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ABSTRACT

Telecommunication standards bodies and vendors all over the world are seeking

ways of continuing the evolution of mobile communication technology on to its next

generation. Providing ubiquitous broadband access to all mobile users distributed

in a given area with a fragmented spectrum remains a challenging task. This thesis

contributes to the global efforts by extending bandwidth by means of Spectrum

Aggregation (SA) in Next Generation Mobile Networks (NGMN).

First of all, the motivation behind SA for NGMN is investigated. SA is intro-

duced to create large virtual carrier bandwidths for data hungry users by aggre-

gating fragmented segments of spectrum. By using SA, multiple carriers with

different bandwidths, dispersed within intra or inter-bands, can be simultaneously

utilised to provide higher data rates, better coverage and simplified multi-band

traffic management, resulting in an enhanced user quality of experience. However,

SA functionality introduces new challenges for transceiver architecture and Radio

Resource Management (RRM) functionality of the network.

Secondly, spectrum assignment for cognitive radio networks with SA is investi-

gated. For this purpose, an aggregation-based spectrum assignment is formulated

as an integer optimisation problem. The problem is solved using a genetic algo-

rithm to exploit the discontinuity of the available spectrum and to achieve higher

capacity gains. The formulation not only considers interference to primary users

but also takes into account co-channel interference among secondary users and

maximum aggregation span. Simulation results clearly show that the proposed

algorithm outperforms state-of-the-art solutions in terms of spectrum utilisation

and higher convergence rate.

Thirdly, RRM in Long-Term Evolution (LTE) networks with SA is considered. It

is shown that the optimal solution of RRM in different scenarios can be achieved

by solving the relaxed optimisation problem. The optimum RRM algorithm with

reduced complexity is proposed and compared with the current solutions in lit-

erature. The proposed algorithm optimally assigns component carriers, resource
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blocks, modulation and coding scheme values based on users’ channel state infor-

mation and SA capabilities. Simulation results clearly show that the proposed

algorithm outperforms current solutions in terms of cell throughput and user

throughput fairness.

Last but not least, resource allocation with SA for orthogonal frequency-division

multiplexing based networks is studied. A joint resource allocation problem with

SA functionality is formulated and sub-optimal solutions with low computational

complexity are proposed. Simulation results verify that the proposed algorithms

achieve near optimum throughput and exploit the multi-carrier diversity of wireless

systems.
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Chapter 1

Introduction

Existing wireless networks are regulated by a traditional static spectrum alloca-

tion policy, whereby the telecommunication standards bodies allocate spectrum

bands to licence holders on a long-term basis over vast geographical regions. This

policy generates many unwanted small spectrum fragments that cannot be fully

utilised, leading to low spectrum utilisation. In recent times, because of the ex-

plosive growth in spectrum demand, this policy is facing spectrum discontinuity

and the so-called spectrum scarcity problem in the popular spectrum bands. Next

Generation Mobile Networks (NGMN) will provide the capability to utilise frag-

mented spectrum with Spectrum Aggregation (SA) in an opportunistic manner.

SA is a prominent mechanism in the NGMN for improving transmission band-

width, which is one of the prime factors that enhances both network and users’

performance.

1.1 Global Mobile Data Traffic

Global mobile data traffic is estimated to reach 24.3 exabytes (billion gigabytes)

per month in 2019 - a nearly six-fold increase over 2015 - according to Cisco Sys-

tems [1] as shown in Figure 1.1. Emerging new services continues to increase

1
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Figure 1.1: Global mobile data traffic analysis between 2015 and 2019 [1].

demand for mobile data by introducing new applications that consume a consid-

erable volume of traffic [1]. Video itself contributes to more than 40% of mobile

data traffic today, and shows no sign of slowing in the future [1]. According to

Cisco Systems, since video streaming has a higher bit rate requirement than other

services, mobile video will contribute much of the mobile traffic growth through

2019 [1]. Figure 1.2 illustrates the expected traffic that each service will generate

in four years’ time.

The growing number of Machine to Machine (M2M) devices, wearable devices,

smartphones, tablets, and laptops is a major traffic generator, because these de-

vices provide the data hungry users with a growing range of new services and

applications not previously supported. Figure 1.3 compares the typical generated

data traffic of modern wireless devices to basic-feature phones [1].

Furthermore, mobile Internet penetration worldwide has been growing fast; it is

estimated that by 2017 mobile access will exceed fixed-line access globally [2]. The

explosive usage of wireless devices and new services for mobile communications are

2
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Figure 1.2: Analysing mobile applications: mobile video will generate more
than 69% of mobile data traffic by 2019 [1].

Figure 1.3: High-end devices equivalent traffic usage [1].

converting the digital revolution into an increasingly mobile phenomenon, indicat-

ing how much modern society is dependent on a spectrum which is becoming a

scarce and precious resource. Demand for high-speed multimedia data commu-

nications, such as real-time video streaming, is markedly increasing [2]. Hence,

providing high-data rate access is one of the main goals of NGMN.
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1.2 Evolution of Mobile Communication Systems

Since the late 1970s and early 1980s, mobile communications have evolved from

being expensive technology for a few people to today’s ubiquitous systems used by

75% of the world’s population [3]. The task of developing mobile technologies is a

formidable job, carried out by global telecommunication standards bodies such as

the International Telecommunication Union (ITU), the European Telecommunica-

tions Standards Institute (ETSI), and the Third Generation Partnership Project

(3GPP).

Mobile communication technologies have often been categorised into generations,

with 1G using analog transmission for voice services in the 1980s, 2G introducing

the first digital mobile systems, 3G the first mobile systems handling broadband

data, and 4G the first all-Internet Protocol (IP) based mobile communication

[4]. Both 1G and 2G are considered as narrowband, because both offered only

low-bandwidth services such as voice and text messaging. Compared to 1G, 2G

systems used digital multiple access technology to deliver low-data rate services

(at a peak data rate of 9.6 kbps) including text messaging and circuit-switched

data services [4].

