approach is performed, these matrices will be
populated with binary numbers as follows:

Θi,Φi (z, n) =

 1 nth subcarrier is forbidden touz
0 otherwise

(4.9)

P i (z, n) =

 1 uz is prioritised to nthsubcarrier
0 otherwise

(4.10)

Ai (z, n) =

 1 nth subcarrier is allocated touz
0 otherwise

(4.11)

After performing this algorithm, the FMS sends the information of allowable PRs,
Λi = Φi, and temporary allocated PRs, Ai, back to the conflicting BSs, HB,i. Let
assume Λi and Ai information for Tm are given by Λm,i and Am,i, respectively.

1) Grouping the small cells

Since the Bi BSs that require resource update may include a large number of BSs
per macrocell, it is better to organise the virtual connections such that parallel
computing can be performed by the FMS. This can be done by assigning small cells
into the same group as illustrated from Figure 4.4. As can be seen from this example,
there are three groups of SBS that are independent. The resource allocation of these
groups can also be performed independently.

Algorithm 4.1 Grouping Virtual Connection of BSs
function GroupingVirtualBS (ζB)
1 for q = 1 until ZB do
2 TB,i(c) is the BS of QB,i (q)
3 for z = 1 until ZB do
4 if ζB(z,c)=we then
5 Assign TB,i(c) with the same group with TB,i(b) given

that TB,i(b) is the serving BS of z
6 end if
7 end for
8 end for
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(a)

(b)

Figure 4.4.: Grouping Illustration. (a) Heterogeneous network interference exam-
ple. (b) Result of grouping the small cells.

The grouping is performed by Algorithm 4.1 after which there will be Ki groups
of SBS at the ith PRs group index, with Vki =

[
V1,ki . . . VMki,ki

]
is a set of the

kth
i group of SBSs, Mki is the number of BSs within the kth

i group where Mki<Bi.
Similar to TB,i, Vki holds the ID of T in the FMS memory.

2) Passing the entire networks parameters

Since Bi ≤M , after the BSs have been grouped, the common information, which
is contained within P i, Θi, Φi and Ai needs to be passed down to PB,i, ΘB,i,
ΦB,i and AB,i . This is performed using Algorithm 4.2. Note that ∩ and ∪ denote
bitwise AND and OR logic operations, respectively.

3) Calculate Queuing Criterion

Using ζB,i, the total detected number of users by Tb,i BS, Sb,i, is defined as

Sb,i =
ZBi∑
q=1

{
ζB,i(q, b) ∼ ws

}
+

ZB∑
q=1

{
ζB,i(q, b) ∼ we

}
(4.12)
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Algorithm 4.2 Passing the Entire Network Parameters
function groupParameter

(
Ai,P i,Θi,Φi, ζB,i

)
1 for z = 1 until Z do
2 Tm is serving BS of U (z)
3 if Tm ∈ TB,i
4 v(n) = ({ζ (z, c, i) ∼ we} ∪ {ζ (a,m, i) ∼ we})∩Ai(a, n)
5 PB,i(z, n) = PB,i(z, n) ∪ (Ai(a, n) ∧ {ζ(z, c, i) ∼ 0})
6 ΘB,i (z, n) = ΘB,i (z, n) ∪ v(n)
7 ΦB,i(z, n)=ΦB,i (z, n) ∪ v(n)
8 ∀n = 1, . . . , Ni, a = 1, . . . , Z, | a 6= z , Tc is serving BS of U (a),

Tc ←→ Tm & Tc /∈ TB,i
9 end if
10 end for
11 return ΘB,i, ΦB,i and PB,i

Using Sb,i, the initial number of PRs per user of BS Hb,i is given by

Nb,i = bNi/Sb,ic (4.13)

where bxc is the nearest integer value lower than x. This value is then copied into a
set of the initial number of PRs for all conflicting BSs, NB,i =

[
N1,i . . . NBi,i

]
with the index of Nb and NB,i∈ R1×Bi . NB,i is then used as a basis for the set of
the initial number of PRs per user, Ji=

[
J1,i . . . JZBi,i

]
with the index Jq,i given

by
Jq,i = min

b:ξq,i(b)>0
ξq,i (b) (4.14)

where ξq,i ∈R1×Bi is given by

ξq,i (b) =
{
ζB,i(q, b) > 0

}
Nb,i, b = 1, . . . , Bi (4.15)

After all required parameters have been calculated, the FMS sorts the set of updating
transmitters, TB,i, from the lowest to the highest value, based on NB,i. If the TB,i

set includes MBS, NB,i becomes the smallest value withinNB,i. This is because the
MBS has more UEs than the SBS, the MBS becomes the first priority. On the other
hand, the rest of the BSs within the TB,i set are sorted locally within their own BS
group, Vki

.
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4) Initial consecutive PR allocation

Based on the T̃B,i and Vki
sets, consecutively allocate q = 1, . . . , ZBi users with

Ji(q) PRs in a pseudorandom manner into AB,i (z, n) at any n = 1, . . . , Ni and i =
1, . . . , I|ΘB,i(q, n) = 0, with priority to allocate at any n = 1, . . . , Ni |PB,i(q, n) = 1.

Algorithm 4.3 Forbidden and Priority PRs Update
function passForbPrio

(
ΘB,i,ΦB,i,PB,i,AB,i, T̃B,i,Vki

, ζB,i, i, b, q
)

1 kb,i is group of T̃B,i (b) based on Vki
set

2 for p = 1 until Bi do
3 if

(
T̃B,i (p) 6= T̃B,i (b)

)
& T̃B,i (p) ∈ Vkb,i

then
4 v(n) =

[{
ζB,i (q, p) ∼ we

}
∪
{
ζB,i (a, b) ∼ we

}]
∩AB,i(q, n)

5 PB,i(a, n) = PB,i(a, n) ∪
(
AB,i(q, n) ∩

{
ζB,i(a, b) ∼ 0

})
6 ΘB,i (a, n) = ΘB,i (a, n) ∪ v(n)
7 ΦB,i(a, n)=ΦB,i (a, n) ∪ v(n)
8 ∀n = 1, . . . , Ni, a = 1, . . . , ZBi, and a 6= q
9 else
10 ΘB,i(c, n) = ΘB,i(c, n)∪

(
AB,i (q, n) ∩

{
ζB,i(c, b) ∼ ws

})
,

11 ∀n = 1, . . . , Ni, c = 1, . . . , ZBi, and c 6= q
12 end if
13 end for
14 return PB,i, ΘB,i and ΦB,i

After the initial allocation for each user, update PB,i, ΘB,i and ΦB,i using Algorithm 4.3.

After allocating all users with initial PRs, make sure all users within Vkb,i
groups

are allocated with resources. If at least one user do not get a PR, repeat this step
with half of Ji.

5) Underused spectrum utilisation

After the initial frequency allocation it is likely that some PRs would not be assigned
to any UE. In order to minimise the iterations required using consecutive scheduling,
the underused spectrum utilisation step is divided into two stages. First, the empty
PRs will be allocated to the inner user of a BS, which is defined by any a user
registered to Tb,i where

∑Bi
c=1 ζB,i(a, c) = 0 for c 6= b. The PRs will be allocated into
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AB,i(a, n) with PRs at any n = 1, . . . , Ni and i = 1,. . ., I | ΘB,i(a, n) = 0. After
allocation, update ΘB,i, PB,i and Φi using Algorithm 4.3. Second, repeat step 2
until the PR allocation indicator, Sa,i, equals NiZBi, where Sa,i is given by

Sa,i =
ZBi∑
q=1

Ni∑
n=1
{AB,i (q, n) ∪ΘB,i (q, n)} (4.16)

Remark 1: After receiving the MoC information from the BSs, the FMS computes
the resource allocation for the conflicting BSs. The worst case scenario occurs when
the entire network is densely packed which will require a fully central process to
manage the SBSs of the entire network. Because in reality the small cells in the net-
work will be sporadically dense, this means that these BSs could be clustered into
separate groups and processed in parallel. For this reason, the FMS first groups the
BSs using Algorithm 4.1. Since not all BSs are involved in the centralised resource
allocation, Algorithm 4.2 is required to apply the centralised approach without dis-
turbing the non-conflicting BSs. Finally the centralised approach is implemented
using the routing algorithm to allocate the remaining PRs one at a time. This
approach uses four matrices of allocation, which are the matrix of allocated PRs,
the matrix of priority PRs and the matrices of entire and partial forbidden PRs.
After allocating some PRs to a UE, Algorithm 4.3 is used to update the priority
and forbidden matrices to prevent interference while maximising PR allocation.

4.2.3. Spectrum Utilisation by Individual Basestations

Figure 4.5.: Information feedback from the FMS

As been described previously, after computing the centralised approach for the con-
flicting BSs, the FMS sends the allowable PRs given by Λm,i and temporary allo-
cated PRs given by Am,i. These feedback information is sent to BS Tm using the
message protocol shown by Figure 4.5. The reason for the two matrices have to be
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sent is to give all the conflicting BSs choice for scheduling while maintaining low
interference power. If a BS choose to perform scheduling, Λm,i matrix can be used.
The considered information for this case will be described in detail in chapter 6.

Due to the orthogonality of the temporary allocated matrix within a BS, Am,i

information contains the information of allocated user at each PR that is encoded
into DZm bits, which is given by DZm = dlog2 Zme. The binary information at nth

PR by the FMS is given by

bn =

 b {arg maxz:z∈Zm Am,i (z, n)} ,
∑Zm
z=1 Am,i (z, n) > 0

b {0} ,
∑Zm
z=1 Am,i (z, n) ∼ 0

(4.17)

where b{x}means theDZm bits binary equivalent of x. In addition, Λm,i information
simply transmit the binary map for each user in series every Ni bits.

4.3. Performance Analysis

4.3.1. The Received SINR Model

For better clarity, lets first begin by considering a homogeneous WiMAX cellular
network containing only ad hoc pico- and femto- cells networks, then this will be
extended to HetNets. This means, the PR as a subcarrier is being considered here.
Assuming PRs group, I, equals 1 and no adaptive power control is employed in the
BS, it can be easily shown that the received signal-to-interference and noise ratio
(SINR) using the proposed algorithm at a UE, uz, which is served by Tm, and nth

subcarrier, ψuz(n), is given by

ψuz(n) = Em,t (z)
N0 +∑M

c=1 ECm,t (z, c) bcuz
, c 6= m (4.18)

where N0 is the additive white Gaussian noise (AWGN), ECm,t (z, c) is the inter-
ference power from Tc to uz and Em,t (z) is the received signal power from Tm. bcuz
is a binary multiplier required in Equation 4.18 because as mentioned in section 4.2,
user uz is one of the detected users of BS Tc and is therefore forbidden to share the
same subcarrier with any of the users in this BS if ECm,t (z, c) ≥ Em,t (z, i)/γth. This
means, BS Tc only causes interference to uz at the nth subcarrier if the interference
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from this BS is lower than the threshold. This is simply because in this case Tc will
be allowed, by the global MoC, to use the subcarrier as user uz. Therefore bcuz is
given by

bcuz =

 1 ECm,t (z, c) < Em,t(z)
γth

0 otherwise
. (4.19)

If the distance between Tm and uz is given by dmuz with the maximum distance of
dMAX , the distance between Tc and uz is given by dcuz , and an indoor environment
with path loss exponent η is assumed, then the path loss between Tm and uz, αmuz ,
is given by

αmuz =
(4π
λ

)2
(dmuz)

η (4.20)

where 1 < dmuz < dMAX and between Tc and uz, αcuz , is given by

αcuz =
(4π
λ

)2
(dcuz)

η (4.21)

If we assume Tm and Tc transmit the same power level, Pt, and ECm,t (z, c) = Pt
αcuz

and Em,t (z) = Pt
αmuz

, this means

bcuz =

 1, 0 < αmuz
αcuz

< 1
γth

0 1
γth
≤ αmuz

αcuz
≤ 1

(4.22)

and can be simplified into

bcuz =

 1, 0 <
(
dmuz
dcuz

)η
< 1

γth

0 1
γth
≤
(
dmuz
dcuz

)η
≤ 1

. (4.23)

If it is further assumed that dmuz/dcuz = rmc as the relative distance between uz to
Tm and Tc, so, bcuz can be simplified into

bcuz =

 1 0 < rmc <
(

1
γth

)1/η

0
(

1
γth

)1/η
≤ rmc ≤ 1

. (4.24)
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4.3.2. Relative Distance Analysis

As can be seen above, the relative distance between a UE and its neighboring BSs,
rmc, affects the received SINR and number of detected users by BS Tm. The PDF of
rmc will be analysed in here and used in the analysis presented in subsection 4.3.3 -
subsection 4.3.5.

Assumption 1: We assume that the SBSs are uniformly distributed across an l ×
l area and users are uniformly distributed around a circle of Tm radius, with a
maximum radius of dMAX � l.
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Figure 4.6.: PDF of the femtocell networks in l by l area

Lemma 1. The PDF of rmc based on Assumption 1 is given by

fRMC
(rmc) =


4l

3dMAX
arcsin(1) + 4l

10dMAX
− 2 l

dMAX
, 0 < rmc <

dMAX

l

4d2
MAX

3l2r3
mc

arcsin(1) + 4d4
MAX

10l4r5
mc
− 2d3

MAX

l3r4
mc

, rmc ≥ dMAX

l

. (4.25)

Proof: See Appendix C.
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4.3.3. Resource Utilisation Ratio

The minimum capacity of the femtocells’ users within an l × l area can be analysed
using the lower bound of the number of subcarriers per user, Jm.

Assumption 2: We assume there are Ma number of SBSs, which have a similar
number of UEs, Zm.

Lemma 2. Using Lemma 1, the number of subcarriers per user of Tm is lower
bounded by

Jm >
N

Zm

[
1 + (Ma − 1)

{
1− FRMC

((
1
γth

)1/η
)}] . (4.26)

Proof: Number of subcarriers per user of Tm’s UE is given by Jm = N/Sm. Since
any user will be detected by Tm if

(
1
γth

)1/η
≤rmc≤ 1, Sm based on Assumption 2 is

upper bounded by

Sm < Zm

1 + (Ma − 1) Pr
( 1

γth

)1/η

≤ rmc ≤ 1
 (4.27)

which can be re-written as

Sm < Zm

1 + (Ma − 1)

1− FRMC

( 1
γth

)1/η


 (4.28)

where FRMC
(rmc) is the cumulative distribution function of fRMC

(rmc) shown in
Lemma 1.

With Assumption 2 and Lemma 2, the allocated resource to BS Tm, is given by

Nm = JmZm (4.29)

Therefore, Nm is lower bounded by

Nm >
N

1 + (Ma − 1)
{

1− FRMC

((
1
γth

)1/η
)} . (4.30)
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Figure 4.7.: Impact of γth values to the lower bound resource utilisation ratio.

4.3.4. Minimum Capacity Analysis

Assumption 3: It is assumed an AWGN channel and Shannon capacity and that the
maximum interference from a BS is given by Eimax = Em,t (z) /γth and the minimum
significant interference from a BS is given by Eimin = Em,t (z) /100γth.

Lemma 3. Minimum data rate can be approximated based on Equation 4.34 by

υmin ≈
NWf log2

(
1 + Em,t(z)

EimaxBuz

)
Zm

[
1 + (Ma − 1)

{
1− FRMC

((
1
γth

)1/η
)}] . (4.31)

Proof: Using Assumption 3, the data rate of Tm’s UE is lower bounded by

υuz > JmWf log2 (1 + ψuz) (4.32)

where Wf is the bandwidth per subcarriers, ψuz is the SINR of uz. Based on
Equation 4.32, the minimum data rate UE is the one with the lowest limit of Jm,
which is approximated by

Jlow ≈
N

Zm
[
1 + (Ma − 1)

{
1− FRMC

(
(1/γth)1/η

)}] (4.33)
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and receive minimum possible SINR value denoted by ψmin. So, the minimum data
rate is approximated by

υmin ≈ JlowWf log2 (1 + ψmin) . (4.34)

If ECm,t (z, c)� No, ψuz is given by

ψuz = Em,t (z)
Eint

(4.35)

where Eint is the total interference power received by uz and given by

Eint =
Ma∑
c=1

ECm,t (z, c) bcuz , c 6= m. (4.36)

Using FRMC
(rmc), the total interfering SBSs, Buz , is given by

Buz = (Ma − 1)FRMC

( 1
γth

)1/η
 . (4.37)

If we consider that the maximum and minimum interference based on Assumption
3, then Buz will be

Buz = (Ma − 1)

FRMC

(Emuz
γth

)1/η
− FRMC

( Emuz
100γth

)1/η
 . (4.38)

The minimum SINR occurs when all Buz BSs interferes uz with the same amount
of interference power. Therefore,

ψmin = Em,t (z) / (EimaxBuz) (4.39)

4.3.5. Practicality Analysis

The practicality of the proposed technique can be analysed by assessing the amount
of data for information exchange between the BSs and the FMS, the computational
effort by the FMS to resolve the interference and the latency requirement.