With the advent of 3G and the higher-bandwidth radio interface of UTRA (Univer-

sal Terrestrial Radio Access), a range of new services over the mobile-communication

networks was offered. The evolution of 3G systems into 4G (also known as Long-

Term Evolution (LTE)) was driven by the creation and development of new services

for mobile devices by creating mobile broadband. Supporting the same IP-based

services in a mobile device as people use at home with a fixed broadband connec-

tion is one of the prime drivers for the evolution of LTE [4].

Recently, LTE has been developed as 4G wireless technology that can support the

next generation of multimedia applications with high capacity and high mobility

4
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needs. However, the peak data rate from 3G Universal Mobile Telecommunications

System (UMTS) to 4G LTE-Advanced (LTE-A) is increasing by only 55% annually,

while global mobile traffic showed an annual growth rate of 131% between 2008

and 2015 [5]. Thus, there is a huge gap between the growth rate of the new air

interface and the growth rate of customers’ needs. A promising way to alleviate

the contention between traffic demand and actual system capacity is to exploit

more available spectrum resources.

1.3 Fundamental Constraints of High Data Rates

The maximum data rate at which information can be transferred over a given com-

munication channel is known as channel capacity. In information theory, channel

capacity (ϑ) for the channel of a specified bandwidth in the presence of additive

white Gaussian noise can be calculated using Shannon–Hartley’s theorem [6] as

follows:

ϑ = BW · log2

(
1 +

S

N

)
(1.1)

where BW is the channel bandwidth, S is the average received signal power, and

N denotes the average power of the white noise impairing the received signal.

Shannon–Hartley’s channel capacity implies that the channel bandwidth and re-

ceived signal power - or, more precisely, Signal-to-Noise Ratio (SNR) - are two

factors limiting the achievable data rate. The average received signal power can

be modelled as S = Eb · R where Eb and R are the received energy per bit and

channel data rate, respectively. Moreover, because white noise is a random signal

with a constant power spectral density, its power can be calculated as N = N0·BW

where N0 is the constant noise power spectral density.
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Based on the fact that the channel data rate is always less than the theoretical

channel capacity, the following inequality can be concluded:

R ≤ ϑ = BW · log2

(
1 +

S

N

)
= BW · log2

(
1 +

Eb ·R
N0 ·BW

)
(1.2)

By defining spectrum efficiency ν = R/BW , Eq. (1.2) can be converted to its

equivalent as follows:

ν ≤ log2

(
1 +

Eb
N0

· ν
)

(1.3)

Again, by reformulating Eq. (1.3), a lower bound on the required received energy

per bit, normalised to the noise power density, can be obtained:

Eb
N0

≥ min{Eb
N0

} =
2ν − 1

ν
(1.4)

The minimum required Eb
N0

as a function of the spectrum efficiency is shown in

Figure 1.4. For spectrum efficiencies less than 1, the min{Eb
N0
} is relatively con-

stant, regardless of ν. In other words, increasing data rate requires a proportional

increase in the minimum received signal power S = Eb ·R (assuming noise power

density is constant). Additionally, for spectrum efficiencies larger than 1, min{Eb
N0
}

increases quickly with ν. Thus, for data rates larger than the channel bandwidth,

increasing the data rate requires a larger relative increase in the minimum received

signal power.

It is concluded that transmission with a high-spectrum efficiency is power inef-

ficient in the sense that it demands disproportionately high SNR. Provisioning

very high data rates within a limited bandwidth is only possible in the high SNR

scenarios, for instance when users are close to the cell centre. Instead, in order to

provide high data rates as efficiently as possible in terms of required SNR, as well

as providing high data rates not only for cell-centre users but also for cell-edge

users, the channel bandwidth should be at least of the same order as the data

6
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Figure 1.4: Minimum required Eb
N0

at the receiver as a function of spectrum
efficiency ν.

rates.

1.4 Broadband Mobile Communications

To achieve high-bandwidth transmission, the Federal Communications Commis-

sion (FCC) has been investigating the introduction of innovative Radio Resource

Management (RRM) techniques to optimally manage the spectrum in such a way

as to improve spectrum utilisation [7]. Therefore, telecommunication standards

bodies for the NGMN have introduced the exploitation of novel features to enhance

spectral utilisation, such as SA, Multiple-Input and Multiple-Output (MIMO)

techniques, and the deployment of small cells.

SA is applied to enhance data rate of users by increasing bandwidth, by means

of modified RRM functionality of the network. MIMO is employed to improve

users’ data rate by transmitting multiple data streams from different antennas

to users. Small cells are practical and cost-efficient approaches for increasing

7
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spectrum utilisation by allowing users served directly by the low-powered radio

access to reuse spectrum [8].

Amongst these mentioned features, SA has attracted much attention recently. SA

is a key feature of NGMN that enables Mobile Network Operators (MNOs) to

create large virtual spectrum bandwidths for novel data hungry applications by

exploiting discontinuous spectrum bands [4]. In this way, the multiple discontinu-

ous spectrum bands can sustain information flow transmission service in the same

way as the continuous spectrum bands.

1.5 Motivation

In order to satisfy the exponential growth of wireless data services and the growing

number of wireless users, an overall transmission bandwidth of up to 100 MHz

and correspondingly higher data rates of up to 1 Gbps is essential [9]. However,

nowadays it is hard to find an available continuous spectrum large enough to satisfy

the high bandwidth requirements of users of mobile communication systems [10].

SA is an effective tool for providing the high bandwidth requirements for the

services and gains to be had in the case of spectrum fragmentation in NGMN.

The Office of Communications (Ofcom) is responsible for the management, reg-

ulation, assignment and licensing of the electromagnetic spectrum in the United

Kingdom (UK). Ofcom recently investigated spectrum fragmentation in the UK.