A) Information exchange between BSs and the FMS
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The total information exchange between BSs and the FMS is given by

Dm = DTm +Dfm (4.40)

where DTm is the total number of bits required by Tm to forward the MoC to the
FMS based on Figure 4.3 described earlier, and Dfm is the total number of bits
required by the FMS to feedback the allocated matrix information. This feedback
contains the information of allocated user at each subcarrier that is encoded into
DZm bits, which is given by DZm = dlog2 Zme. If there is no user allocated at a
particular subcarrier, then the DZm bits will be zeros.

If we assume BS Tm has Zm users and Cm neighbouring BSs,DTm based on Figure 4.3
is given by

DTm = (DIP + ZmDMoCI)Cm +Dhe +Dt (4.41)

where DMoC is the number of bits to code the local MoC by each BS, DIP is the
number of IP address bits and Dhe and Dt are the header and tail bits, respectively,
used to distinguish the MoC information exchange from other data transmission.
Due to its simplicity, the MoC can be coded into a binary number. Hence, DMoC =
1. On the other hand, Dfm is given by

Dfm = Dhe +Dt +DZmN + ZmN (4.42)

For example, in the case of a system with I = 2, Zm = 4 and Cm = 6, the available
number of subcarriers, N , is 1000, Dhe = DF = 64 bits and the IPv6 standard in
which DIP = 128 bits, DTm = 944 bits and Dfm = 7.128 kilobits. Therefore, the
total bit exchange between this BS and the FMS is 8.072 kilobits. This information
only needs to be updated occasionally only when the average received power changes
by a certain amount as determined by the selected threshold. In contrast, in the
case of the conventional centralised scheme that requires Dmc bits exchange between
the BSs and central node, which is given by

Dmc = ZmNDNc +Dhe +DF (4.43)

where DNc is the number of bits required to encode each subcarrier’s SINR informa-
tion that has a typical value of four bits, the total bits exchange between a BS and
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the central node equals 16.128 kilobits. This information needs to be updated fre-
quently, compared to the proposed technique, since small scale fading, which plays
an important role in influencing the SINR per subcarrier, may be changing rapidly
over small distances, at least every half wavelength. This example shows that the
proposed technique requires a relatively negligible amount of information exchange
with the FMS.

B) Computational effort analysis

Since the proposed technique involves an iterative process for utilising subcarriers
that are not assigned in the first iteration, the complexity increases as a function of
the number of iterations. To assess this lets consider the following with Assumption
2.

Tm’s UEs will be allocated with Nm subcarriers in each, which is lower bounded
in Equation 4.30. If we assume Ma SBSs, which randomly exist within an l by l

area, form a group Vk, the priority subcarriers matrix, PB, will ensure the same
subcarriers will be allocated to more than one UEs with different BSs. In the best
scenario, within each iteration, allMa SBSs’ UEs are allocated with the same subset
of subcarriers. For this reason, the performance of the proposed technique converges
to the Oth iteration, which can be approximated by

O ≈
⌊
o+ N

Nml

⌋
(4.44)

o =

 1, bN/Nmlc = 1
0, otherwise

(4.45)

where Nml is the lowest limit of Nm, which is approximated by

Nml ≈
N

1 + (Ma − 1)
{

1− FRMC

((
1
γth

)1/η
)} (4.46)

and o is a constant required due to the fact that the proposed technique requires
one repetition in order to double check the subcarrier allocation.

C) Latency Analysis

The timing protocols required for the proposed MoC SON RRM is shown in Figure 4.8.
The latency that needs to be considered includes measurement report collection, tmr,
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Figure 4.8.: MoC based SON RRM Time Protocol

and waiting periods to get the solution from the FMS which is given by

tmoc = 4tip + tw + tcomp (4.47)

where tip is period taken by a data to be transported between a BS to the FMS,
tw is the waiting period taken by the FMS after receiving an interrupt from BS as
described in Figure 4.2 and tcomp is the computational period taken by the FMS to
solve the resource allocation.

If it is assumed that tip = 4 ms, tw = 8 ms and tcomp = 2 ms, so tmoc = 26 ms.
However, the latency required to get the measurement report is slightly harder to
predict compared to tmoc since there are two types of MRs, which are periodic and
event triggered [105]. In both cases, each UE continuously measures the RSSP and
RSSI every 150 ms [105]. If periodic reporting is chosen, UE sends the measurement
report every 300 ms or 3 s [105]. On the other hand, in the case of event triggered,
UE sends the information if the RSSP and RSSI changes based on certain threshold,
set using RRC protocol. For this reason, the latency required to get this information
takes between 0 and 150 ms. Therefore, it can be concluded that the latency of the
proposed RRM takes between 26 ms and 176 ms.
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4.4. Summary

This chapter proposes a novel hybrid RRM algorithm incorporating a new con-
flict paradigm to improve the performance of heterogeneous cellular networks. The
conflicts between one BS and the surrounding UEs are tracked using a unique inter-
ference mapping in a form of matrix of conflict (MoC). There are two MoCs exist
within a HetNet, which are local and global MoCs. A local MoC is the interference
map within each BS while the global MoC is the combination of the local MoCs
from all BSs. The BSs monitor their local MoCs periodically and submit their up-
dates to the FMS whenever they are changed or requested by the FMS. When a
BS submits its map, using a routing algorithm to check with the global MoC, the
FMS will decide whether this BS can use a part of or the entire spectrum. If partial
spectrum is applied, the FMS applies a set of rule based on DVRP routing algorithm
for spectrum allocation. The spectrum allocation rules are:

1. grouping the small cells

2. passing the entire networks parameters

3. measuring queuing criterion

4. initial frequency allocation

5. underused spectrum utilisation
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5. RRM Evaluation in Interfering 4G
Cellular Networks

In this chapter, the performance of the proposed technique will be evaluated. There
are two types of simulations that is observed, which are Homogeneous Networks
(HoNet) and Heterogeneous network (HetNet). These observations consider the
impact of the proposed RRM in WiMAX and LTE systems. The HoNet evaluation
will show the ability of the proposed technique in a femtocell networks while the
HetNet simulation gives the ability of the proposed technique as a method that can
be implemented as general basestation (BS).

The simulation in this chapter will be focused on two main aspects, which are
data rate performance and energy aspects. The data rate performance aspect will
evaluate the capability of the proposed technique in satisfying the basic requirement
of cellular networks. This includes the sum or the average data rate and the quality
of service (QoS). The QoS can be explored by measuring the minimum data rate of
various resource allocations of each simulation trial. In this chapter, this is called
guaranteed data rate.

The energy aspect will describe the ability of the proposed technique in supporting
green communication network. As been mentioned previously, the proposed tech-
nique adaptively vary the resource utilisation depending on the environment. Since
the number of allocated subcarriers affects the total transmitted power, so the radio
frequency (RF) components power consumption is also affected. Furthermore, the
energy aspect of cellular network will also measures the energy efficiency of a cel-
lular network, which is defined by the ratio of total power consumption to perform
downlink transmission with the achievable data rate. Therefore, the energy aspect
will simulate the RF component power consumption and energy efficiency of the
cellular network.
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This chapter is organised as follows. As been analysed in previous chapter, SIR
threshold, γth, affects the performance of the proposed technique. For this reason,
this value is considered first. After that, the capability of the proposed technique
in basic HoNet system is evaluated in section 5.2. Then, the HetNet performance is
discussed in section 5.3. Finally, this chapter is summarised in section 5.4.

5.1. Impact of SIR Threshold

Figure 5.1.: HoNet Simulation illustration.

Table 5.1.: General HoNet Simulation Parameters

Parameter Value Parameter Value
Carrier (fc) 2.3 GHz Modulation BPSK,QPSK,

16- 64-.
256-QAM

Small-scale
fading channel

Rayleigh Delay spread, τ 10% of OFDM
symbols

Noise density (σ) -174 dBm/Hz SBS EIRP 100 mW
Pathloss model PL [dB] = 20log10

(
4π
λ

)
+10β log10 (d)+Xσ

Pathloss
exponent, β

3 Shadowing, Xσ 8

As shown in the analysis in previous chapter, the SIR threshold, γth, affects the
guaranteed capacity of a UE and the complexity within a homogeneous network.
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Table 5.2.: WiMAX HoNet Simulation Parameters

Parameter Value Parameter Value
Number of
subcarriers
(NH)

256 OFDM
period, TO

2 ×10−4s

Bandwidth
per
subcarrier,
Wf

10.94 kHz Subcarrier
permutations

Distributed
pseudo-
random

10 15 20 25 30 35 40

500

1000

1500

2000

2500

3000

γ
th

 (dB)

G
ua

ra
nt

ee
d 

ca
pa

ci
ty

 (
kb

ps
)

 

 

4 BSs
6 BSs
11 BSs

Analytical

Simulation

Figure 5.2.: γth impact on the guaranteed capacity to a two UEs per BS system

For this reason, this section will focus on the performance of homogeneous network
containing only pico- and femto- cells in a 60 by 60 meter square area with vari-
ous γth values. The rest of the simulation parameters are shown in the Table 5.1
and Table 5.2 with the exception of no small-scale fading channel where EIRP is
the equivalent isotropically radiated power. The Shannon capacity formula is used
instead of adaptive modulation in order to calculate the lower-bounded capacity.
Based on guaranteed capacity experiment, the γth will be assessed. After that, the
complexity regarding the iterations number will be evaluated.

Table 5.3.: Analytical value of the convergence point

Convergence Point γth=20 dB γth = 25 dB
O6 2 3
O11 4 6
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Figure 5.3.: γth impact on the guaranteed capacity to a four UEs per BS system

Figure 5.2 and Figure 5.3 show that the simulation and analytical results match
which supports the validity of the analysis presented in previous chapter. This figure
shows that as γth increases, the guaranteed capacity improves. This indicates that
increasing γth results in improving the QoS of the cellular network. Both, Figure 5.2
and Figure 5.3 also show that as the number of SBSs increases, the impact of γth on
the guaranteed capacity reduces. Since Figure 4.7 shows that increasing γth reduces
the overall spectrum usage per user which reduces the overall sum rate and increases
the energy efficiency. Hence, very high γth value cannot achieve both high QoS
system and good energy efficiency. For this reason, it is advisable to use a middle
value of γth, between 20 and 25 dB, in order to reach a satisfactory compromise of
QoS and overall users data rate.

After finding the γth value that achieves a good compromise between QoS and energy
efficiency, the complexity of the proposed technique can be assessed. The complexity
is evaluated by varying the maximum number of iterations with the sum rate and
subcarriers allocation ratios. The sum rate ratio is defined as the ratio between the
sum rate at a given iteration number with the achievable sum rate at an unlimited
iteration number. Similarly, the subcarriers allocation ratio is the total allocated
subcarriers at a given iteration number compared to the maximum possible number
of allocated subcarriers. For simplicity, γth was selected to be 20 dB and 25 dB
and the cases of 6 and 11 BSs will be evaluated. The analytical approximation of
the convergence point is shown in Table 5.3 and the simulation results are shown in
Figure 5.4.

132



Chapter 5 RRM Evaluation in Interfering 4G Cellular Networks

1 2 3 4 5 6 7 8
0.88

0.9

0.92

0.94

0.96

0.98

1

Number of iterations

S
ub

ca
rr

ie
r 

al
lo

ca
tio

n 
ra

tio

 

 

6 BSs
11 BSs

SIR threshold = 25 dB

SIR threshold = 20 dB

Convergence point

(a)

1 2 3 4 5 6 7 8 9 10

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1

Number of iterations

S
um

 r
at

e 
ra

tio

 

 

6 BSs
11 BSs

Convergence point SIR threshold = 20 dB

SIR threshold = 25 dB

(b)

Figure 5.4.: SIR threshold impact on the complexity. (a) Subcarriers allocation
ratio. (b) Sum rate ratio.

Figure 5.4 shows that the proposed technique requires a small number of iterations.
Even with only one iteration, the proposed technique is able to allocate 88% of the
subcarriers and provides 93% of achievable sum rate. Furthermore, Table 5.3 and
Figure 5.4 show that increasing γth value increases the convergence point, which
indicates increasing complexity. It is shown that the analytical value is close to the
simulation case at the 99% ratio values. Even though Figure 5.4 (b) shows that
the 99% of 6 BSs at γth = 20 dB is achieved in 1 iteration, because Equation 4.44
requires at least one repetition, this means the convergence point in this case is 2
iterations. Therefore, overall the complexity increase, due to the iterative process,
is limited as convergence is quickly achieved within a handful of iterations as can be
seen from these figures and Table 5.3.
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Table 5.4.: LTE HoNet Simulation Parameters

Parameter Value Parameter Value
Number of
FFT points
(NFFT )

256 Frame period,
TF ,

20 ×10−3s

Bandwidth
per
subcarrier,
Wf ,

15 kHz OFDM
period, TO

1.43 × 10−4 s

Number of
RBs per
subframe

12 Number of
subcarriers
per RB

12

Total
subframes per
frame

10 Total OFDM
symbols per
subframe

14

5.2. HoNet Simulation

In this section, the impact of the proposed technique in the absence of MBS, which
is possible in the FFR and spectrum partition between small cells and MBS systems,
will be evaluated. As been mentioned earlier, there are four parameters that will be
observed in this section, which are average data rate, QoS, RF power consumption
and energy efficiency.

Varying the number of femtocells will be randomly placed uniformly around 60 m
× 60 m area in an indoor path loss environment, which is shown in chapter 2. Users
will be placed around the HNBs with uniform random distribution and radius of 10
m. By doing so, the behaviour of the proposed technique under various densities can
be explored. In addition, single omnidirectional antenna HNB system with maxi-
mum equivalent isotropically radiated power (EIRP) of 20 mW, no power control
and forward error correction is incorporated in this simulation. Furthermore, the
performance of the proposed technique with two and four users per BS will be shown
in this section. Two users per BS represents a scenario of small family while the
four users per BS represents the cellular networks in a denser population per square
meter such as university students house.

An adaptive MQAM modulation at the nth subcarrier such that the bit error rate
(BER), Pb(n), is lower than 10−6 is used to measure the achievable data rate at
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the nth subcarrier. Therefore, the discrete capacity at the nth subcarrier, Cdis(n), is
given by

Cdis(n) = κ(n)− Ξq (Ps(n)) (5.1)

where κ(n) and Ps(n) are the number of bits and symbol error rate at the nth

subcarrier respectively [99]. Ps(n) is given by

Ps(n) = κ(n)Pb(n) (5.2)

and Ξq (Ps(n)) is the equivocation of the symbol at a given Ps(n), given by [99]

Ξq (Ps(n)) = −Ps(n) log2

(
Ps(n)

2κ(n) − 1

)
− (1− Ps(n)) log2 (1− Ps(n)) . (5.3)

Using Equation 5.1, the achievable data rate at the nth subcarrier is given by

R(n) = Cdis(n)
TO

(5.4)

In order to measure the ECR of the system, the power consumption model of mth

SBS required to perform downlink transmission can be modeled as

PDLm = PRF + PSP
µPS

(5.5)

where PRF is the RF component power consumption, PSP is the signal processing
power used by the SBS hardware to compute the downlink signal transmission and
µPS is the power supply efficiency. PRF is given by

PRF = PTXm
µPA

(5.6)

where µPA is the power amplifier efficiency of the RF component and PTXm is the
transmitted signal power of the mth SBS. µPA and µPS are assumed to be 20% and
85%, respectively [107]. [108] shows that the total power consumption of the SBS
hardware, which is used to compute the downlink and the uplink transmissions is
approximately similar to Pico BS, about 6.7 W. Since the signal processing power
of the downlink and uplink is almost identical, in this simulation PSP = 3.35 W.
Therefore, the ECR for the mth SBS, ECRm is related to the mth SBS total data
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rate, Rm, by
ECRm = PDLm/Rm. (5.7)

Because conflicting BSs are closely determined by the γth values, two γth values
that will be observed in this simulation, which are 20 and 25 dB. For reference
sake, the results are compared with random assignment, distributed RRM using
self organisation RRM [26], basic and dynamic coloured graph (CG) SON RRMs
[93]. Since self organisation RRM requires several iterations before the minimum
interference for all users is achieved, this simulation will consider one, two and ten
iterations for comparison. Furthermore, the basic CG SON RRM will be allowed to
utilise N/4 PRs per BS while the dynamic CG SON RRM will have N/4 and N/8
initial PRs per BS. The rest of the simulation parameter is shown in Table 5.1 and
Table 5.2 and Table 5.4 for WiMAX and LTE systems, respectively.

5.2.1. Average Rate

Figure 5.5 and Figure 5.6 show that the proposed technique is capable of providing
average data rate improvement in various femtocell densities and systems. The
improvement in comparison to random assignment reduces as the number of users
per femtocell reduces because the probability of users receiving interference as the
number of users per femtocell increases. In the case of four users per femtocell, the
performance gap increases as the number of femtocells within a 60 m by 60 m area
increases. Furthermore, these figures also display that rising γth reduces the data
rate of the proposed technique as a result of resource allocation reduction as shown
in Figure 4.7 in previous chapter.

It is shown by Figure 5.5 and Figure 5.6 that the performance of the random assign-
ment outperforms the self organisation RRM and CG SON RRMs. For instance, self
organisation RRM only achieves better performance than the random assignment
when WiMAX system is used and there are four users per femtocell. This occurs
because these RRMs utilises a fixed partial available PRs and the SINR improve-
ment achieved by them at each PR do not translate into increasing bits because
of maximum modulation order, which in here is assumed to be 256QAM or 8 bits
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Figure 5.5.: Average data rate with four users per femtocell. (a) is WiMAX system
and (b) is LTE system.

per subcarrier. This does not occur in the case of the proposed technique because
of the ability of the proposed technique to adapt the utilised PRs based on the
environment.

Dynamic CG SON RRM is shown by Figure 5.5 and Figure 5.6 is capable to achieve
better performance than the basic CG SON RRM because the dynamic CG allows
more spectrum to be utilised beyond the basic available PRs. Smaller initial colour-
ing value increases the overall resource utilisation, which is indicated by increasing
data rate performance of the dynamic CG SON RRM. Comparing the relative per-
formance of the dynamic CG and other RRMs shows that the dynamic CG works
better at low number of users per femtocell. This is because in high number of users
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Figure 5.6.: Average data rate with two users per femtocell. (a) is WiMAX system
and (b) is LTE system.

per femtocell raises the chance of a BS to be connected with the neighbouring BS
and eventually reduces the resource utilisation of the entire network.

It is important to observe that the self organisation RRM performance in WiMAX
system is better than in the LTE systems. This happens because this technique
works by utilising half of the available resource within each OFDM symbols. Since
in the LTE system each user can only utilise the resource in one or more block
of 12 subcarriers rather than pseudo random interleaving, this reduces the degree
of freedom achieved by the distributed RRM. On the other hand, SON RRMs are
assigned with the RBs within one frame of transmission from the central node.
By having a pseudo random RB allocation within one frame, similar impact with
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pseudo random subcarrier interleaving in WiMAX system is achieved. Hence, the
SON RRMs has the same behaviour in the WiMAX and LTE systems.

5.2.2. Guaranteed Rate

5 6 7 8 9 10 11 12 13 14 15

50

100

150

200

250

300

350

400

450

Number of femtocell

G
ua

ra
nt

ee
d 

ra
te

 (
kb

ps
)

 

 

MoC based SON RRM
Self organization RRM
Basic CG SON RRM
Random Assignment
Dynamic CG SON RRM

γ
th

 = 25 dB

γ
th

 = 20 dB

10 iterations

N/8 subcarriers

N/4 subcarriers

1 iteration

(a)

5 6 7 8 9 10 11 12 13 14 15
0

50

100

150

200

250

300

350

Number of femtocell

G
ua

ra
nt

ee
d 

bi
t r

at
e 

(k
bp

s)

 

 

MoC based SON RRM
Self organization RRM
Basic CG SON RRM
Random Assignment
Dynamic CG SON RRMγ

th
 = 25 dB

γ
th

 = 20 dB

1 iteration

10 iterations

N/8 RBsN/4 RBs

(b)

Figure 5.7.: Guaranteed rate with four users per femtocell. (a) is WiMAX system
and (b) is LTE system.

Besides providing average data rate improvement, the proposed technique increases
the QoS of HoNet compared to other RRMs. As can be seen from Figure 5.7 and
Figure 5.8, the MoC based approach achieves the highest guaranteed rate. Different
with the WiMAX system results shown in Figure 5.5 (a) and Figure 5.6 (a), the
self organisation RRM in WiMAX system attains improved guaranteed data rate
compared to the random assignment at all number of femtocells. On the other hand,
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Figure 5.8.: Guaranteed rate with two users per femtocell. (a) is WiMAX system
and (b) is LTE system.

the performance of this RRM in the LTE system only achieved better performance
than the random assignment in the case of two users per femtocell. This happens due
to the same reason described in subsection 5.2.1, which is lack of maneuverability
for this RRM in the LTE system compared to the WiMAX system. Furthermore,
the coloured graph SON RRM achieves QoS improvement only at low number of
femtocells in both WiMAX and LTE systems, which are eight and 10 in the case of
four and two users per femtocell, respectively. This happens because this approach
utilises only a small number of PRs and the energy sensing is performed on the
BS rather than the users, which is not not an accurate representation of the actual
downlink interference.

Unlike the average data rate results, the guaranteed data rate of the system im-
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proves as γth increases. This happens because as the threshold increases, the pro-
posed technique becomes much more sensitive with the interference from surround-
ing femtocells. Hence, users in the cell edge become well protected from surrounding
interference and QoS for all users can be improved.

Opposite with the data rate performance, reducing the initial colouring value reduces
the guaranteed rate of the system. This is because after initial resource allocation
for the connected BSs, the FMS allocate the rest of the resource such that the
resource allocation is maximised. This means allocating the rest of the resource to
the BS that has minimum number of connected neighbouring BSs. Hence, BSs with
the maximum number of connected BSs will not be allocated more than the initial
allocated resource in the next step and achieve the minimum performance.

5.2.3. RF Power Consumption

Figure 5.9 and Figure 5.10 show the power consumption of the RF component of
a HNB in a varying number of femtocell. Both figures show that as the γth value
increases, the RF component power consumption of the proposed technique reduces.
This is because the proposed technique becomes much more sensitive with the in-
terference from the surrounding femtocells. In order to avoid this interference, less
subcarriers will be utilised by each HNB and reduces the power consumption. On
the other hand, the number of iterations in the self organisation approach do not
have any impact on the power consumption because the iteration only affect the
allocation of a fix number of subcarriers.

Basic CG SON RRM consumes the least amount of RF component because this
RRM uses a fix number of subcarriers, which are less than the proposed RRM.
On the other hand, RF components of the dynamic SON RRMs only consume less
power than the proposed RRM at four users per femtocell because at this number
of users the probability of a BS’s users interfered by its neighbouring BSs is higher
than at two users per femtocell and limits the resource utilisation. This reduces
the RF components power consumption with a price of poor achievable data rate as
shown by Figure 5.5 - Figure 5.8.
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Figure 5.9.: RF power consumption with four users per femtocell. (a) is WiMAX
system and (b) is LTE system.

5.2.4. Energy Efficiency

The proposed RRM is shown to provide an energy efficient femtocell networks as
shown by Figure 5.11 and Figure 5.12. These figures show that the proposed tech-
nique achieves the lowest energy to transmit 1 bit transmission. Although the
coloured graph SON RRMs achieves lower RF power consumption in comparison to
the proposed technique, which are shown by Figure 5.9 and Figure 5.10, this reduc-
tion is not sufficient to achieve efficient energy consumption ratio. This is because
PSP = 3.35 W, which means large power saving on the RF component becomes
insufficient to reduce the energy consumption ratio of the system. Clearly, the sys-
tems that achieve the highest data rate without a significant increase on the RF
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Figure 5.10.: RF power consumption with two users per femtocell. (a) is WiMAX
system and (b) is LTE system.

component power consumption achieve the most efficient energy per transmitted
bit.

Similar with the trend with Figure 5.5 and Figure 5.6, as the number of SBSs in-
creases, the energy efficiency gap improves with the other subcarriers allocation
techniques. This happens because as the number of SBSs increases, the proposed
technique maintains the data rate improvement and the RF power consumption re-
duction while the other frequency allocation techniques suffer from data rate reduc-
tion and increased transmitted power due to increased interference energy received
by each user as the number of SBS increases.
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Figure 5.11.: Energy efficiency with four users per femtocell. (a) is WiMAX system
and (b) is LTE system.

5.3. HetNet Simulation

After observing the performance of the proposed technique under HoNet environ-
ment, in this section the impact of the proposed technique on general HetNet system
is evaluated. There are two frequency reuse pattern that will be evaluated in this
section, which are FFR and SFR. Compare the FFR and SFR in terms of impact
to SBSs spectrum allocation and their performance.

The simulation will be focused on the performance of 20 UEs with five SBSs inside a
60 m by 60 m building and 10 UEs outside the building close to an MBS illustrated
in Figure 5.13. Besides these 30 UEs, there are 60 UEs registered as inner users
and 20 UEs registered as outer users of the macrocell with the minimum distance
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Figure 5.12.: Energy efficiency with two users per femtocell. (a) is WiMAX system
and (b) is LTE system.

between these UEs and MBS of 100 m. In this simulation, a macrocell’s UE will be
categorised as an inner user if the received signal for inner user signal transmission is
higher than 20 dB above the noise power. Otherwise, this UE will be categorised as
outer user. As can be seen from Equation 5.5, PSP contributes heavily to the overall
energy efficiency performance. Since the PSP of MBS is much higher than the PTX
due to the requirement for a cooling system [107]. For this reason, energy efficiency
evaluation for cross-tier interference is focused on average data rate performance.
Therefore, this section will consider average data rate performance and QoS results
as performance comparison.

In this section, it is assumed that all BSs are equipped with two transmit antennas
space-time-block-code (STBC). If we assume a simple scenario in Figure 5.14, the
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Figure 5.13.: HetNet Simulation illustration.

Figure 5.14.: STBC PHY layer illustration

received signal at u1, which is served by F1 and interfered by F2 is given by y11

y∗21

 =
√

1
α1

 h11 h21

−h∗21 h∗11

 x1

x2

+
 n1

n2

+
√

1
αi

 h11i h21i

−h∗21i h∗11i

 x12

x22


(5.8)

where h11 and h21 are small-scale fading channel between F1 and u1, h11i and h21i are
small-scale fading channel between the interfering BS, F2, to the u1 and α1 and α1i

are the pathloss between the serving and interfering BSs to the user, respectively.
If it is assumed that both BSs transmit similar power from each antenna given by
Pt/2, the received power and the interference power before inverse channel detection
can be modeled by

Es = 1
α1

(
|h11|2 + |h21|2

) Pt
2 (5.9)
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Table 5.5.: General HetNet Simulation Parameters

Parameter Value Parameter Value
Frequency reuse
factor, F

3 Modulation BPSK,QPSK,
16- 64-.
256-QAM

Femtocell height, hf 2 m Receiver height, hu 1.75 m
Carrier fc 2.3 GHz Ww 26.2 dB
Fading channel
between outdoor
UEs and MBS

Ricean, k =
20 dB

Fading channel
between UEs & SBSs

Rayleigh

MBS EIRP for inner
users

2 W MBS EIRP for outer
users

20 W

MBS antenna gain 13 dBi MBS height (hM) 30 m
SBS EIRP 100 mW SBS antenna gain 0 dB
Noise figure 3 dB Noise density (σ) -174 dBm/Hz
Pathloss exponent
between HNB and
indoor users, ηi

3 Pathloss exponent
between HNB and
outdoor users, ηo

3.5

Xσi 8 Xσo 3

Ei = 1
αi

(
|h1i|2 + |h2i|2

) Pt
2 (5.10)

Table 5.6.: WiMAX HetNet Simulation Parameters

Parameter Value Parameter Value
Number of
subcarriers (N)

1024 OFDM period (TO) 2 ×10−4s

Bandwidth per
subcarrier, Wf

10.94 kHz Subcarrier
permutations

Distributed
pseudo-
random

The propagation from MBS to UE uz, which is given by PLuz ,M , uses Stanford
university interim (SUI) path loss model for Terrain type C [38]. So,

PLuz ,M [dB] = Q+ 10ϕlog10 (duz ,M/100) +Xf +Xh + s+Ww (5.11)

where duz ,M is distance between MBS and uz, Wr is roof attenuation, Q is given by
Q = PL (100), ϕ is given by

ϕ = 3.6− 0.005hM + 20
hM

+ χa0.59 (5.12)
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Table 5.7.: LTE HetNet Simulation Parameters

Parameter Value Parameter Value
Number of FFT
points (NFFT )

1024 Frame period, TF , 20 ×10−3s

Bandwidth per
subcarrier, Wf ,

15 kHz OFDM period, TO 1.43 × 10−4 s

Number of RBs per
subframe

50 Number of
subcarriers per RB

12

Total subframes per
frame

10 Total OFDM
symbols per
subframe

14

Xf is given by Xf = 6 log10
(

fc
2000

)
, Xh is given by

Xh = 20log10

(2.0
hu

)
(5.13)

and s is given by
s = χb (8.2 + χc1.6) (5.14)

where χa, χb and χc are Gaussian random variables with zero mean. On the other
hand, an indoor shadowing path loss model with path loss exponent, η, of 3 and
log normal shadowing, Xσ, of 8 dB is used to represent the signal propagation from
HNB to UE uz given by PLuz ,m. Hence,

PLuz ,m [dB] =

 PL (d0) + 10ηilog10
(
duz,m
d0

)
+Xσi , uz is indoor UE

PL (d0) + 10ηolog10
(
duz,m
d0

)
+Xσo +Ww, uz is outdoor UE

where duz ,m is the distances between uz and HNB, Tm,Ww is the wall loss attenuation
between Tm and any outdoor UEs, PL (d0) is given by

PL (d0) = 20log10

(
4πd0

λ

)
(5.15)

λ is the signal wavelength and d0 = 1 m is the reference distance.

Similar to the homogeneous network simulation, this section considers adaptive mod-
ulation and Equation 5.1 for data rate evaluation. Furthermore, there are three γth
values that will be observed in this simulation, which are 20 and 25 dB. Since self
organisation RRM requires several iterations before the minimum interference for all
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users is achieved, this simulation will consider one, two and ten iterations for com-
parison. Furthermore, the coloured graph SON RRM will be allowed to utilise N/4
and N/8 PRs per BS. The rest of the simulation parameter is shown in Table 5.5 for
general parameters as used in [109, 110, 37] and Table 5.6 and Table 5.7 for WiMAX
and LTE systems parameters, respectively.

5.3.1. Fractional Frequency Reuse
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Figure 5.15.: Indoor users sum rate. (a) is WiMAX system and (b) is LTE system.

A) Sum Rate
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Figure 5.15 shows that the proposed technique achieves the best sum rate in com-
parison to other resource allocation techniques at all building distance from MBS
by at least 1.83 Mbps and 4.31 Mbps in the WiMAX and LTE systems, respectively,
while the CG SON RRMs achieve the lowest performance. Similar with HoNet case,
raising the γth value increases the sum rate of indoor users where the highest sum
rate is achieved at γth = 20 dB. This proves that the proposed RRM adds the ca-
pability of femtocell networks to adapt with the higher tiers of the HetNets besides
the same tier ability shown in HoNet case. Furthermore, the saturation level in this
figure indicates that the interference signal from macrocell does not have any further
impact to the indoor users.

Similar with the HoNet case, the self organisation RRM achieves a better perfor-
mance in the WiMAX system compared to LTE system. This happens because of
the limitation of freedom in the case of the LTE systems. However, different with
the average rate performance of the HoNet scenario, Figure 5.15 (a) and (b) show
that most of the RRMs achieve better performance compared to the random assign-
ment. This happens because in this case, the users are assumed to be uniformly
distributed within the building rather than around the SBSs. This creates a wider
SINR profile at different users compared to the previous case. In this situation, the
impact of avoiding the interference in increasing the number of bits per subcarrier
to compensate the resource utilisation reduction is more significant compared to the
previous case. Hence, the data rate performance of most RRMs is higher than the
random assignment.

The indoor users performance improvement using the proposed technique is achieved
without sacrificing the performance of outdoor sum rate, especially at the distance
further than 600 m and 800m in the WiMAX and LTE systems, respectively. How-
ever, at closer distance, the proposed technique requires the MBS to reduce its
resource allocation as indicated by the global MoC. The reduction of the resource
allocation for the outdoor users eventually reduces the data rate of the outdoor users
compared to other RRMs. Since the available PRs in the WiMAX system assumed
in this observation is much larger than the assumed LTE system, the data rate re-
duction impact in LTE system is more significant compared to the WiMAX system.
Nevertheless, since recent surveys show that around 80% of wireless transmission
are originated indoor [1] and as shown in Figure 5.15 the indoor UEs enjoy at least
1.83 Mbps and 4.31 Mbps of sum rate increases in the WiMAX and LTE systems,
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Figure 5.16.: Outdoor users sum rate. (a) is WiMAX system and (b) is LTE
system.

respectively, compared to 43 kbps and 161 kbps of sum rate reduction experienced
by outdoor UEs in the WiMAX and LTE systems, respectively, the net result indi-
cates that on balance the proposed technique significantly increases the overall sum
rate of the FFR based 4G HetNets.