The adoption of old spectrum management policies and spectrally inefficient tech-

niques are considered to be the main reasons for spectrum fragmentation [10]. In

other words, spectrum fragmentation is considered the product of the regulatory

environment.

8



Chapter 1. Introduction

Traditionally, wireless networks can only utilise continuous spectrum resources,

but due to static (fixed) spectrum allocation policy, the wide continuous spec-

trum bands are hardly available under the current situation of spectrum resources.

The majority of MNOs have fragmented spectrum dispersed in different frequency

bands and bandwidths [11]. Making effective use of multiple and simultaneously

available spectral fragments for new services enhances spectrum utilisation of

MNO’s spectrum resources, leading to an evolutionary development in the use

and management of the radio spectrum.

Quality of Experience (QoE) of users is largely coupled to unpredictable trans-

mission wireless environments, leading to intermittent connectivity and therefore

low throughput. Because the qualities of channels vary randomly, SA can be used

to improve communication reliability in wireless networks. Thus, in addition to

enabling higher transmission bandwidth, simultaneous utilisation of multiple spec-

trum segments offers an extra frequency diversity due to the fact that assigned

channels may experience different propagation losses and interference [8].

SA techniques can be applied for supporting simultaneous multi-site transmission

in Heterogeneous Wireless Networks (HWNs) using licensed or even unlicensed

spectrum, thus generating new spectrum resources for MNOs. Additionally, SA

in HWNs, especially ultra-dense ones, can be applied as a promising solution

for interference management. For instance, authors in [12] proposed autonomous

carrier selection as a fully distributed and scalable method for the interference

management problem in local areas, based on LTE networks.

SA supports intra or inter-band aggregation of carriers with different bandwidths,

providing considerable flexibility gains for efficient spectrum utilisation. Fur-

thermore, SA provides gradual re-farming (the clearing of frequencies from low-

capacity systems and reassignment to high-capacity systems) of frequencies pre-

viously used by other systems. Re-farming offers MNOs a cost efficient method

9
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Figure 1.5: Through spectrum aggregation, LTE in unlicensed spectrum is
combined with LTE in the licensed band, which becomes the anchor carrying

all of the control and signalling information.

of increasing a network’s capacity and coverage. For instance, as Global System

for Mobile communications (GSM) and Code-Division Multiple Access (CDMA)

traffic is decreasing, the spectrum can be reallocated to LTE, ensuring improved

Return On Investment (ROI) and mobile broadband performance of LTE network.

Recently, Qualcomm introduced LTE in Unlicensed spectrum (LTE-U) for the use

of the LTE radio communications technology in unlicensed spectrum, which will

be used in conjunction with small cells [13]. The basic functionality of LTE-U is

shown in Figure 1.5. LTE-U leverages the performance characteristics of LTE to

take advantage of the 500 MHz unlicensed spectrum in the 5 GHz frequency band,

through SA, addressing the spectrum scarcity problem. LTE-U could improve

coverage and capacity by a factor of 2x to 4x compared to that reachable solely

based on Wireless-Fidelity (Wi-Fi) [13]. LTE-U by means of SA enables MNOs to

maximise their ROI.

Last but not least, SA increases bandwidth, but also improves trunking gains by

dynamically scheduling traffic across the entire spectrum and traffic management.

Consequently, this improves cell capacity and network efficiency and so improves

the QoE for all users on the network. A user who for any reason encounters con-

gestion on one segment of the spectrum can be seamlessly scheduled onto another

segment of spectrum with more capacity, so maintaining a consistent QoE.

10
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1.6 Challenges

As mentioned in Section 1.4 and Section 1.5, SA offers adequate spectrum flexi-

bility to tackle spectrum fragmentation. However, spectrum flexibility comes with

cost of complexity in Radio Frequency (RF) design for mobile devices. From a

digital perspective, there is not much difference between different SA types (intra

or inter-band SA), however from the RF point of view, the implementation and

design complexity of SA is highly dependent on the type of SA [14],[15]. For in-

stance, inter-band SA offers full utilisation of fragmented spectrum in comparison

to intra-band SA, nevertheless it requires a most complicated RF chain.

To limit unwanted transmission emissions due to adjacent channel interference,

transmitters for mobile users and base stations should be designed in such a way

as to comply with regulatory requirements. These requirements set limits on all

transmission emissions outside of the carrier bandwidth. The unwanted emissions

from transmitters can be categorised into out-of-band emissions and spurious emis-

sions [15]. Spectrum emission mask and an adjacent channel leakage power ratio

are introduced by regulatory bodies to limit out-of-band emissions [16]. The spu-

rious emissions not only consider frequency bands covered by spectrum emission

masks but also in-band frequency. In intra-band non-continuous SA, similar to a

single carrier system, aggregating carriers should satisfy the maximum emission

level for single-carrier operation [14].

To fully utilise SA, RF architecture of both transmitter and receiver needs to be

re-designed. Based on a type of supported SA, the RF chain demands different

complexity levels. In [15], authors comprehensively investigated SA from the RF

point of view. The authors proposed different RF architectures for SA enabled

transmitters and receivers. Simulation results show that support of SA poses a

remarkable increase in power amplifier back-off in order to minimise the unwanted

emission. Furthermore, the authors concluded that the receiver side performance

11
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Figure 1.6: Nexus 6, iPhone 6 Plus and Galaxy Note 4 (from left to right).
Nexus 6 supports down link spectrum aggregation with bands 2+13, 2+17, 4+5,
4+13, and 4+17. iPhone 6 Plus supports T-Mobile’s 700 MHz band 12, Sprint’s
2.5 GHz spectrum aggregation. Galaxy Note 4 supports tri-band spectrum
aggregation and Category 6 network service with speeds of up to 300 Mbps

[18].

is mainly affected by transmitter emission and phase noise for a large inter-carrier

gap, whereas it is dominated by receiver non-linearity for a small inter-carrier gap

[15].