B) Guaranteed Rate

Besides the sum rate improvement for indoor users, the proposed RRM significantly
guarantees higher data rate for indoor users in comparison to other scheme. This
is shown from Figure 5.17. As can be seen from this figure, the proposed RRM
improves the guaranteed data rate by more than 150% in comparison to self organ-
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Figure 5.17.: Indoor users guaranteed data rate. (a) is WiMAX system and (b) is
LTE system.

isation RRM and around 25% compared to dynamic CG SON RRM. Similarly with
HoNet scenario, the guaranteed data rate improves as the γth increases. This hap-
pens as a result of more sensitivity owned by users as the γth increases. Therefore,
the cell edge users become more protected from interference as this threshold value
increases.

Unlike the HoNet scenario, the dynamic CG SON RRM enjoys a significant im-
provement in comparison to other RRMs. Smaller initial coloured value provides
a significant QoS improvement compared to higher coloured value. This happens
because in this simulation, users and femtocells are placed uniformly around the
building. This creates a uniformly distributed connected neighbouring BSs and it is
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very likely all BSs have similar connection. Therefore, the maximisation step allows
all BSs to be allocated in a similar chance and increases the fairness of the network.
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Figure 5.18.: Outdoor users guaranteed data rate. (a) is WiMAX system and (b)
is LTE system.

Almost similar pattern with the outdoor sum rate, Figure 5.18 shows that the basic
CG SON RRM achieves a slightly better guaranteed data rate at the distance closer
than 600 m compared to the proposed technique. This happens due to the same
reason with the outdoor users sum rate performance shown by Figure 5.16, which is
reduction of the MBS’s users number of subcarriers. In addition, as happens in the
indoor system, raising γth value increases the QoS of the outdoor users using the
proposed technique. On the other hand, increasing the number of PRs per femtocell
reduces the QoS of the basic CG SON RRMs. This happens because reducing the
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number of PRs utilised by the femtocell weaken the cross-tier interference experi-
enced by the outdoor users. However, this comes with the price of low indoor data
rate, which is shown by Figure 5.15.

5.3.2. Soft Frequency Reuse

A) Sum Rate
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Figure 5.19.: Indoor users sum rate. (a) is WiMAX system and (b) is LTE system.

Different with the FFR based system, Figure 5.19 shows that the performance of
the proposed technique under SFR based system is almost flat at distance longer
than 600 m. This happens because the femtocell can utilise the entire spectrum
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regardless the position within the MBS position. Due to its capability to adapt the
HetNet environments, the proposed technique maintains a fairly similar performance
at various distance from MBS. However, this figure also shows that there are sum
rate reduction at the distance of closer than 600 m in both WiMAX and LTE
systems. This occurs because as the building distance is closer than 600 m, the
outdoor users are categorised as inner MBS’s users. As the distance increases from
400 m, the signal received by the outdoor users from MBS decreases while the signal
power from SBS remains the same. This increases the cross-tier interference to the
outdoor users. Beyond 600 m, some of the outdoor users started to be categorised
as outer users. Hence, the amount of cross-tier interference to the outdoor users
remain the same as the distance increases beyond this point.

Similar with previous scenarios, increasing γth values and number of iterations in-
creases the performance of the proposed and self organisation RRMs. In the case of
coloured graph SON RRM, increasing number of utilised PRs also increases the sum
rate. In addition, these figures also show that the coloured graph SON RRM gives
the worst performance because this RRM uses interference reading in the BSs, which
may not be an accurate representation of the actual downlink interference. The pro-
posed technique is capable to achieve a minimum of 2.38 Mbps and 5.26 Mbps of
sum rate improvement in the WiMAX and LTE systems, respectively. Bear in mind
that self organisation RRM requires a full interference report for all subcarriers in
order to achieve optimum performance. This type of feedback is different from the
LTE standard MR and requires a special modification in order to implement. Fur-
thermore, since multipath fading varies rapidly above 2λ distance a frequent updates
are required even when the UEs move distance of less than 0.26 m. This is not the
case of the proposed RRM, since the MoC is determined by the average received
signal that varies slowly over distance.

The indoor sum rate gain also comes with performance improvement in comparison
with other RRMs. As shown by Figure 5.20, the proposed technique only achieves
a slightly worse performance compared to the N/8 PRs coloured graph SON RRM,
which happens because with a minimum of resource utilisation, the cross-tier in-
terference to the outdoor users can be minimised. In the case of LTE system, the
proposed technique is still capable of providing better performance compared to N/4
PRs coloured graph SON RRM. Similar with the FFR case, Figure 5.20 (a) and (b)
show that the self organisation RRM achieves worse performance than the two SON
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Figure 5.20.: Outdoor users sum rate. (a) is WiMAX system and (b) is LTE
system.

RRMs. This happens the objective of the SBSs are to minimise the interference
received by their users. In doing so, these SBSs are not aware of the presence of
near by MBS’s users and increases the interference received by the outdoor users.

As can be observed from Figure 5.20 (b) that in the LTE systems, different γth value
gives a slight different performance to the outdoor users sum rate. Opposite to the
indoor users, at γth = 25 dB increases the sum rate of the outdoor users compared
to γth = 20 dB. This happens because high γth increases the sensitivity of each user
to the surrounding interference. Since most of outdoor users are served by the MBS
with a minimum number of available PRs compared to SBSs’ users, this increasing
sensitivity increases their sum rate.
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B) Guaranteed Rate
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Figure 5.21.: Indoor users guaranteed data rate. (a) is WiMAX system and (b) is
LTE system.

Similar with the FFR based system, Figure 5.21 shows that the proposed technique
provides significant guaranteed rate improvement for indoor users transmission com-
pared to the other RRMs schemes under various distances from MBS. As can be seen
from this figure, the MoC based SON RRM achieves an increase of at least more
than double compared to random assignment. Furthermore, increasing γth improves
the QoS of the indoor users using the proposed technique. This happens due to the
same reason as been described in subsection 5.2.2, which is increasing sensitivity to
the interference as γth raises.

Different with the FFR scheme, the QoS performance of the CG SON RRMs with
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N/4 PRs is slightly worse than the random assignment at the closed distance to the
MBS. This happens because these RRM do not measure the interference from MBS.
Since MBS occupies the entire spectrum in the case of SFR, cross tier interference
becomes the dominant factor in this scenario for this RRM type. As the distance
increases the dynamic CG method is capable to utilise the spectrum adaptively
based on the measurement from the same tier interference, which is similar behaviour
with the FFR scenario case. On the other hand, since basic CG method allows BS
to measures the interference that is not experienced by the UEs, the performance
becomes much worse than the random assignment, especially at distance closer
than 900 m. This happens due to small amount of allocated resources regardless
the interference profile at the UEs.
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Figure 5.22.: Outdoor users guaranteed data rate. (a) is WiMAX system and (b)
is LTE system.
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Figure 5.22 shows that the proposed technique achieves a slight improvement for
the outdoor users. The interference power experienced by the outdoor users com-
municating with HNB in SFR case is higher than the FFR based system because
SFR utilise the entire spectrum for MBS transmission. This increases the effect of
interference avoidance scheme application. For this reason, the proposed technique
is shown to achieves the best fairness in comparison to other RRMs.

5.4. Summary

This chapter has shown the performance observation of various RRMs under HoNets
and HetNets scenarios in WiMAX and LTE systems. HoNet scenario examined the
capability of various RRM techniques to adapt with difference networks density.
On the other hand, the HetNets scenario is used to test the behaviour of femtocell
RRMs in the presence of potential cross-tier interference from macrocell when the
cellular company allocates the same bands between MBS and small cells.

It was shown from HoNet simulation scenario that the proposed RRM provides su-
perior overall rate increases and QoS improvements while supporting greener com-
munication systems in various scenarios compared to other RRMs. Furthermore, it
was demonstrated that the MoC based SON RRM is also able to satisfy the increas-
ing demand on performance improvement in HetNets environments. It was shown
that the proposed algorithm is able to improve the guaranteed data rate as well
as the sum rate for all users in various distances from the MBS. The performance
improvement occurs in the WiMAX and LTE systems.
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6. Scheduling Strategy for MoC
based RRM

After receiving a set of parallel resources (PRs) from the Femto Management System
(FMS) that can be used for transmission with low interference, the basestation (BS)
can use the granted PRs independently from the neighbouring BSs. These resources
are allocated to various user equipments (UEs) based on the certain requirements,
which are maximising the sum rate and fairness for all UEs. This chapter presents
the implementation example of the proposed RRM with channel dependent users
scheduling that satisfies these requirements. Considering that there are real cases
where cellular networks have various priority due to subscription, data rate require-
ments, etc, this chapter introduces a scheduling strategy that best accommodate
such case later on.

Due to variation of UEs’ signal reception at various subcarriers, multiple UEs in cel-
lular networks can be used in order to achieve multiuser diversity. Besides adaptive
modulation, users scheduling is a widely known procedure to utilise the multiuser
diversity. The most popular scheduling algorithms in OFDMA systems include
maximum sum rate (MSR), maximum fairness (MF), proportional rate constraints
(PRC) [22] and proportional fairness (PF) and the cumulative distribution function
(CDF) based scheduling policy [30], where it retains a similar characteristic with
PF scheduler [31] that maximises multiuser diversity and users fairness.

MSR scheduling maximises the sum rate of all UEs at a given power constraint
[22]. Due to the fact that signal reception vary for various users, this scheduling
strategy achieves a very poor quality of service as this scheduler may block some
users from transmission and only favour short distance UEs. On the other hand,
MF and PRC strategy prioritise UEs with the lowest achievable and required data
rate, respectively. These approaches limit the overall achievable sum rate by the
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UEs with the worst achievable and required data rate. For this reason, only PF
based scheduler will be considered further in this chapter.

This chapter is organised as follows. Section 6.1 discusses the basic consideration
for users scheduling in OFDMA based HetNets. The example of popular scheduling
implementation in current scenario will be implemented in section 6.2. Section 6.3
and section 6.4 propose and analyse a multilevel priority that is designed for the
proposed technique. Performance comparison is made in section 6.5 and section 6.6.
Finally summary is presented in section 6.7.

6.1. Scheduling Consideration on OFDMA HetNets

For simplicity, let assume PRs are subcarriers within an OFDMA frame. This is
because in channel point of view they behaves almost in a similar manner. Hence,
the scheduling considers the subcarriers allocation within an OFDMA frame. Fur-
thermore, let assume similar system described in section 4.1.

6.1.1. Allowable Resources

As described in chapter 4, the MoC based RRM avoid interference of conflicting
BSs by introducing four main binary matrices, which are the entire forbidden PRs,
Θi, partial forbidden PRs, Φi, priority PRs, Pi and temporary allocated PRs, Ai.
After computing the centralised approach, the FMS sends the allowable PRs matrix
information which is given by

Λi = Φi (6.1)

While Θi provides information of the forbidden PRs due to orthogonality require-
ments of UEs with the same and/or other BSs, Φi only provides the information
of the forbidden PRs due to orthogonality requirement between UEs from different
BSs, which is given by the MoC. By doing this, each BS has information which
resource causes interference to the neighbouring BSs’ UEs and allows it to allocate
the resources in distributed manner.
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6.1.2. Capacity Prediction

After receiving Λm,i from FMS, BS Tm combines this matrix for i =1 until I into a
single matrix given by Λm ∈ RZm×N and schedules the resource to its UEs [32, 22].
Lets assume that the instantaneous small scale fading channel between Tm and its
UEs is given by Hm,t ∈ CZmxN , the received signal power of the Tm’s UEs at all
subcarriers based on Equation 4.1 on page 110 and Hm,t is given by

EHm,t(z, n) = Em,t(z, i) |Hm,t(z, n)|2 , ∀n = 1, . . . N,

z = 1, . . . , Zm (6.2)

where i is the PRs group index.

Using EHm,t and Ecm,t, the instantaneous prediction of the signal-to-interference and
noise ratio (SINR) is given by

ψt(z, n) = EHm,t(z, n)
N0 +∑Cm

c=1 ECm,t(z, c, i)bcuz
(6.3)

∀n = 1, . . . N and z = 1, . . . , Zm, where N0 is the additive white Gaussian noise
(AWGN), i = 1 is PRs group and bcuz is a binary multiplier which is given by

bcuz =

 1 Em,t(z)
ECm,t(z,c,i)

> γth

0 otherwise
. (6.4)

Based on ψm,t matrix, the maximum Shannon capacity per subcarrier for each
individual UE,

...
Rt ∈ RZm×N , is given by

...
Rt(z, n) = log2 (1 +ψt(z, n)Λm(z, n)) ,

∀n = 1, . . . N, z = 1, . . . , Zm (6.5)

Using
...
Rt, the achievable capacity for all UEs,

...
RΣ,t ∈ RZm×1, is given by

...
RΣ,t(z) =

N∑
n=1

...
Rt(z, n). (6.6)

Since we assume the network uses adaptive modulation with a maximum of 256QAM
modulation per subcarrier, BS Tm needs to hold the maximum achievable capacity
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per subcarrier for each individual UE, ∈ RZm×N . Lets assume that the minimum
SINR for BPSK, QPSK, 16QAM, 64QAM and 256QAM modulation to achieve a
required bit error rate (BER) are given by γ2, γ4, γ16, γ64 and γ256, respectively, κm,t
at any z and n is given by

κm,t (z, n) =



8, ψm,t(z, n)Λm(z, n) > γ28

K, γ2K ≤ ψm,t(z, n)Λm(z, n) < γ2K+2

1, 0 < ψm,t(z, n)Λm(z, n) < γ2

0, otherwise

(6.7)

for K = 2, 4 and 6.

6.1.3. Power Control

Assume the scheduled UEs allocation for each frame is stored into a binary matrix,
Ωm,t, the final step of scheduling is applying power control. Since all BSs have the
objective to increase their UEs data rate, in this thesis power control is applied to
any UE and subcarrier only when the data rate cannot be increased. This is done
to avoid any additional conflict between the BSs. Since the system model described
in chapter 5 assumes a maximum modulation order of 256QAM, increasing power
when the modulation order has achieved 256QAM does not improve the throughput.
For this reason, it is proposed that power control is only applied at any time t and
subcarrier n given that κm,t(z, n) = 8. Therefore, the transmitted power at any t,
z and n ∀n = 1, . . . N and z = 1, . . . , Zm is given by

P̂m,t(z, n) =


γ256PmΩm,t(z,n)

ψm,t(z,n) , κm,t(z, n) = 8

PmΩm,t (z, n) , κm,t(z, n) < 8
(6.8)

6.2. Scheduling Example on MoC based SON RRM

This section presents example of how the conventional scheduling can be imple-
mented in the proposed SON RRM. As been considered earlier, only PF scheduling
is considered due to its ability to balance both the sum rate and fairness. This is
achieved by introducing a window parameter, tc .
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If it is assumed that Rt ∈ RZm×1 is the matrix holding the average data rate of
the Tm’s UEs within the tc window, the PF scheduled subcarriers allocation, Ωm,t

RZm×N , at frame slot t and subcarrier n is given by

zPF = arg max
z∈Zm:

...
R t(z,n)>0

...
Rt(z, n)
Rt(z) (6.9)

Ωm,t (z, n) =

1, z = zPF &
...
Rt(z, n) > 0

0, otherwise
(6.10)

for z = 1 until Zm. The average capacity at time t + 1, Rt+1 (z), is updated using
the following equation

Rt+1(z) = 1
tc

N∑
n=1

Ωm,t(z, n)
...
Rt(z, n) + (6.11)(

1− 1
tc

)
Rt(z), ∀z = 1, . . . , Zm

After allocating the subcarriers to various UEs, the power control described from
Equation 6.8 is applied to improve the performance of neighbouring cells.

As can be seen, this scheduler selects the UEs that maximises the relative sum rate.
This avoids the allocation of a deep fade channel and improves the overall data rate
performance. On the other hand, UEs with low average SINR will received high
priority at a certain period and maintain high QoS.

tc essentially controls the latency of the system [22]. High value makes the average
rate Rt remain steady for longer period. This makes the instantaneous capacity
becomes a dominant factor in selecting the UE for each frame and channel. Hence,
the overall sum rate is improved with the penalty of longer period for UEs with low
average SINR to be allocated. Otherwise, reducing tc increase the variation of Rt

over short frame period and reduces the waiting period of under served UEs at the
cost of overall sum rate reduction.
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(a) (b)

(c) (d)

Figure 6.1.: Scheduling Problems in MoC based Solution. (a) System example, (b)
Temporary and Allowable subcarriers, (c) Channel gain example and (d) sched-
uled transmission.

6.3. Multilevel Priority Consecutive Scheduling

6.3.1. MoC based Problem for Scheduling

Even tough the allowable subcarriers allows BSs to schedule their resources without
causing interference, there is still a case where the best resources are not allocated to
the appropriate users. For instance, this is illustrated in Figure 6.1. As can be seen
from Figure 6.1, users are allowed to utilise the subcarriers indicated by Λ. Using
opportunistic scheduling and considering the channel gain shown in Figure 6.1 (c),
the scheduled transmission is allocated based on the matrix shown in Figure 6.1 (d).
However, as can be seen from this figure, subcarriers 6 and 8 are unallocated from
users u1 and u2 point of view. This is because, these subcarriers are allocated to u4,
which does not receive any interference from F1.

An easy way to solve this is by allowing a further communications between F1 and
F2 to release some of its subcarriers. By doing so, F1 can further utilise subcarriers
6 and 8 for its benefit until further notice. However, considering HetNets have a
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random nature of small BSs” position and may include a large number of small BSs
(SBSs), such approach may results in high complexity. For this reason, it is better to
provide a solution that maintains the distributed characteristic using the allowable
set of resources, Λi, which is the inverse of partial forbidden subcarriers, Φi, shown
by Equation 4.9 in subsection 4.2.2 on page 114.

The application of the partial forbidden resources to indicate the available re-
source for scheduling are restricted by the MoC condition. As can be seen from
Algorithm 4.3 in subsection 4.2.2 of chapter 4, the partial forbidden matrix will be
updated if orthogonality between users from different BSs is required. In order to
allow more subcarriers utilisation without further information exchange between
BSs, several users should be allowed to violate the orthogonal requirement into sev-
eral constraints, e.g. only violate the condition in a very good channel. Although
this may reduce the performance of some other UEs, the overall sum rate can be
increased and only users that do not deserve to get high data rate that suffers the
reduced data rate. This requirement can be implemented in the case of multilevel
priority scenario. This scenario may exist in cellular network because of different
subscription fees, data rate application, amongst others.

To accommodate this multilevel scenario, this chapter first proposes the new al-
gorithm for updating the forbidden resources required by the FMS. After that, a
multilevel scheduling scheme that allows the BS to control the data rate for various
priority UEs will be explained in subsection 6.3.3.

6.3.2. Partial Forbidden Resource

Let assume a similar assumption described in section 4.1 of chapter 4. There are
M BSs denoted in set T =

[
T1 . . . TM

]
, U =

[
U1 . . . UZ ], where Z is the

total number of users. Furthermore, N parallel resources (PRs) are divided into I
separate groups with index i and each group has Ni PRs. In addition, the set of BSs
that require conflicts to be resolved at a particular time and the ith PRs group index
is given by TB,i =

[
T1,i . . . TBi,i

]
with index Tb,i where Bi≤M is the conflicting

BSs at the ith PRs group index and TB,i acts as a pointer for the T set in the FMS
memory.
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The priority levels are denoted in set ℘ =
[
℘1 . . . ℘Z

]
where ℘z ∈ {0, 1, . . . ,L}

and L is the maximum priority level. In this set, the priority is formed in ascending
order, e.g. as the number decreases, the users become more important, with the
exception of ℘z = 0 which is used for protected users. If ℘z = 0, this means uz will
use the original method for priority and forbidden resources.

In order to accommodate the priority based resource allocation, an additional matrix
of allocation is required besides the entire forbidden PRs, Θi ∈ RZBi×Ni , partial for-
bidden PRs, Φi ∈ RZBi×Ni , priority PRs, P i∈ RZBi×Ni and temporary allocated PRs,
Ai ∈ RZBi×Ni as described in subsection 4.2.2. The new matrix is partial forbidden
subcarriers with priority, µi ∈ RZBi×Ni . This new matrix is incorporated within Line
7 of Algorithm 6.1 where x = {a > b} means x = 1 if a > b, otherwise, x = 0. As
can be seen from this algorithm, the partial forbidden subcarriers are only updated
to the users that are less important. Note that ∩ and ∪ denote bitwise AND and
OR logic operations, respectively.

Algorithm 6.1 Multilevel Priority and Forbidden Subcarriers Update
function newForbPrio

(
ΘB,i,ΦB,i,PB,i,AB,i, T̃B,i, ζB,i, b, q

)
1 for p = 1 until Bi do
2 if

(
T̃B,i (p) 6= T̃B,i (b)

)
& T̃B (p) ⊆ Ṽkb

then
3 v(n) =

[{
ζB,i (q, p) = we

}
∪
{
ζB,i(a, b) = we

}]
∩AB,i(q, n)

4 PB,i(a, n) = PB,i (a, n) ∪
(
AB,i(q, n) ∩

{
ζB,i(a, b) = 0

})
5 ΘB,i (a, n) = ΘB,i (a, n) ∪ v(n)
6 ΦB,i(a, n)=ΦB,i (a, n) ∪ v(n)
7 µB,i(a, n)=µB,i (a, n) ∪ (v(n) ∩ ({℘(a) ≥ ℘ (q)} ∪ {℘(a) ∼ 0} ∪ {℘(q) ∼ 0}))
8 ∀n = 1, . . . , Ni, a = 1, . . . , ZBi, and a 6= q
9 else
10 ΘB,i(c, n) = ΘB,i(c, n)∨

(
AB,i (q, n) ∩

{
ζB,i(c, b) = ws

})
,

11 ∀n = 1, . . . , Ni, c = 1, . . . , ZBi, and c 6= q
12 end if
13 end for
14 return PB,i, ΘB,i, ΦB,i and µB,i

6.3.3. Consecutive Scheduling Algorithm

In order to optimise scheduling on the MoC based SON RRM, this chapter proposes
a scheduling method that reduces the unused resources as described previously by
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utilising multilevel priority in cellular networks. This various level may exist due to
different subscription payment and data rate requirement. Using this assumption,
a user is allowed to utilise a similar resources with the lower priority users in the
neighbouring BSs at the penalty of low SINR performance.

Since the objectives of any cellular network is to achieve maximum fairness for every
user, the objectives of the proposed technique is to maintain the quality of service
(QoS) for the lower priority users at least similar to those achieved by the full
spectrum usage utilising a PF scheduler. This can be achieved by both single and
multiple level priority to be treated separately in to OFDM frames. For simplicity,
it is assumed that to = 2. At to = 1, a single level system is assumed. On the
other hand, the multilevel priority is considered in the second frame for solving the
scheduling problem shown in Figure 6.1.

Algorithm 6.2 Multilevel Priority Scheduling
function MultiLvlConsSceduling

(
Λm,Ωm,ψt,

...
Rt, `,L, t

)
1 c = ∑Zm

z=1
∑N
n=1

{ ...
Rt (z, n) > 0

}
2 while c <NZm do
3 for p = 1 until L do ` (p) times
4 nmax = arg maxn:

...
R t(z̃,n)>0

...
Rt(z̃, n)

5 Ωm,t(z̃, nmax) = Λm (z̃, nmax)
6

...
Rt(z̃, nmax)=0

7 ∀ z̃ = 1 until Zm | ℘(z̃) = p
8 end
9 recalculate c
10 end
11 end
12 :return Ωm,t

The proposed scheduling is described by Algorithm 6.2. This algorithm works by
allocating resources from the highest to the lowest priority users. For the pth priority
level, the scheduler allocates subcarriers that provide the maximum capacity from
the available resources for this scheduling, Λm,s, and

...
Rt information shown by

Equation 6.5, one user at a time at the same priority level for ` (p) times, where
` ∈RL×1 contains set of allocated number of subcarriers for each priority level. In
order to maximize QoS of the system, the scheduler sort the order of allocated users
based on

...
RΣ,t value which is given by Equation 6.6. By doing this, the fairness and

maximum throughput can be achieved at the same time.
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In order to maintain a good transmission even for low priority UEs, this chapter
considers a scheduling frame, to, of two OFDM frames. In the first frame, a single
level priority is assumed. This provides equal opportunity for all UEs to achieve
maximum data rate. On the other hand, the second period provides a multilevel
priority chance.

A) to = 1

In this period, optimising the QoS is the main scheduling criteria. In order to do so,
this chapter proposes scheduling using the temporary allocated subcarriers Am and
the scheduling is only applied to users with a similar MoC pattern. By doing so, the
scheduling is only applied for users that have similar interference profile. Therefore,
the allowable subcarriers are given by

Λm,t (z, n) =

 Am (z, n) |Am (a, n) ∑Cm
c=1 |ζm(z, c)− ζm(a, c)| ∼ 0

Am (z, n) otherwise
(6.12)

for a �z and a = 1, . . ., Zm.

B) to = 2

In this frame, multilevel scheduling can be implemented. Due to users with various
levels of priority receives different sets of priority subcarriers, it is important to only
allocate these subcarriers only if it is not been allocated to a higher SINR. Based
on µ (z, n) and Φ (z, n) sets, subcarriers that are predicted to have low SINR are
given by

Λlow (z, n) = µ (z, n)⊕Φ (z, n) (6.13)

∀n = 1, . . . , N, z = 1, . . . , Zm where ⊕ is exclusive OR operation. The predicted
SINR using the MoC based SON RRM is given by

ψMoC (z, n) =


EHm (z,n)

No+
∑Cm

c=1 ECm (z,c,i)
, Λlow (z, n) = 1

ψm (z, n) , otherwise
(6.14)

∀n = 1, . . . , N, z = 1, . . . , Zm. Finally, the available subcarriers for scheduling is
given by

Λm,t (z, n) = µ (z, n) {ψMoC (z, n) > γmin} (6.15)

∀n = 1, . . . , N, z = 1, . . . , Zm where γmin is the minimum tolerable SINR. In this
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chapter, it is assumed that γmin = γth - 5 dB where γth is the signal-to-interference
ratio (SIR) threshold described in chapter 4.

6.4. Performance Analysis

If we assume a homogeneous network consist of femtocell access points in an l by l
all BSs have the same number of transmit the same power, Pm, using the analysis
shown in section 4.3 of chapter 4 that the guaranteed rate of consecutive scheduling
with MoC based RRM in a homogeneous network is given by

υmin = NWf log2 (1 + ψ%min)

Zm

[
1 + (M − 1)

{
1− FRMC

((
1
γth

)1/η
)}] (6.16)

where N is the total number of available subcarriers and ψ%min is the minimum SINR
that any user will receive at a given SIR threshold. ψ%min is given by

ψ%min = |%|2 ψmin (6.17)

where % is the multipath fading channel with consecutive scheduling and ψmin is the
minimum SINR for a system with AWGN channel, which is given by

ψmin = Emuz
EimaxBuz

(6.18)

where Emuz is the received signal power from Tm, Buz is the total interfering SBSs,
given by

Buz = (M − 1)FRMC

( 1
γth

)1/η
 (6.19)

and Eimax is given by
Eimax = Emuz

γth
. (6.20)
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FRMC
(rmc) is the cumulative distribution function of rmc ratio within an l by l area,

which is given by

fRMC
(rmc) =



4l
3dMAX

arcsin(1)+
4l

10dMAX
− 2 l

dMAX
0 < rmc <

dMAX

l

4d2
MAX

3l2p3 arcsin(1)+
4d4
MAX

10l4p5 −
2d3
MAX

l3p4 rmc ≥ dMAX

l

(6.21)

Using the proposed consecutive scheduling, the % has similar behaviour with max-
imum selection combining in diversity receiver system with Zm number of obser-
vations. If we further assume that |Hm,t(n)|2 is distributed with Rayleigh fading
envelope and |Hm,t(n)|2 = 1, the PDF of a scheduled subcarrier, is given by

fρ (ψ%min) = Zm
ψmin

(
1− e−ψ%min/ψmin

)Zm−1
e−ψ%min/ψmin (6.22)

Based on Equation 6.22, the minimum capacity of the proposed scheduling is given
by

Cmin =
∞̂

−∞

υminfρ (ψ%min) dψ%min (6.23)

Inserting Equation 6.16 to Equation 6.5 gives

Cmin = NWfZm
Zrmcψmin

∞̂

−∞

log2 (1 + ψ%min)
eψ%min/ψmin

(
1− e

−ψ%min
ψmin

)Zm−1
dψ%min (6.24)

where Zrmc is given by

Zrmc = Zm

1 + (M − 1)

1− FRMC

( 1
γth

)1/η


 (6.25)

If a homogeneous network containing femtocells in a 60 by 60 meter square area with
Rayleigh fading channel, γth of 20 dB, η equals 3, 256 total subcarriers at 2.3 GHz
with bandwidth per subcarrier of 10.94 kHz, 200 µs of OFDM period and 100 mW
of SBS equivalent isotropically radiated power (EIRP) are assumed, the guaranteed
rate of the proposed scheduling using MoC based RRM is shown by Figure 6.2.
As can be seen from this figure, the analysis value is close to the simulation value
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Figure 6.2.: Guaranteed rate of consecutive scheduling with various number of
users

which supports the validity of the analysis presented. This figure also shows that
as the networks density increases, the impact of increasing the number of users per
femtocell to the guaranteed data rate decreases. This happens because the minimum
bit rate of a BS using the MoC based RRM is limited to the number of affected users
by this BS. In high density cellular networks, the number of affected users of all BSs
becomes very close. This makes the addition of users per femtocell less significant
to the overall performance.

6.5. Single Level Priority Performance Evaluation

In this section, the performance of the proposed MoC based RRM with PF and
CS schedulers will be examined in HoNet and HetNet scenarios. The PF scheduler
considered here has a window size tc = 10 OFDM frames. On the other hand, in
the case of CS scheduler, it is assumed that ℘(z) = 0, ∀ Uz ∈U. This simulation
considers the sum rate and guaranteed rate results as performance comparisons.

As can be observed from previous chapters, various γth values results in different sum
rate and guaranteed performance of the proposed RRM. Higher threshold results
in better guaranteed rate while reducing the sum rate due to resource utilisation
reduction. In order to achieve good flexibility in scheduling the resource for users,
the proposed scheme requires a good number of available resources. Since γth =
20 dB is capable of providing superior sum rate and guaranteed rate performance
compared to other RRMs, only this threshold value will be considered in this chapter.
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6.5.1. HoNet Scenario

Different from the previous chapter, the simulation here considers the performance
under various number of users. There are two number of femtocells observed within
an area of 60 m by 60 m, which are five and 15. The performance will be compared
with PF schedulers with full spectrum utilisation as well as self organisation and
coloured graph SON RRMs. The rest of the simulation parameters are similar with
section 5.2 on page 134.

A) Sum rate
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Figure 6.3.: Sum rate performance. (a) 5 femtocells and (b) 15 femtocells

As can be seen from Figure 6.3, the proposed MoC based RRM achieves better sum
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rate compared to other RRMs. It is shown by this figure that the proposed MoC
based SON RRM provides up to 23% sum rate improvement compared to other
techniques. Although entire spectrum utilisation achieves the highest performance
at one user per femtocell because the chance of receiving interference is low at low
number of users, both Figure 6.3 (a) and (b) show that as the number of users per
femtocell increases, the performance gap between the proposed and the other RRMs
increases. Furthermore, similar trend with the previous chapter, the CG based SON
RRMs result in the lowest sum rate performance. Moreover, unlike other RRMs,
the dynamic CG SON RRM shows sum rate reduction in the increasing number of
users per femtocell. This occurs due to the fact that increasing the number of users
raises the probability of a BS to be connected with the neighbouring BSs. Based
on the maximisation rule, this reduces the available spectrum usage by all BSs and
overall sum rate.

It is seen from Figure 6.3 (a) and (b) that the performance of the RR scheduled
MoC based SON RRM increases as the number of users is raised. This happens
because raising the number of users increases the probability of close distance users
from the BSs. In addition, because the proposed technique assumes the interleav-
ing subcarriers allocation, increasing the number of users increases the interleaving
spreading that reduces the deep fade channel impact to the users.