Supporting SA of multiple carriers, residing in higher/medium/lower spectrum

bands, imposes major challenges for the RF design in handsets [17]. Therefore,

handset manufacturers design low and high-end handsets with different transmis-

sion capabilities (e.g. supported bands, maximum number of carriers and maxi-

mum aggregation bandwidth) [4]. For instance, Nexus 6, iPhone 6/6s/6 Plus and

Galaxy Note 4 - as shown in Figure 1.6 - support SA in UMTS frequency bands

[18]. To allow the base station to communicate effectively with all connected users,

it is necessary for mobile users to report their supported transmission capabilities

as part of the connection set up.

In addition, SA adds complexity in both radio planning and RRM framework

because different carriers (especially inter-band carriers) exhibit different radio

propagation characteristics including path losses and Doppler shifts. Furthermore,

because of the RF hardware complexity, each user can aggregate a certain number
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of Component Carriers (CCs); therefore, RRM functionality needs to consider SA

limitations of users.

RRM with SA for NGMN is the main topic of this thesis. In this study, new

methods are proposed to tackle the introduced constraints of SA. The proposed

methods not only improve the performance but also reduce the computational

complexity.

1.7 Aims and Objectives

In this thesis, RRM for NGMN with SA is addressed in detail. For this purpose,

Cognitive Radio Networks (CRNs), LTE networks, and Orthogonal Frequency-

Division Multiplexing (OFDM)-based networks are considered. The main aims

and objectives of this thesis are listed as follows:

RRM formulation and solution for NGMN with SA: To formulate the RRM

function of NGMN with SA capability as a constrained optimisation prob-

lem in terms of some parameters and restrictions. The optimisation problem

would be a mixed integer optimisation where some of the variables are in-

teger and the rest are continuous. The formulation is required to take into

account the practical constraints and requirements of current RF hardware

design.

Standard compliant solution: To enable implementation of the proposed so-

lution, a standard-compliant formulation and solution are necessary. The

optimisation problem needs to consider all aspects and restrictions of the

corresponding standard.

High performance solution: RRM functionality plays a pivotal role in the over-

all performance of the network and QoE of users. It distributes a finite

13
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number of resources among users at each scheduling time slot under given

Quality of Service (QoS) constraints for individual users, such as fairness and

priority. Therefore, introducing a solution which improves the network per-

formance, including cell throughput and user throughput as well as fairness

amongst users, is imperative. The performance and efficiency of the proposed

algorithms are evaluated and presented using extensive simulations.

Computationally-efficient solution: As explained in Section 1.6, SA adds com-

plexity in both radio planning and RRM framework of the network. Due to

the fact that RRM is highly dynamic and new decisions have to be made in

each scheduling time slot, designing low computationally complex solutions

is vital.

1.8 Contribution to Knowledge

The main contribution of this thesis can be listed as follows:

1. An aggregation-enabled spectrum assignment for CRNs is formulated as

a mixed integer optimisation problem. The practical constraints of Co-

Channel Interference (CCI) and Maximum Aggregation Span (MAS) in ag-

gregation aware CRNs are taken into account. A genetic algorithm is used to

resolve the aggregation aware spectrum assignment because of the simplicity,

robustness and fast convergence of the algorithm.

2. A joint optimisation problem to maximise a Proportional Fairness (PF) ob-

jective function in LTE-A networks is formulated, considering RRM func-

tionality with SA, Resource Block (RB) allocation, Modulation and Coding

Scheme (MCS) assignment. The formulation considers MCS constraint as

specified in 3GPP TR 36.912 [19], which requires that only one MCS can

be selected for each assigned CCs across all its assigned RBs for the user

14
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at any Transmission Time Interval (TTI) in the absence of MIMO spatial

multiplexing. Furthermore, the formulated optimisation problem considers

the difference between Primary Component Carrier (PCC) and Secondary

Component Carrier (SCC).

3. It is shown that the resultant optimisation problem belongs to a class of

intractable Integer Linear Programming (ILP) problems. The theory of total

unimodular matrices is applied and this proves that solving the equivalent

Linear Programming (LP) problem gives the same result as solving the ILP,

which leads to an optimal and efficient approach for RRM.

4. Resource Allocation (RA) with SA functionality for OFDM-based networks

is formulated as an optimisation problem under the practical constraints of

transmission power and the limited number of aggregating CCs available

for each user. A sub-optimal low-complexity solution is proposed to solve

the optimisation problem. Further, an efficient solution is introduced to

approximate the first solution.

The core RRM strategy for NGMN presented in this thesis is to take advantage of

multi-user diversity in both time and frequency dimensions across different carriers

(multi-carrier diversity) and schedule transmissions to mobile users on resources

with better channel conditions.

1.9 Progress beyond State of the Art

This thesis treats the area of RRM in NGMN, with focus on Down Link (DL)

direction; Up Link (UL) direction is not discussed. However, most of presented

techniques and insights can be adapted to the UL. This study investigates the

problem of single-cell RRM with centralised RA without cooperation among users.
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In Chapter 3, an aggregation-enabled spectrum assignment algorithm for CRNs

is proposed. The additional constraints of CCI and MAS in an aggregation aware

CRN are taken into account. Numerical results show that the introduced method

significantly increases the spectrum utilisation compared with the State-Of-The-

Art (SOTA) solutions including Maximum Satisfaction Algorithm (MSA) [20] and

Random Channel assignment Algorithm (RCA). For this purpose, two different

scenarios are considered - Scenario-I: without CCI and Scenario-II: with CCI. In

Scenario-I, for network load equals 1, the proposed solution improves the rewarded

bandwidth to users in network by a factor of 4 compared to RCA and MAS, while

in Scenario-II the proposed solution improves the allocated bandwidth to users by

a factor of 2 when network load is 1.