Both CS scheduling and PF scheduling using the proposed scheme achieves ap-
proximately the same performance, especially in the case of low density femtocell
environment. As can be seen from Figure 6.3 (b), the proposed CS achieves a slightly
better performance compared to the PF scheduler. This shows that CS scheduling
for the MoC based SON RRM is a good alternative compared to the PF scheduler
that improves the performance compared to standard

B) Guaranteed rate

Figure 6.4 shows that the MoC based SON RRM achieves the highest guaranteed
rate up to 32% compared to other RRMs with the PF scheduler at both low density
and high density femtocell environments, especially at low number of users. At the
number of users higher than four, the self organisation RRM with PF scheduler
achieves slightly better performance than the proposed technique. This happens be-
cause the self organisation scheme utilises the full interference measurement report.
This gives BSs the complete information regarding the achievable throughput for
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Figure 6.4.: Guaranteed rate performance. (a) 5 femtocells and (b) 15 femtocells

the a specific user and spectrum. Since it is assumed in this simulation that the
fading channels are distributed with the Rayleigh envelope, this condition creates
large variations in the received interference profile by the UEs and allows BSs to
maximise the minimum throughput users. However, as been described in chapter 2,
this comes with the price of increase signaling between UEs and BSs due to rapid
variation of fading channels across small distances. Furthermore, as been shown by
Figure 6.3, this technique provides lower sum rate compared to the full spectrum
utilisation at large numbers of femtocell.

Similar with the sum rate case, the performance improvement reduces as the number
of femtocells increases. Moreover, the CG SON RRMs produce the worst guaranteed
rate because of very low number of available resource for scheduling. Furthermore,
although the full spectrum utilisation provides better sum rate compared to self or-
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ganisation RRM in the case of 15 femtocells, this comes with the price of guaranteed
data rate reduction as shown by Figure 6.4.

As can be seen from Figure 6.4, CS scheduling achieves a similar guaranteed rate
with the PF scheduler. This indicates that the CS scheduler is also a good alternative
for the proposed MoC to utilise multiuser diversity that can be implemented in a
latency sensitive system. It can be concluded from Figure 6.3 - Figure 6.4 that the
proposed resource allocation is not only capable of avoiding the downlink interference
in HoNet scenario, but also provides a constrained flexibility for further improvement
based on the channel state information (CSI) owned by individual BS.

6.5.2. HetNet Scenario

There are two scenarios simulated in this chapter: Scenario 1: considers the perfor-
mance against various numbers of indoor users at a fixed distance from the MBS.
This scenario is simulated in order to test the behaviour of the proposed technique
in various network densities. Since only the number of indoor users will be varied,
this scenario will only be observed for indoor users only. On the other hand, sce-
nario 2: considers the performance against various distances from the MBS with a
fixed number of indoor users. By doing this, the impact of the overall heterogeneous
network signal can be observed. In this paper, scenario 1 considers a distance of 1
km while scenario 2 assumes a fixed 20 indoor UEs inside the building.

Besides these indoor and outdoor users, there are 60 UEs registered as inner users
and 20 UEs registered as outer users of the macrocell with the minimum distance
between these UEs and MBS of 100 m. These 60 inner users received SINRs are
varied between 17 dB and 43 dB while the outer users have SINRs varied between 5
dB and 30 dB. The MBS signals propagate to these users with the Rayleigh fading
envelope.

For reference sake, the results are compared with PF scheduling without RRM, dis-
tributed RRM using self organisation RRM with two iterations, and CG based SON
RRM techniques with N/4 subcarriers of partial usage for basic method and N/8
initial subcarriers for dynamic scheme. All RRMs are combined with PF scheduling.
Without RRM, the HNBs use the available spectrum based on the above mentioned
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assumption in section 6.1. The rest of the simulation parameters are similar with
the parameters described in section 5.3 on page 144.
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Figure 6.5.: Indoor users sum rate performance - scenario 1
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Figure 6.6.: Indoor users sum rate performance - scenario 2

A) Sum rate performance

As can be seen from Figure 6.5, CS and PF schedulers that utilise the user diversity
improve the sum rate of the MoC based RRM compared to the RR allocation scheme
from the FMS. In general, the proposed RRM provides the highest sum rate at
various number of users. In addition, this figure also shows that the basic CG
SON RRM gives the worst performance because this RRM uses interference reading
in the BSs, which may not be an accurate representation of the actual downlink
interference, and has limited number of available resource for BSs. Similar with the
HoNet results shown by Figure 6.3, the performance of dynamic CG SON RRMs
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reduces in the increasing number of users. This happens due to the same reason
which is increasing the probability of connecting BSs.

When combined with schedulers, the proposed scheme achieves a maximum of 6.2%
sum rate improvement, which occurs at low number of users. In the large number
of users, the self organisation RRM attains similar performance with the proposed
SON RRM. This is achieved because the self organisation RRM collects the inter-
ference information at the entire set of subcarriers. Hence, the result of scheduling
is maximised. Bear in mind that this type of feedback is different from the cur-
rent standard MR and requires a special modification in order to implement this
successfully. Furthermore, since multipath fading varies rapidly above 2λ distance,
frequent updates are required even when the UEs move distance of less than 0.26
m. This increases the signaling between UEs and BSs. This is not the case of the
proposed RRM, since the MoC is determined by the average received signal that
varies slowly over distance.
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Figure 6.7.: Outdoor users sum rate performance - scenario 2

Figure 6.6 shows that the proposed technique significantly improves the sum rate of
the indoor users for various distances from the MBS. It is shown that the proposed
RRM provides a minimum of 2.54% and 25% improvement compared to the self or-
ganisation and the dynamic CG based SON RRMs, respectively. Unlike the simple
RR scheduler performance shown in the previous chapter, full spectrum utilisation
with PF scheduler achieves better performance than the basic CG SON RRM, de-
spite full spectrum utilisation increases the interference. This happens because of
the limitation of the available resource achieved by the basic CG SON RRM reduces
the achievable performance.
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Besides improving the indoor users performance, Figure 6.7 displays that the out-
door users also gain data rate advantage from the implementation of the proposed
RRM compared to the full spectrum utilisation. With PF scheduler, most inter-
ference avoidance technique achieve almost similar performance compared to full
spectrum utilisation where dynamic CG SON RRM provides the best performance.
This happens because most of the outdoor users are served by the MBS. Using the
PF scheduler, the performance of the outdoor users is significantly affected by the
other macrocell users. Since the proposed RRM requires the MBS to leave a very
small percentage (<5%) of empty subcarriers for the SBSs’ UEs that experience its
interference to avoid cross-tier interference, this limits the sum rate improvement
compared to other RRMs. Nevertheless, considering the performance improvement
achieved for the indoor users shown by Figure 6.5 and Figure 6.6 and the fact that
80% of data rate comes from indoor environment, the proposed SON RRM provides
significant sum rate improvement for HetNets with PF scheduler [1].
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Figure 6.8.: Indoor users guaranteed rate performance - scenario 1

It is evident from Figure 6.7 that the PF scheduler achieves a significant sum rate
improvement compared to the basic RR method for the proposed strategy. This
shows that the PF scheduler performs much better compared to the proposed RRM
for utilising the multiuser diversity to improve the overall sum rate. In spite of
that, the proposed scheduler provides sum rate improvement compared to the RR
scheduling without latency that occurs in PF scheduler.

B) Guaranteed rate performance
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Figure 6.9.: Indoor users guaranteed rate performance - scenario 2

Besides improving the sum rate performance, the scheduling strategy also improves
the overall QoS of the indoor users using the proposed RRM. As shown by Figure 6.8,
CS and PF scheduler increase the QoS by at least 10% compared to RR scheduler.
Furthermore, it is shown that the proposed RRM enjoys up to 50% QoS improvement
compared to other RRMs when combined with the PF scheduler that occurs at 10
indoor users. Due to its ability to know the exact interference signal, Figure 6.9
displays that the self organisation is capable of providing a similar QoS at close
distance with the MBS. Similar with the sum rate results, the CG based SON
RRMs achieve the lowest indoor QoS.

Overall, Figure 6.8 shows that CS and PF schedulers achieve almost similar QoS
performance. As displayed by Figure 6.9, the PF achieves 61 kbps higher than CS.
Obviously, the drawback for PF is higher latency compared to the CS strategy.

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
50

100

150

200

250

300

Building distance from MBS (m)

G
ua

ra
nt

ee
d 

bi
t r

at
e 

(k
bp

s)

 

 

MoC based SON RRM
Self organization
Full spectrum utilization
Basic CG SON RRM
Dynamic CG SON RRM

RR
PF

CS

Figure 6.10.: Outdoor users guaranteed rate performance - scenario 2

As consequence of significant data rate improvement for outdoor users achieved by
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the PF scheduler, this scheduler achieves worse QoS compared to RR and CS sched-
uler especially at the distance closer than 1 km from the MBS. This happens due to
the nature of PF scheduling that balances the overall sum rate and fairness of the
system. Although the proposed scheduler do not provides a significant improvement
compared to the RR scheduler, this scheduling maintains improved performance
compared to RR scheduler.

With PF scheduler, only dynamic CG based SON RRM achieves better performance
than the proposed SON RRM. This happens because of limitation of the available
subcarriers for the MBS users. Furthermore, the dynamic CG is assumed to have
N/8 initial subcarriers per femtocell and the maximisation stage of the dynamic
CG method in the scenario where there are almost uniform number of users per
femtocell results in a more distributed resource. This distribution of the resource
utilisation across the femtocells improves the fairness compared to basic CG as shown
by Figure 6.9 as well as reduces the interference to the outdoor users compared to
the basic CG and self organisation method.

6.6. Multilevel Priority Performance Evaluation

After observing the performance of the proposed MoC based SON RRM in a single
level scenario, the performance of various schedulers in the case when users priority
is considered in this thesis. In this section, two level priority users with the same
probability of occurrence are considered. Both, HoNet and HetNet scenario are con-
sidered. The HoNet case considers the scenario shown previously with 5 femtocells
within a 60 m by 60 m area while the HetNet case assumes the scenario 1 described
in subsection 6.5.2 on page 176.

6.6.1. HoNet Scenario

A) Sum Rate

It is evident from Figure 6.11 that the proposed scheduling provides a good flexibility
to improve the sum rate of high priority users. It is shown that raising the ` ratio,
which is described in section 6.1, increases the sum rate of the first priority users.
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Figure 6.11.: Sum rate of multilevel priority users
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As a consequence, the sum rate for the low priority users decreases. Nonetheless, the
ability to utilise additional resources improves the net results of the overall system
sum rate by at least 12% as shown by Figure 6.12. As the number of users increases,
the sum rate improvement increases compared to other scheduling schemes.

B) Guaranteed Rate

Figure 6.13 suggests that the proposed scheduling improves the QoS of the high
priority users, especially at the low number of users per femtocell. At high number of
users per femtocell, this increases the conflicts between BSs and limits the available
resources. Furthermore, since the assumption of high priority users do not specify
the placement of various priority users, the same priority levels may exist in the same
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Figure 6.13.: Guaranteed rate of multilevel priority users
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femtocell. If this happens to the first priority users, this eliminates the purpose of
the proposed scheduling to improve the performance of high priority users.

Overall, Figure 6.14 displays that the proposed scheduling do not stop the trans-
mission of low priority users. Furthermore, the QoS of the proposed RRM and
scheduling with 4:1 ratio still maintain better performance than the full spectrum
utilisation with PF scheduler as shown by Figure 6.13. This means the objectives
described earlier, which achieves maintains performance improvement compared to
the full spectrum utilization, is achieved.
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6.6.2. HetNet Scenario

The observation of multilevel priority scheme assumes a two level priority scheme in
a scenario 1 described previously. Similar with HoNet case, this scenario considers
2:1, 3:1 and 4:1 ratios of the proposed scheduling. Furthermore, the sum rate and
guaranteed data rate will be presented.

A) Sum Rate
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Figure 6.15.: Indoor sum rate of multilevel priority users
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Figure 6.16.: Indoor sum rate for all users

Similar with the HoNet scenario, Figure 6.15 shows that the proposed scheduling
improves the sum rate of the HetNet scenario. It is shown that the first priority
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user enjoys 12.5% and 14% improvement compared to PF and RR schedulers, re-
spectively. On the other hand, second priority users loses a maximum of 21.6% and
18.61% of data rate reduction, at ` = 4:1, compared to the PF and RR scheduling,
respectively. Overall, the sum rate of the proposed scheduling increases by 3%s at
high number of users while achieves similar performance with PF scheduler at low
number of users as shown by Figure 6.16. The performance of various ratio value is
approximately similar.

B) Guaranteed Rate
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Figure 6.17.: Indoor guaranteed rate of multilevel priority users
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Figure 6.18.: Indoor guaranteed rate for all users

Similar with the HoNet scenario, the proposed scheduling allows QoS improvement
for first priority users especially in the case of number of users lower than 15. In-
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creasing the ratio increases the QoS for these high priority users. Above that, the
first priority users achieve almost similar QoS with the PF schedulers. This happens
due to the same reason with the HoNet case, which is the distribution of the high
priority users.

It is evident from a Figure 6.18 that the proposed scheduling maintains performance
improvement compared to the full spectrum utilisation even at the 4:1 ratio. As can
be seen from this figure, the fairness reduction is almost insignificant compared to
the full spectrum utilisation. Hence, the sum rate of the proposed technique is
improved as been shown from Figure 6.16 while satisfying the objective to achieve
better performance compared to full spectrum usage at HetNet scenario.

6.7. Summary

This chapter has shown that scheduling can be incorporated with the proposed
interference avoidance technique described in a previous chapter. It is shown that the
proposed RRM maintains sum rate and QoS improvements at the same scheduling
strategy compared to full spectrum usage. As been shown in this chapter, this
condition cannot be achieved by other RRMs. This chapter also proposes a new
scheduling designed for the proposed RRM that can be applied for the multilevel
priority scenario. In the single level scenario case, it is shown that the proposed
scheduling achieves approximately similar QoS and overall sum rate with PF with
no latency is required. On the other hand, the proposed consecutive scheduling can
easily increase the overall sum rate for the high priority users while maintaining the
transmission for the low priority without any latency.
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7. Access Strategy to Improve
Femtocell Deployment

As briefly described in section 2.5 of chapter 2, due to basic nature of femtocell
implementation, which is owned partially by the end-user, this technology can be
implemented in various access strategy. There are three basic access strategy for
femtocell deployment, which are open, closed and hybrid access. Open access strat-
egy allows a femtocell to serve any users within its vicinity as long as the total
number of users is lower than a certain value while the closed access strategy only
allows the femtocell to serve the femtocell owner or registered users. While open
access improves the performance of the surrounding cellular network, closed access
strategy provides the best solution for the femtocell owner. A compromise solu-
tion for the opposite problem is implementing a hybrid access solution. This access
strategy works by giving some of femtocell’s resources reserved to the owners or
registered users while giving the rest of the resource open to outside users.

Evaluations of access strategies that consider the economic perspective are proposed
in [111, 112]. For instance, [111] shows that by allowing the cellular network provider
to auction the access permission to the potential femtocell owner, overall social wel-
fare can be improved in the increasing number of femtocells. These works show that
compensation policy is required to increase the accessibility of femtocell technology.

Inspired by the economic perspective and motivated by the need to encourage fem-
tocell owners to release some of the resource and as the IP backhaul subscription
become unlimited, this chapter proposes various access strategies that combine the
interference avoidance scheme proposed in chapter 4 with the multilevel priority
consecutive scheduling strategy described in chapter 6. Furthermore, a compensa-
tion policy will be proposed in order to encourage femtocell owners to open their
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femtocells accessibility. The performance simulation considers the data rate of the
owners and visitors as well as the surrounding users as used in [113].

This chapter is organised as follows. The system model and access strategy for the
proposed scheme are explained in section 7.1. Then, the impact of the proposed
strategy is examined in section 7.2. Finally, the conclusion is made in section 7.3.

7.1. Access Strategy

A multilevel scheduling strategy is assumed in this chapter. A network model shown
by Figure 2.13. In order to implement the access strategy easily, a multilevel priority
system is also assumed.

7.1.1. Multilevel Strategy Within Femtocell

In this access strategy, a multilevel priority strategy described in a previous chapter
is assumed. Assuming there are a set of users, given by U =

[
U1 . . . UZ ], where

Z is the total number of users, the priority levels stored are denoted in set ℘ =[
℘1 . . . ℘Z

]
where ℘z ∈ {0, 1, . . . ,L} and L is the maximum priority levels.

This chapter proposes L = 4 in order to improve the flexibility of the femtocell
access. The four priority levels are used as follows:

• ℘z = 0 is used for open access and owner of closed access femtocell.

• ℘z = 1 is reserved for the owner of femtocell given that it is set up using hybrid
access scheme.

• ℘z = 2 until 4 are used for visitors of a hybrid based femtocell systems. The
various levels may exist due to subscription policy amongst others.