The solution proposed in Chapter 4 is the first attempt for an optimal allocation

of RBs, CCs, and MCS in LTE networks. Most of the existing research solves

the allocation problem in a non-SA based LTE systems [21–23] by using Greedy

Algorithms (GAs) or an approximation based approach which guarantees only half

of the optimum PF objective [24–26]. Moreover, the majority of the research work

in literature neglects concept of PCCs and SCCs. However, the proposed solution

not only takes PCCs and SCCs into consideration, but is also an optimal and

low-computationally complex solution.

Extensive simulations are performed to validate the performance of the proposed

solution, and this is compared with the modified version of GA [24] using a MAT-

LAB based system level simulator [27]. Simulation results show that the proposed

solution improves cell throughput by 13% compared to GA when there are 15

users in the cell. Furthermore, numerical results show that the cell-edge users

throughput can be improved by the proposed solution by about 10%, while the

throughput of cell-centre users remains similar to GA.

Finally, in Chapter 5, RA with SA functionality is formulated for OFDM-based
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networks as an optimisation problem under the practical constraints of transmis-

sion power and the limited number of CCs available for each user. Two efficient

methods - referred to as Two-Step RA Algorithm (TSRAA) and Efficient RA

Algorithm (ERAA) - are proposed, both based on a two-step solution with rea-

sonably low complexity. The performance of TSRAA and ERAA are compared

with the highly complex COmbinatorial Algorithm (COA) - introduced as an op-

timal solution. Both are computationally efficient methods, but ERAA is even

more efficient than TSRAA. A simulation based study is provided to evaluate the

performance of the proposed methods and compare them with the optimum so-

lution. Cell throughput in the case of ERAA and TSRAA is 10% and 2% lower

than COA respectively.
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1.11 Notation

In this thesis, vectors of dimension n are denoted by small bold letters (e.g. xn)

and matrices are denoted by capital letters (e.g. C). Hence, 0n denotes the

n-component all-zero vector and 1n denotes the n-component all-one vector. Oc-

casionally the vector subscripts can be removed to save space and in that case

the exact vector size can be realised from the context. Further, In represents the

n×n identity matrix and (.)T denotes the transpose operations. A block diagonal

matrix, A = blkd(B, b) represents a matrix of the form:

A =



B 0 . . . 0

0 B . . . 0

...
...

. . .
...

0 0 . . . B


where 0 is an all-zero matrix with the same size as B and B is repeated b times.

1.12 Structure and Organisation of the Thesis

The thesis is organised as follows:

1. In Chapter 2, the system architecture of CRNs and LTE networks is re-

viewed briefly and the SA for both networks is then studied in detail. A

qualitative overview of the SA emerged in recent literature, and the aim of

emphasising their approach in NGMN is presented. 3GPP status for Release

10-12 (Rel 10-12) SA is explained.

2. In Chapter 3, an aggregation-based spectrum assignment algorithm using

a genetic algorithm for CRNs is proposed. The proposed algorithm takes
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into consideration interference to the Primary Users (PUs), CCI among Sec-

ondary Users (SUs), and MAS to aggregate whitespaces. Furthermore, sim-

ulation results and analysis of the convergence of the proposed algorithm are

provided.

3. In Chapter 4, an optimum RRM algorithm for LTE-A with reduced com-

plexity is proposed and compared with the SOTA solutions. The proposed

algorithm optimally assigns CCs, RBs, and MCS values to the users based

on their Channel State Information (CSI) and SA capabilities. Finally, per-

formance of the proposed solution has been evaluated using extensive simu-

lations and results are provided.

4. In Chapter 5, the RA problem with SA in OFDM-based networks is formu-

lated as a complex mixed integer optimisation problem under the practical

constraints of transmission power and the limited number of CCs available

for each user. Simulation results are provided for comparison purposes.

5. The conclusion and proposals for future work are given in Chapter 6.
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Background and Literature

Review

With growing demand for broadband mobile access, MNOs need to allow their

networks to operate in a number of different frequency bands, in spectrum allo-

cations of different sizes, and in fragmented spectrum. Therefore high spectrum

flexibility is vital for NGMN, and this can be provided by SA. SA enables a flexible

radio resource allocation among mobile users. It also improves frequency diversity

by introducing multi-carrier diversity. But although SA offers these advantages,

it also poses a number of new challenges such as 1) Complexity in RF design, 2)

Radio planning, and 3) Complexity in Radio resource management. In this thesis,

novel techniques are proposed to address the resource management for NGMN.

In Section 2.1, CRN architecture and spectrum management functions in CRNs

are reviewed briefly. Afterwards, in Section 2.2, SA and RRM in LTE-A network

are discussed in detail. In Section 2.3, OFDM-based networks are reviewed briefly,

followed by a review of recent works on SA in Section 2.4.
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2.1 Cognitive Radio Networks

The increasing demand for the spectrum is a consequence of an almost incalculable

rise in penetration and usage of Internet enabled wireless devices such as M2M

devices, wearable devices, smartphones, tablets, and laptops [28]. Data usage of

these devices is being spurred on by the growing availability of numerous appli-

cations, high quality video streaming and cloud computing. Nowadays, lack of

spectrum has become the retardant of the development of the wireless networks.

Ofcom, as the communications regulator, is responsible for all spectrum manage-

ment in the UK. Ofcom uses an auction-based policy to allocate spectrum for

MNOs [29]. To enable wireless communication signals to penetrate through walls,

trees and other obstacles, lower frequency bands are the best candidates for wire-

less communication purposes. Historically, frequency ranges between 700 MHz and

2.6 GHz are granted for mobile communication systems, but most of the spectrum

in this range has already been allocated. Therefore, wireless companies cannot

enhance their capacity by introducing new spectrum.