7.1.2. Types of Femtocell Access Strategy

Various access scheme implementations will be explained in this section. Further-
more, a novel access scheme will also be proposed in here. This novel access scheme
combines the hybrid and the closed access schemes.
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1. Open access scheme

This is a conventional open access scheme. In this scheme, an access point allows
any user to be connected as long as the total users are lower than the maximum
number it can handle. This allows users to be connected to the strongest signal.
Hence, this scheme reduces the potential interference that decreases the available
resources using the MoC based RRM.

Since open access scheme provides equal opportunity for all users within HetNets,
all users will be given ℘z = 0. This will protect all of its users from being allocated
with the same resource with the neighbouring basestations’ users if the priority level
is higher as shown in a previous chapter. Since this scheme provides no priority for
its user(s), the femtocell owner will have the same average data rate with other users
registered to the same femtocell.

2. Hybrid access with multilevel priority scheme

The conventional hybrid access scheme works by allocating most of the available
spectrum to the femtocell owner. In this case, a hybrid access that utilises the mul-
tilevel priority scheduling proposed in previous chapter is utilised. As been shown
previously, this scheduling strategy provides a good flexibility in controlling the data
rate of various priority level scenarios while utilising the fast channel variation.

In this scheme, a femtocell owner will be branded as ℘z = 1. On the other hand,
a visitor will be granted various levels depending on the information sent by the
central node, e.g. femto management system (FMS).

3. Closed access scheme

This access scheme is similar with the conventional closed access scheme. In this
case, a femtocell owner opt to block any user that will try to be connected to
their femto access point. This creates a high potential interference and reduces the
available resource using the proposed MoC based RRM technique. Similar with the
open access scheme, this scheme will brand the femtocell owner as ℘z = 0.

4. Hybrid closed multilevel access scheme

This is a proposed access scheme that combines the closed access and the multilevel
hybrid access schemes. Since a femtocell owner may not be active all the time, this
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scheme allows a femtocell access point to be accessed by any user. Hence, this scheme
provides almost similar impact to the surrounding networks at low probability of
active femtocell owner. At high probability of active femtocell owner, this scheme
will result in a similar performance with the conventional closed access scheme.

7.1.3. Femtocell Owner

Besides proposing a new femtocell access scheme, this chapter also proposes a table
of compensation a/rewards for femtocell owner by the cellular company. Instead of
cost compensation, this chapter proposes data rate compensation for the femtocell
owner. Using this, the impact of various types of femtocell owner when they exist not
in their own premises can be varied based on its potential to support the surrounding
cellular networks. Table 7.1 shows how a femtocell owner will be treated in various
type of femtocell access scheme. For comparison, other users that do not own
femtocell are included as comparison in this table.

7.2. Performance Evaluation

The system model of the performance evaluation is described in Figure 7.1. The
evaluation focuses on the cellular networks performance within a cell edge area as
depicted in Figure 7.1. As can be seen from this illustration, there are nine buildings
are considered in this examination. Various number of femtocells and users within
a 60 m by 60 m building will be considered in this chapter. The rest of simulation
parameters are shown in Table 5.1 and Table 5.2 of chapter 5.

Two types of simulation will be considered in this chapter. The first simulation will
evaluate the impact of various femtocell access to the cellular networks. The second
simulation will examine the compensation impact to a femtocell owner.

7.2.1. Impact to The Network

Impact to the network will be examined into two simulation scenarios. The first
scenario examines the impact of a femtocell access strategy to its users using vari-
ous access. In this scenario, the impact of the a femtocell access to its direct users,
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Table 7.1.: Table of Compensation

Open
access

femtocell

Hybrid
access

femtocell

Hybrid
closed
access

femtocell
(in the

absence of
the owner)

Closed
femtocell

Macrocell
basesta-
tion

Open
access
owner

℘z = 0 ℘z = 1 ℘z = 1 Blocked
from

accessing

Equivalent
with 5
users

Hybrid
access
owner

℘z = 0 ℘z = 2 ℘z = 2 Blocked
from

accessing

Equivalent
with 4
users

Hybrid
closed
access
owner

℘z = 0 ℘z = 3 ℘z = 3 Blocked
from

accessing

Equivalent
with 3
users

Closed
access
owner

℘z = 0 ℘z = 4 ℘z = 4 Blocked
from

accessing

Equivalent
with 2
users

Other
users

℘z = 0 ℘z = 4 ℘z = 4 Blocked
from

accessing

Equivalent
with 1
users

which is femtocell owner and visitors will be examined. Second, the impact of a
femtocell access strategy to the surrounding users within its vicinity. For simpli-
fication, only users within the same building with the femtocell of interest will be
evaluated. Both scenarios are examined in M femtocells and Z active users within
each building whereM is uniformly distributed integer number between 1 and 4 and
Z is uniformly distributed integer number between 10 and 30. Furthermore, using
similar configuration with Figure 7.1, the simulation is focused on the performance
of a single femtocell within the building of interest shown by Figure 7.1.

A) Performance Within Femtocell of Interest

Figure 7.2 shows that the hybrid access strategy provides the best QoS for the
femtocell owner. As can be seen from this figure, the hybrid access scheme provides
more than 1 Mbps of bit rate. On the other hand, although the closed access scheme
does not allow other users to be connected to their premises, it produces the worst
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Figure 7.1.: Simulation scenario

QoS to the femtocell owner. This figure shows that the owner of the closed access
femtocell scheme have a chance of getting a bit rate of less than 1 Mbps and 2 Mbps
in 1% and 15%, respectively. This happens because in the case of the closed access
scheme, this femtocell only has one user, which is the femtocell owner. Since the
MoC based RRM works by allocating the femtocells’ users in certain order from
the highest number of affected users to the lowest users, the femtocell with higher
number of users will have a slightly higher chance of allocating its users than the low
number of users. This means, hybrid and open access schemes have a slightly higher
chance of getting more resources than closed access scheme. In addition, in the case
when the two femtocells have the same number of affected users, the hybrid and
open access schemes femtocell have more than one users. This means, the femtocell
owner of these schemes gain the multiuser diversity advantage compared to the
closed access femtocell. However, the closed access provides the highest bit rate for
more than 50% of femtocell owners because this scheme allows the femtocell owner
to have the maximum resources during the inner users maximisation. This means,
the closed access scheme provides the best overall bit rate for the owner while the
hybrid scheme provides the best QoS.
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Due to its no prioritising policy between its users, Figure 7.3 shows that the open
access scheme provides the best performance for a visitor. On the other hand, the
closed access scheme do not allow any visitor to the femtocell. This figure also
displays that the presence of femtocell owner affect a more significant impact to
the hybrid based scheme compared to the open access because of the priority levels
effect.

B) Performance Within Building of Interest

The impact of active probability of various femtocell access owners to the users
within a close vicinity will be observed here. For simplicity, only users within the
same building are considered here. Furthermore, the owner active probability is
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given by ρ. There are two ρ values considered, which are 10% and 75%.
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Figure 7.4.: CDF of surrounding users’ average bit rate

Figure 7.4 shows that open access provides the best overall performance for the sur-
rounding cellular network users while the closed based access scheme gives the worst
performance for the surrounding users. This figure also shows that the presence of
femtocell owner is largely affecting the closed type femtocell access, especially hybrid
closed access scheme. As can be seen from this figure, the proposed hybrid closed ac-
cess scheme provides a compromise between conventional hybrid and closed schemes.
In the case of low ρ, the performance is similar with conventional hybrid scheme.
As ρ increases, the performance of surrounding users becomes identical with those
of the closed access scheme. In the case of closed access scheme, the performance
difference only occurs at low average bit rate. As can be seen from this figure that
at ρ = 75%, twice more users have lower data rate than 20 kbps, which is a typical
VoIP data rate requirement.

7.2.2. Impact to Femtocell Owner

In this section, the compensation policy impact to a femtocell owner will be exam-
ined. This observation uses the environment shown by Figure 7.1. In here, it is
assumed that there are five femtocells per building with the probability of femtocell
owner activity of 25%. In addition there are between 10 and 30 users per build-
ing exist within the considered environment that are randomly placed around the
building with uniform distribution. Furthermore, there are two scenarios considered
here. The first scenario considers a case when all femtocells are hybrid access. On
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the other hand, the second scenario considers a case when 50% of all femtocells
are hybrid access schemes while the rest are closed based femtocell access. Between
these closed access schemes, conventional closed access and hybrid closed access have
probability of 50% each. The examined femtocell owner is placed randomly within
these buildings.
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Figure 7.5.: CDF of various type of users - Scenario 1
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Figure 7.5 and Figure 7.6 show that open access femtocell owner achieves the highest
data rate and QoS compared while the conventional closed scheme achieves the
wost performance. In the case of scenario 1 where all femtocells have hybrid access
scheme, this type of owner have almost similar performance compared to other users.
The conventional closed access scheme only gain improved performance in terms of
QoS compared to other users in the scenario 2. Since not all femtocells are open
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in this scenario, closed access scheme gain performance improvement from higher
number of subcarriers allocated by the MBS.

By comparing the results shown by Figure 7.5 and Figure 7.6 with Figure 7.4 and
Figure 7.3, it can be seen that more a femtocell owner helps to improve the sur-
rounding cellular networks, the higher the compensation they gain when they are
not in their own premises. It is expected that this policy will encourage the femtocell
owners to set their femtocell access to at least a hybrid access scheme.

7.3. Summary

This chapter has shown a flexible method of utilising a consecutive scheduling (CS)
and MoC based RRM described from chapter 4 until chapter 6. It has also shown
a method to carefully assign various users by utilising multilevel priority properties
in the CS scheme. Furthermore, this chapter also proposes a new femtocell access
strategy that combines the conventional hybrid and closed strategy that takes into
consideration the inactivity of the femtocell owner. Finally, a compensation pol-
icy for femtocell owner is proposed in order to encourage the owner to help the
surrounding networks.

The results show that although closed scheme provides the best possible data rate
for the femtocell owner for more than 50% compared to other schemes, hybrid access
is the best scheme to achieve the best QoS. On the other hand, open access scheme
provides the best support to the surrounding users performance. This impact is
compensated by the performance of the compensation policy that provides the open
access femtocell owner to achieve the best performance when they exist not in their
own premises while the conventional closed access femtocell owner have the worst
overall bit rate and QoS.
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8.1. Conclusions

The aim of this project is to improve the performance of the cellular networks
through both physical (PHY) and medium access control (MAC) layers using the
cooperative communication frameworks which has been successfully made.

• OFDMA based pairing type (PT) cooperative diversity has been designed
as an alternative to relay type (RT) cooperative diversity scheme. This is
achieved by utilising the unlicensed band and single dimensional OFDM mod-
ulation to achieve two diversity orders and a transmission rate of one sym-
bol/second/Hz. Since the channel is complex (inphase and quadrature), it is
possible to exploit the second dimension (the quadrature) for diversity pur-
poses and to allow interference exploitation, as well as, to minimise sensitivity
to timing-misalignment between members of each cooperative pair.

• The OFDMA based PT cooperative diversity scheme has been analysed and
simulated under both ideal and non-ideal channel conditions. It is shown that
this technique provides significant BER reduction, especially at low SNR, and
improves throughput performance compared to conventional direct transmis-
sion and RT techniques.

• Interference avoidance RRM algorithm using cooperative frameworks has been
created through interference mapping based RRM that combines confederation-
style with a routing algorithm principle and self-organising network (SON)
functionality. Interference mapping in a form of matrix of conflict (MoC) is
used to track the conflicts between one BS and the surrounding UEs. When a
BS submits its MoC, using a routing principle to check with the global MoC,
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the FMS decides whether this BS can use a part of or the entire spectrum. If
partial spectrum is applied, the FMS applies a set of rule based on principle
of DVRP routing algorithm for spectrum allocation.

• The performance of the interference map based RRM has been investigated
in homogeneous network (HoNet) and heterogeneous network (HetNet) cases.
It was shown from HoNet simulation scenario that the proposed RRM pro-
vides superior overall rate increases and QoS improvements while supporting
greener communication systems in various scenarios compared to other RRMs.
Furthermore, it was demonstrated that the MoC based SON RRM is also able
to satisfy the increasing demand on performance improvement in HetNets en-
vironments. It was shown that the proposed algorithm is able to improve the
guaranteed data rate as well as the sum rate for all users in various distances
from the MBS. The performance improvement occurs in the WiMAX and LTE
systems.

• Scheduling has been combined with various interference avoidance schemes.
It is shown that the proposed RRM maintains a sum rate and QoS improve-
ments at the same scheduling strategy compared to full spectrum usage. This
condition can not be achieved by other RRMs.

• A new scheduler for the proposed RRM has been designed and can be applied
for the multilevel priority scenario. This is a very important property that
can be utilised for the scheduling investigation. In the single level scenario
case, it is shown that the proposed scheduling achieves approximately similar
QoS and overall sum rate to PF with no latency is required. On the other
hand, the proposed consecutive scheduling can easily increase the overall sum
rate for the high priority users while maintaining the transmission for the low
priority without any latency.

• A comprehensive femtocell access policy has been created using the interfer-
ence mapping based RRM and the new scheduler. The proposed access strat-
egy considers detailed policy of users allocation as well as compensation policy
for the femtocell owner when they are not in their own premises. Further-
more, a new femtocell access strategy that combines the conventional hybrid
and closed strategy that takes into consideration the inactivity of the femto-
cell owner has been proposed. The results show that although closed scheme
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provides the best possible data rate for the femtocell owner for more than 50%
compared to other scheme, hybrid access is the best scheme to achieve the best
QoS. On the other hand, the open access scheme provides the best support to
the surrounding users performance. This impact is compensated by the per-
formance of the compensation policy that provides the open access femtocell
owners to achieve the best performance when they do not exist not in their
own premises while the conventional closed access femtocell owner have the
worst overall bit rate and QoS.

8.2. Future Work

Future works recommendation based on the knowledge acquired in this research are
presented below:

• The performance improvement achieved by the proposed user pairing tech-
niques requires further investigation of the practicality and the impact on the
existing standard and issues. At this stage, the proposed technique is ap-
plied in standard OFDMA uplink transmission, by assuming the frequency
offset is perfectly eliminated and PAPR is reduced significantly. However, it is
mentioned in practice in subsection 2.2.3 on page 47, these two problems are
usually eliminated at the same time in the uplink transmission by employing
SC-FDMA. Therefore, the first thing needs to be investigated in the future
related to the cooperative diversity is employing the proposed technique using
SC-FDMA instead of just standard uplink OFDMA.

• The evolution of MIMO system into a massive MIMO and parasitic anten-
nas gives various framework in the future cellular networks [114, 115]. With
parasitic antennas, only one radio frequency (RF) chain is required in the
transmitter that reduces the power consumption with the penalty of reducing
the diversity. On the other hand, massive MIMO that installs large number of
antennas at the basestation (BS) provides an alternative of cell-shrinking idea
in heterogeneous networks (HetNets). This project has successfully adopted
the conventional MIMO into cooperative diversity. Therefore, future inves-
tigation is required to adopt the new MIMO system into a new cooperative
diversity into parasitic concept. Furthermore, since massive MIMO will still
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be deployed together with the HetNets, it is worth to investigate the behaviour
of the interference mapping proposed in this project in the presence of massive
MIMO BSs.

• It is shown in chapter 7 that the proposed matrix of conflict (MoC) based radio
resource management (RRM) provides an easy way to manage the various
femtocell access scheme strategy. So far in this project, it is assumed that the
users can be connected to the closest femto access point (FAP) as long as the
FAP provides open access strategy. This means femtocell can be connected to
many users. However, it is mentioned in [1] that there are some limitations of
the number of users connected to certain femto access point (FAP). Hence, it
is worth investigating the impact of the proposed RRM in such scenario. This
may require some additional access policy for this load balancing scenario.

• Uplink scenario of the MoC RRM needs to be designed by considering adaptive
transmitted power in the uplink and SC-FDMA system. Further investigation
of the uplink scenario also needs to consider the same measurement report
(MR) with downlink case.

• Although the MoC based radio RRM has shown an adaptive capability over
various scenario, further investigations is required to find the signal to inter-
ference ratio (SIR) threshold, γth, value in various scenario. The first consid-
eration regarding this is the application of multilevel γth values. By combining
it with power control strategy, co-tier transmission such that the quality of
service is maintained and the overall sum rate can be improved. Furthermore,
since this project assumes only a full buffer scenario, a fix γth value may not
be appropriate in some applications. This is because in reality, signal trans-
mission from various users comes from various applications ranging from voice
call, internet browsing and video on demand. These create a scenario where
downlink buffer may not always be full. Hence, application aware adaptive γth
method is still open for further investigation.