In brief, the spectrum utilisation, U can be expressed by the measure:

U =
R

V ×BW × T
(2.1)

where R is the quantity of information rate, BW is the occupied bandwidth, V

and T are the volume and fraction of the time within which use of that bandwidth

is denied to other users. The space factor, V can usually be regarded as a geo-

graphical area. The spectrum under-utilisation over both geographical locations

and time is evidenced by multiple spectrum measurement surveys [30]. The result

is in direct contradiction to the spectrum shortage problem. In other words, the

problem is not one of physical spectrum scarcity but of poor spectrum utilisation,

an inevitable result of the current spectrum management policy which allocates
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spectrum exclusively to licensed users, also known as PUs. In this perspective, an

enormous amount of work has been carried out to improve spectrum utilisation

over the last several decades [31–33]. This includes the use of different multi-

ple access technologies, e.g. Frequency Division Multiple Access (FDMA), Time

Division Multiple Access (TDMA), CDMA, and Orthogonal Frequency Division

Multiple Access (OFDMA).

From the network configuration point of view, the radio spectrum is reused geo-

graphically to overcome spectrum scarcity. For instance, in LTE, the radio spec-

trum is geographically re-utilised through small cells. However, experiments from

the FCC reveal that spectrum utilisation still varies from 15%-85% with frequency,

time and geographical location. Consequently, Cognitive Radio (CR) has been in-

troduced as an intelligent radio able to utilise the unused segments of spectrum

opportunistically.

The idea of CRNs is to share the spectrum between PUs and unlicensed users, also

known as SUs. CR is based on Dynamic Spectrum Access (DSA) as a new spec-

trum sharing method that allows SUs to access the idle spectrum in the licensed

spectrum bands. CR is a promising technology to alleviate the spectrum scarcity

problem and increase spectrum utilisation. The network of SUs creates the CRN.

The seminal paper of J. Mitola at KTH (the Royal Institute of Technology in

Stockholm) in 1998, introduced the concept of CR for the first time and was

published in an article in 1999 [34]. Akyildiz et al. defines CR as [35]:

“A Cognitive Radio is a radio that can change its transmitter parameters based

on interaction with the environment in which it operates.”

The motivation behind CRNs is twofold:

1. To change the traditional static spectrum allocation policy.
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2. To improve under-utilisation of spectrum usage and overcome the problem

of spectrum scarcity.

CRNs aim to detect and opportunistically exploit the under-utilised spectrum. In

the CRNs, SUs are permitted to operate only on those idle channels which are not

utilised by the PUs. Moreover, SUs must avoid causing harmful interference to

PUs during their communication. PUs are the legacy users and they have higher

priority to use the licensed spectrum than SUs [36].

2.1.1 Cognitive Radio Network Architecture

According to the concept of DSA-based networks, wireless networks can be clas-

sified as Primary Network (PN) and the CRN [37]. The PN is composed of PUs

and generally has an existing infrastructure, which has an exclusive right to access

certain spectrum bands. Examples of PNs are cellular networks and TV broad-

cast networks. Figure 2.1 shows the architectural diagram of PNs and CRNs in

DSA-based networks [37].

Infrastructure-less and infrastructure-based networks are two different classifica-

tion of CRNs. Infrastructure-less CRNs may also be classified as CR ad-hoc net-

works. The infrastructure-based CRN generally has a central entity managing the

overall network, such as an Access Point (AP) in Wireless Local Area Networks

(WLANs) or a base station in cellular networks. On the other hand, CR ad-hoc

networks can be deployed without any infrastructure support (i.e. no central entity

is present).

In CRNs, idle channels can be managed by different entities. For example, in the

CR ad-hoc networks, SUs themselves are responsible for spectrum sensing, assign-

ment and management, while in infrastructure based architectures, a spectrum

broker is responsible for spectrum sensing, assignment and management. The
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Figure 2.1: Architecture diagrams of PNs and CRNs [37].

latter needs a dedicated control channel and may be exposed to different threats

like denial of service attack [37], while in the CR ad-hoc networks, the use of a

dedicated control channel is optional.

2.1.2 Spectrum Management Functions in Cognitive Ra-

dio Networks

In order to enable DSA, CR should adapt its transmission parameters to the

spectrum environments [35]. The process of accessing spectrum in CRNs consists

of four spectrum management functions: spectrum sensing, spectrum decision,

spectrum sharing and spectrum mobility [35].

Spectrum sensing is one of the main functionalities of CRNs. SUs can only trans-

mit if they detect that licensed band is free, and rely on the spectrum sensing to
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detect the idle channels. In this case, a SU monitors a licensed frequency band

and opportunistically transmits when PUs are not present. Based on the amount

of knowledge that SUs have from the PU’s signal structure, a number of spec-

trum sensing techniques are available in literature [36],[38–40]. For instance, if

the structure of the PU’s signal is fully-known, the optimal detector is a matched

filter [36]. A simpler alternative for the identification of the PU’s signal is to

employ an energy detector. The energy detector does not need to know any infor-

mation about the PU’s signal structure, but simply measures the energy received

on a licensed band during the observation interval and declares it as idle if the

measured energy is less than a properly set threshold [39]. Waveform-based or

coherent spectrum sensing is another robust method for identifying the presence

of PU. This method exploits the known patterns of preambles that are regularly

transmitted from particular PU. For this purpose, a SU calculates the correlation

of the received signal with a known copy of itself and then compares the correlation

metric with a defined threshold [40],[41]. In [40], it is shown that waveform-based

sensing outperforms the energy detector.

Once the SUs detect the idle spectrum by performing spectrum sensing, it is vital

that the SUs select the most appropriate band according to channel condition and

their QoS requirements without causing any harmful interference to PUs. Spec-

trum decision involves spectrum characterisation and spectrum assignment [42].

It is important to characterise the spectrum band not only in terms of spectrum

environment but also on the statistical behaviours of the PUs’ traffic. In order

to design a spectrum assignment algorithm that incorporates dynamic spectrum

characteristics, CRN needs to select the most appropriate spectrum band to satisfy

the SUs’ QoS requirements [43],[44].

To share the idle spectrum among SUs in CRN, it is necessary that SUs’ trans-

missions are coordinated with each other. Moreover, spectrum sharing in CRN is

more complex than typical wireless networks due to the presence of heterogeneous
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PUs and the wide range of spectrum available for SUs. The architecture, spec-

trum allocation and spectrum access techniques are different aspects of spectrum

sharing [35]. The architecture of spectrum sharing can be classified as centralised

and distributed spectrum sharing. In the former, all spectrum assignment and ac-

cess procedures occur in central entity where all measurements of distributed SUs

are forwarded [37]. The central entity, which is known as a spectrum broker, can

grant unused spectrum to SUs for a specific space (geographical location) during

the time when no PUs are using the spectrum. Because of the large number of

SUs and limited available spectrum, there is not only competition for spectrum but

also competition for SUs in the central entity. Conversely, in distributed spectrum

sharing, each SU, based on local policies, performs spectrum assignment and access

procedures distributively [35]. Typically, the performance of centralised spectrum

sharing is superior to the distributed one, but at the cost of the inevitable sig-

nalling load between SUs [45]. Furthermore, distributed spectrum sharing require

more radio resources as the physical network layout will change as devices move

around, while an AP in infrastructure mode generally remains stationary. If many

devices are connected to the ad-hoc network, there will be more wireless interfer-

ence. Therefore, in this thesis, the centralised spectrum sharing is considered.

Spectrum access can be cooperative or non-cooperative. In cooperative spectrum

sharing, each SU has access to the interference measurements of other SUs in

the CRN. In other words, each SU knows the interference level of the transmis-

sion of another SU in a particular channel. To share spectrum cooperatively, a

group of neighbouring SUs form a cluster, and each SU in their corresponding

cluster shares the interference measurements [30], in contrast to non-cooperative

spectrum sharing, where only a single SU is considered. The SU’s lack of knowl-

edge of the interference situation of neighbouring SUs may cause low spectrum

utilisation. Nevertheless, non-cooperative spectrum sharing schemes do not need

message exchanges between neighbours, as in cooperative solutions [35].
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Cooperative approaches generally give better performance than non-cooperative

approaches [30],[37]. Cooperative spectrum access improves throughput as well

as fairness among SUs, because of its collaborative nature. Nevertheless, the

performance degradation of non-cooperative approaches is generally offset by the

significantly lower signalling load and hence, energy consumption.

There are two types of spectrum access techniques: overlay spectrum sharing and

underlay spectrum sharing. In the former, SUs use spectrum only if it is not being

used by PUs [46]. Therefore, overlay spectrum sharing offers minimum interfer-

ence to PUs. However, in the underlay approach, SUs employ spread spectrum

techniques in such a way that the interference level to PUs is less than a pre-

defined threshold i.e. PUs see the data transmissions of SUs as noise. In this

thesis, because of the reasons mentioned above, the overlay spectrum sharing is

considered.

The fourth function in the spectrum management framework of CRNs is spectrum

mobility management [35]. The primary goal of spectrum mobility is guaranteeing

continuous SU transmission while PU’s presence is detected. Spectrum mobility

can be separated into two different techniques: spectrum handoff and connection

management [47]. Spectrum handoff is the process of switching the operating

spectrum of SU to another free spectrum. This switching to another channel

generates an additional latency to SU. Therefore, to tackle the inevitable handoff

delay, the connection management process manages and adjusts protocol stack

parameters, depending on network conditions [48].

2.2 LTE Networks

Since the introduction of the first generation of mobile communication systems

(1G) in the 1980s, there has been a tremendous paradigm shift in the design
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methodology, implementation, development and considerable enhancement in the

QoS of mobile communication systems. In addition, the past decade has witnessed

an explosive growth in data traffic which is driven by expanding Internet usage and

the growing demand of data-rich multimedia applications. Therefore, increasing

the wireless capacity of the network and offering better QoE for users have become

vital goals for different standardisation bodies and companies.

In order to satisfy the exponential growth of wireless data services and the grow-

ing number of wireless users, the ITU initiated a global standard, referred to as

International Mobile Telecommunications-Advanced (IMT-A) or 4G, to identify

an all-IP cellular network whose capabilities go beyond those of IMT-2000 [9],[49].

Specific requirements for IMT-A have been set to a minimum support of 40 MHz

bandwidth as well as 1 Gbps and 500 Mbps peak data rates for DL and UL re-

spectively [9],[19],[49–51].

Since 2004, 3GPP has been developing LTE and the first complete set of specifi-

cations (i.e. Rel-8) was published in 2008, providing DL and UL peak data rates

up to 300 Mbps and 75 Mbps respectively. In response to an ITU invitation for

the submission of potential technologies for IMT-A, 3GPP started LTE-A specifi-

cations in 2008 and published Rel-10 in 2010. In 2010, ITU approved LTE Rel-10

(LTE-A) as one of two IMT-A technologies. LTE-A not only fulfils IMT-A re-

quirements, but in many cases even surpasses them (for instance, UE Category 8

exceeds the requirements of IMT-A by a remarkable margin) [52]. LTE-A provides

a suitable base for enhanced services because of the provision of higher data rates,

improved coverage, and low latency services [53]. To achieve many of the ag-

gressive performance targets, four important features that are included in LTE-A

are:

Spectrum Aggregation: Improving spectrum flexibility to allow for the deploy-

ment of LTE radio access in difference frequency bands with varying channel
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bandwidth. Furthermore, to support peak data rates of up to 1 Gbps, the use

of high channel bandwidth is imperative. Unfortunately, worldwide MNOs

do not have access to a continuous portion of wider bandwidth (e.g. 100

MHz) due to spectrum fragmentation and an inefficient command and con-

trol spectrum management approach [54]. To achieve this, 3GPP introduced

SA as one of the most important features in LTE-A specifications to allow

efficient and flexible usage of fragmented spectrum by aggregating multiple

CCs dispersed in fragmented spectrum bands (intra-band SA and inter-band

SA) [8],[14].