• In this research, the MoC is created using a binary principle. This matrix only
indicates the source of interference with a single threshold. Due to large signal
variation received by a user, it is, then, possible to create a MoC based on
multilevel γth. Further investigation is required in order to find the optmised
γth values and new rules of allocation.
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• MoC proposed in this research tracks the power from various basestations
(BSs). The FMS can gather the MoC from various BSs and collect this in-
formation as a long term prediction of users behaviour. SON framework in
4G system aims to improve the networks quality in the short and long terms.
Short term solution is achieved by instantaneous RRM schemes that are adap-
tive with the instantaneous condition while the long term solution provides a
fix resource allocation that can, by default, avoid the interference between
BSs. A further study of statistical method and rules are required in further
study in order to balance the requirements to maximise spectrum utilisation
and minimise the interference.

• Another long term SON solution regarding the statistical MoC reading is re-
lated to switching off the basestations to reduce the power consumption of the
cellular networks.

• Analysis presented in this thesis does not consider the additional random fluc-
tuation of the pathloss as a result of shadowing. Further analysis is necessary
in order to observe the shadowing impact to the performance of the proposed
schemes.
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A. Appendix 1: Throughput
Calculation

In order to calculate the bandwidth efficiency, channel capacity of the system needs
to be known. Channel capacity is the maximum bit rate that can be achieved in a
reliable communication system. Finding channel capacity requires knowledge of the
signal being transmitted. This determines the channel models used for analysing the
capacity. Because the system is digitised, the signal can be considered as discrete-
time and continuous-time. Discrete-time channel is used when signal transmitted for
Ts period are considered as one symbol while continuous-time channel is considered
when the analysis considers the overall transmitted waveform. The capacity of both
channels are related by

Ccont = Cdisc
Ts

(A.1)

where Ccont is the throughput, Cdisc is discrete-time channel and Ts is symbol period.

The reliability in the channel capacity related to the probability of having correct
message in the receiver and hence to the probability of bit error. In order to relate the
probability of having error message to the rate of the message, metric for measuring
the information content of the transmitted signal is required [99]. This metric is
developed by Shannon [116] and is called entropy, Ξ, which is defined as the average
amount of information per source output [99]. For any message, X, withM possible
combinations and probability of p1, . . ., pM , the entropy is given by [99]

Ξ (X) =
M∑
i=1

pi log2 pi (A.2)

where ∑M
i=1 pi = 1. For equally probable message signal with probability equals with

215



Appendix 1: Throughput Calculation

1/M , the entropy is simply given by

Ξ (X) = − log2

( 1
M

)
= log2M (A.3)

When there is input, X, given that it will have output, Y , conditional entropy, which
is called equivocation, is required to analyse the system and is given by [99]

Ξ (X|Y ) = −
∑
X,Y

P (X, Y ) log2 P (X, Y ) (A.4)

and can be expanded as

Ξ (X|Y ) = −
∑
Y

P (Y )
∑
X

P (X|Y ) log2 P (X|Y ) (A.5)

For an equally probable input signal, X, the output signal, Y , will also be equally
probable and results in ∑P (Y ) = 1. In addition, if the probability of having error
symbol is given by Ps, the probability of having correct symbol is given by (1− Ps).
Hence, the equivocation of equally probable input signal with M possible messages
is given by

Ξ (X|Y ) = −Ps log2

(
Ps

M − 1

)
− (1− Ps) log2 (1− Ps) . (A.6)

Using the entropy of the input message signal and the equivocation of the trans-
mitted and the received signal, the discrete-time channel capacity is then given by
[41]

Cdisc = Ξ (X)− Ξ (X|Y ) (A.7)

and can be expanded as

Cdisc = −
M∑
i=1

pi log2 pi +
∑
Y

P (Y )
∑
X

P (X|Y ) log2 P (X|Y ) (A.8)

For equally probable input signal, the discrete-time channel capacity is then given
by

Cdisc = log2M + Ps log2

(
Ps

M − 1

)
+ (1− Ps) log2 (1− Ps) (A.9)

It is important to note that although different input signal can be modified to have
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different probability through some pre-coding; throughout this project the signals
transmitted are equally probable message signal. This is because the main interest
of this project is to explore the diversity technique, which is performed after the
coding.
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B. Appendix 2: Timing Effect
Between Pairing Users in PT
OFDMA

At the BS, the received signal, y(t) is multiplied with cos (2πfct) for the inphase and
sin (2πfct) for the quadrature signals. If it is assumed that there is additional time
offset in the local oscillator (LO) which leads to some phase offset, θo, the inphase
signal after multiplication with the LO signal will become

yi(t) = y(t) cos (2πfct+ θo) (B.1)

and the quadrature received signal will become

yq(t) = y(t) sin (2πfct+ θo) . (B.2)

This multiplication shifts all the information from fc into 0 and 2fc components.
This means the bandpass filter representation, YBP (t), can be ignored since this
multiplication shifts the non-zero values from between fc and fc+W , where W is
the bandwidth of the transmitted signal, into the –W and W and between 2fc and
W components. Therefore, the inphase of y(t) is given by

yi(t) = 2xϑp(t) (h1θi1 + h2θi2 + h3θi3 + h4θi4) (B.3)

and similarly, the quadrature of y(t) is given by

yq(t) = 2xϑp(t) (h1θq1 + h2θq2 + h3θq3 + h4θq4) . (B.4)
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θi1 , θi2 , θi3 and θi4 are respectively given by

θi1 = (cos (θd1) cos (θo) [cos (2π2fct)− cos (0)]−

cos (θd1) sin (θo) [sin (2π2fct) + sin (0)]− (B.5)

sin (θd1) cos (θo) [sin (2π2fct) + sin (0)]−

sin (θd1) sin (θo) [cos (2π2fct)− cos (0)])

θi2 = (cos (θd2) cos (θo) [cos (2π2fct)− cos (0)]−

cos (θd2) sin (θo) [sin (2π2fct) + sin (0)]− (B.6)

sin (θd2) cos (θo) [sin (2π2fct) + sin (0)]−

sin (θd2) sin (θo) [cos (2π2fct)− cos (0)])

θi3 = (sin (θa + θd3) cos (θo) [cos (2π2fct)− cos (0)] +

cos (θa + θd3) cos (θo) [sin (2π2fct) + sin (0)] + (B.7)

sin (θa + θd3) cos (θo) [sin (2π2fct) + sin (0)]−

cos (θa + θd3) sin (θo) [cos (2π2fct)− cos (0)])

θi4 = (sin (θa + θd4) cos (θo) [cos (2π2fct)− cos (0)] +

cos (θa + θd4) cos (θo) [sin (2π2fct) + sin (0)] + (B.8)

sin (θa + θd4) cos (θo) [sin (2π2fct) + sin (0)]−

cos (θa + θd4) sin (θo) [cos (2π2fct)− cos (0)]) .
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On the other hand, θq1 , θq2 , θq3 and θq4 are respectively given by

θq1 = (cos (θd1) cos (θo) [sin (2π2fct) + sin (0)] +

cos (θd1) sin (θo) [cos (2π2fct) + cos (0)] + (B.9)

sin (θd1) cos (θo) [cos (2π2fct) + cos (0)]−

sin (θd1) sin (θo) [sin (2π2fct) + sin (0)])

θq2 = (cos (θd2) cos (θo) [sin (2π2fct) + sin (0)] +

cos (θd2) sin (θo) [cos (2π2fct) + cos (0)] + (B.10)

sin (θd2) cos (θo) [cos (2π2fct) + cos (0)]−

sin (θd2) sin (θo) [sin (2π2fct) + sin (0)])

θq3 = (cos (θa + θd3) cos (θo) [sin (2π2fct) + sin (0)]−

sin (θa + θd3) sin (θo) [cos (2π2fct) + cos (0)] + (B.11)

cos (θa + θd3) cos (θo) [cos (2π2fct) + cos (0)] +

sin (θa + θd3) sin (θo) [sin (2π2fct) + sin (0)])

θq4 = (cos (θa + θd4) cos (θo) [sin (2π2fct) + sin (0)]−

sin (θa + θd4) sin (θo) [cos (2π2fct) + cos (0)] + (B.12)

cos (θa + θd4) cos (θo) [cos (2π2fct) + cos (0)] +

sin (θa + θd4) sin (θo) [sin (2π2fct) + sin (0)])

Finally, the two signals are low pass filtered in order to remove the 2fc components
and get the baseband signal of the inphase, y1(t), and quadrature, y2(t), signals for
maximum ratio combining in the frequency domain as illustrated in Equation 3.19
and Equation 3.20. Hence, after filtering, y1(t) and y2(t) in the absence of noise are
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given as If θa = 0, then y1(t) and y2(t) become

y1(t) = xϑp(t) {h1 [cos (θd1) cos (θo) + sin (θd1) sin (θo)]

+h2 [cos (θd2) cos (θo) + sin (θd2) sin (θo)]

+h3 [sin (θd3) cos (θo) + cos (θd3) sin (θo)] (B.13)

+h4 [sin (θd4) cos (θo) + cos (θd4) sin (θo)]}

y2(t) = xϑp(t) {h1 [cos (θd1) sin (θo) + sin (θd1) cos (θo)]

+h2 [cos (θd2) sin (θo) + sin (θd2) cos (θo)]

+h3 [− sin (θd3) sin (θo) + cos (θd3) cos (θo)] (B.14)

+h4 [− sin (θd4) sin (θo) + cos (θd4) cos (θo)]}

On the other hand, if θa = π/2, then y1(t) and y2(t) become

y1(t) = xϑp(t) {h1 [cos (θd1) cos (θo) + sin (θd1) sin (θo)]

+h2 [cos (θd2) cos (θo) + sin (θd2) sin (θo)]

+h3 [cos (θd3) cos (θo)− sin (θd3) sin (θo)] (B.15)

+h4 [cos (θd4) cos (θo)− sin (θd4) sin (θo)]}

y2(t) = xϑp(t) {h1 [cos (θd1) sin (θo) + sin (θd1) cos (θo)]

+h2 [cos (θd2) sin (θo) + sin (θd2) cos (θo)] (B.16)

+h3 [− sin (θd3) cos (θo)− cos (θd3) sin (θo)]

+h4 [− sin (θd4) cos (θo)− cos (θd4) sin (θo)]}

As can be clearly seen from Equation B.13 until Equation B.16, the phase offset
within one pair, θa, only randomises further the already random channel path mag-
nitude. Furthermore, setting θo of Equation 3.35 and Equation 3.36 to zero will
simply eliminate the sin (θo) giving the following:

y1(t) = xϑp(t) {h1 cos (θd1) + h2 cos (θd2) + h3 sin (θa + θd3) + h4 sin (θa + θd4)}
(B.17)

y2(t) = xϑp(t) {h1 sin (θd1) + h2 sin (θd2) + h3 cos (θa + θd3) + h4 cos (θa + θd4)} .
(B.18)
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In contrast, setting θo to π/2 will simply eliminate the cos (θo) giving the following:

y1(t) = xϑp(t) {h1 sin (θd1) + h2 sin (θd2) + h3 cos (θa + θd3) + h4 cos (θa + θd4)}
(B.19)

y2(t) = xϑp(t) {h1 cos (θd1) + h2 cos (θd2)− h3 sin (θa + θd3)− h4 sin (θa + θd4)} .
(B.20)

Equation B.17 until Equation B.20 are evidences that even when the BS’s LO phase
offset, θo, is not perfectly synchronised with that of the transmitters, the receiver
will always be able to detect the correct signal from the pair since the inphase and
quadrature contain the same baseband signal. In contrast, this is not possible in
the case of complex OFDM signal because the inphase and quadrature signals are
different and hence the LO imperfections will affect them differently. The worst
case scenario of LO imperfection of the complex OFDM signal is when the receiver
detects the inphase signal as quadrature signal, which happens when the LO is offset
by π/2.
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The probability density function (PDF) of the SBS’s position across the x or y
direction based on the Assumption 1 is given by

fX (x) =


1
l
, 0 < x ≤ l

0, otherwise
. (C.1)

Furthermore, if we assume (X1, Y1) and (X2, Y2) are the positions of the first
and second random SBSs with PDF of Equation C.1, 4X and 4Y are given by
4X = X1−X2 and 4Y = Y1−Y2 respectively and the distance between the two
SBSs, G, is given by

G =
√

(4X )2 + (4Y )2. (C.2)

4X and 4Y can also be written as 4X = X1 +X2− and 4Y = Y1 +Y2− where
where X2− is given by −X2 and Y2− is given by −Y2. Based on the Assumption 1,
then distance between Tc and uz, dcuz , is equivalent to G and the PDF of dmuz is
given by

fDMUz
(dmuz) =


1

dMAX
, 0 < dmuz ≤ dMAX

0, otherwise
(C.3)

and the relative distance between a UE and its neighboring BS, rmc, is given by

rmc = dmuz
G

. (C.4)

The PDF of X2− , f2−(x) is given by

f2−(x) =


1
l
−l ≤ x < 0

0 otherwise
(C.5)
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and the PDF of X1, f1(x), is equivalent to f∆X (x). Therefore, the PDF of 4X ,
f4X (x), is given by

f4X (x) =
∞̂

−∞

f2−(τ)f1(x − τ)dτ. (C.6)

If we assume that u (x) is a step function across x given by

u(x) =

 1 x > 0
0 otherwise

. (C.7)

Expanding Equation C.6 gives:

f4X (x) = 1
l2

∞̂

−∞

[u(τ + l)− u(τ)]

[u(x − τ)− u(x − τ − l)] dτ (C.8)

and therefore

f4X (x) =


1
l2

(l + x) −l ≤ x < 0
1
l2

(l − x) 0 ≤ x ≤ l

0 otherwise
. (C.9)

Since (4X )2 is equivalent to (|4X |)2, the PDF of |4X | is given by

f|4X |(x) =


2
l2

(l − x) 0 ≤ x ≤ l

0 otherwise
(C.10)

and the joint probability of |4X | and |4Y |, f|4X |,|4Y | (x, y), is

f|4X |,|4Y | (x, y) =


4
l4

(l − x) (l − y) 0 < x, y < l

0 otherwise
. (C.11)

Using Equation C.11, the PDF of G, fG (g), is then given by

fG (g) =
∞̂

−∞

∣∣∣∣∣ g√
g2 − x2

∣∣∣∣∣ f|4X |,|4Y |

(
x,
√

g2 − x2
)
dx (C.12)
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It can be easily shown that fG (g) has the following solution

fG (g) =


fG1 (g) 0 < g < l

fG2 (g) l ≤ g ≤
√

2l
0 otherwise

(C.13)

where fG1 (g) and fG2 (g) are given by

fG1(g) = 4g
l4

[
l2 arcsin (1) + 1

2g2 − 2lg
]

(C.14)

fG2 (g) = 4g
l4

[
l2 arcsin

(
l

g

)
− l2

2 + 2l
√

g2 − l2− (C.15)

2l2 − l2 arcsin
(√

g2 − l2
g

)
− 1

2
(
g2 − l2

)]

and it can be proven that

lˆ

0

fG1 (g) dg�

√
2lˆ

l

fG2 (g) dg. (C.16)

The PDF of the relative distance, rmc, as described in Equation C.4 is given by

fRMC
(rmc) =

∞̂

−∞

|g| fDMUz ,G
(grmc, g) dg (C.17)

where fDMUz ,G
(dmuz , g) is the joint PDF of dmuz and G given by

fDMUz ,G
(dmuz , g) =



fG1(g)
dMAX

, 0 < dmuz < dMAX , 0 < g < l

fG2(g)
dMAX

, 0 < dmuz < dMAX , l ≤ g ≤
√

2l

0 otherwise

. (C.18)

Inserting Equation C.18 into Equation C.17 gives

fRMC
(rmc) = fRMC1 (rmc) + fRMC2 (rmc) (C.19)

225



Appendix 3: Proof of Lemma 1

where fRMC1 (rmc) and fRMC2 (rmc) are given by

fRMC1 (rmc) =
∞̂

−∞

|g| fG1 (g)
dMAX

[u (g)− u (g − l)]

[u (grmc)− u (grmc − dMAX)] dg (C.20)

fRMC2 (rmc) =
∞̂

−∞

|g| fG2 (g)
dMAX

[
u (g − l)− u

(
g −
√

2l
)]

[u (grmc)− u (grmc − dMAX)] dg. (C.21)

Since the CDF of fG1 (g) and fG2 (g) are related based on Equation C.16, it can be
shown that

fRMC
(rmc) ≈ fRMC1 (rmc) . (C.22)

It can also be easily shown that fRMC1 (rmc) has the following solution

fRMC1 (rmc) =


4l

3dMAX
arcsin(1) + 4l

10dMAX
− 2 l

dMAX
, 0 < rmc <

dMAX

l

4d2
MAX

3l2r3
mc

arcsin(1) + 4d4
MAX

10l4r5
mc
− 2d3

MAX

l3r4
mc

, rmc ≥ dMAX

l

. (C.23)
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