Extended Multi-Antenna Transmission: Enhancing MIMO technology by sup-

porting up to eight transmission layers in DL and four transmission layers

in UL. MIMO improves overall system performance including spectrum ef-

ficiency and system capacity without requiring additional bandwidth [4].

Transmit diversity, beamforming, and spatial multiplexing are the main

MIMO configurations used in LTE-A systems. Transmit diversity increases

the received SNR and the robustness of communication in fading channels

by transmitting the same version of the transmitted signal from different

antennas. Beamforming is applied to shape the transmit beam to maximise

the antenna gain in the direction of the target user, or to suppress interfer-

ence at the target user location. Furthermore, spatial multiplexing increases

throughput by transmitting different streams of data simultaneously in par-

allel from different antennas [55].

Relaying: Data rate between User Equipments (UEs) and the radio access net-

work is mainly dependent on the path loss between UEs and evolved Node-

B (eNB). According to LTE specifications, the gap between the link per-

formance of LTE and Shannon’s capacity limit is very close. Therefore to

achieve the maximum possible data rate by LTE, high SNR is vital. SNR can

be enhanced, for instance with MIMO techniques, or by using ultra-dense
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cellular networks. A denser infrastructure is mainly a deployment aspect,

however in LTE-A and subsequent releases, the possibility of relaying is sup-

ported. Relaying can reduce the effective distance between UEs and eNB,

leading to an improved SNR level and higher data rates, especially for cell-

edge UEs. The type of relays used in LTE are transparent to UEs. Relays in

LTE, instead of fibre optics, are connected to the radio access network using

LTE air interface [17].

Heterogeneous Deployments: The exponential growth of data traffic caused

by the proliferation of Internet-connected mobile devices, forcing MNOs to

considerably increase the capacity of their networks [17]. It is not cost-

effective for the conventional homogeneous wireless networks to provide the

required network capacity. To this end, LTE supports a new network archi-

tecture of low-power nodes such as femtocell and picocell to achieve a more

cost-effective way to remove coverage holes and improve the capacity of the

network. Using HWNs is a promising solution to achieve the requirements

defined by IMT-A [56],[57].

2.2.1 Spectrum Aggregation in LTE-A Networks

LTE offers flexible spectrum allocation ranging from 1.4 MHz to 20 MHz by means

of OFDM in DL and Single-Carrier FDMA (SC-FDMA) in UL [58]. In order to

improve peak data rate to achieve the requirements of IMT-A, 3GPP introduced

SA as one of the main features of LTE-A, which not only increases bandwidth but

also enhances spectrum flexibility remarkably by allowing it to exploit different

CCs dispersed in the same or different frequency bands. The frequency bands

which are specified for IMT for different years are depicted in Figure 2.2 [8]. As

shown, the continuous available spectrum is limited. Thus to achieve the wide

bandwidth requirement, LTE-A has to support SA.
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Figure 2.2: Frequency bands for IMT, identified at World Radio Conferences
(WRC) are non-continuous, and some of them are less than 100 MHz [8].

To ensure the coexistence of legacy Rel-8 and Rel-9 users in LTE-A network, SA

is designed to be backward compatible. Therefore, each CC from the physical

and Media Access Control (MAC) layer view is inherently an LTE carrier. How-

ever, the introduction of SA demands the introduction of new functionalities and

modification of the RRM functionality of the network.

2.2.1.1 Spectrum Aggregation Configuration Scenarios

LTE-A (Rel-10) supports SA of a maximum of 5 CCs of 20 MHz with a maximum

supported bandwidth of 100 MHz, as shown in Figure 2.3 [59]. SA can be used in

both DL and UL in both frame structures of Frequency-Division Duplex (FDD)

and Time-Division Duplex (TDD). Additionally, SA can be continuous, as shown

in Figure 2.3(a), or non-continuous, as illustrated in Figure 2.3(b). Aggregated

CCs may have different bandwidths. Three different configurations for SA can be

defined as follows [15]:

1. Intra-band continuous SA: Multiple adjacent CCs within the same fre-

quency band are utilised to form wider bandwidth.

2. Intra-band non-continuous SA: Multiple CCs are separated along the

same frequency band.
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Figure 2.3: SA configuration scenarios: a) continuous aggregation of five CCs
with equal bandwidth; b) non-continuous aggregation of CCs with different

bandwidths [59].

3. Inter-band SA: Multiple CCs belonging to different frequency bands are

aggregated to serve UE.

Because the continuous SA can be implemented by means of a single Fast Fourier

Transform (FFT) and a single RF unit, its implementation is easier and cheaper

than non-continuous SA, which demands multiple RF chains and FFTs. In ad-

dition, compared to intra-band non-continuous and inter-band SA, it is easier to

design RRM for intra-band continuous SA [14]. Moreover, the non-continuous SA

adds complexity in both radio planning and RRM framework because different

CCs (especially inter-band CCs) exhibit different radio propagation characteris-

tics including path losses and Doppler shifts. In LTE with FDD, UL and DL CCs

are separated with frequency duplex distance determined by the MNO. For mobile

users with SA capability (LTE-A), only one CC is considered as an anchor CC,

which is referred to as the PCC. The PCC is responsible for all primary func-

tionalities such as radio link failure monitoring. The rest of the CCs for LTE-A

devices are denoted as SCCs.
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Figure 2.4: Spectrum aggregation deployment scenarios [60].

2.2.1.2 Spectrum Aggregation Deployment Scenarios

SA has proceeded rapidly in network deployments because of its promising perfor-

mance benefits and because it allows MNOs to turn their investment in additional

LTE carriers into marketable higher data rates. SA-enabled network can be de-

ployed in such a way as to enhance data rates for UEs in cell edges or to mitigate

inter-cell interference. For the purpose of simplicity, it is assumed that there are

only two different CCs in the network, fC1 and fC2 (as shown in Figure 2.4). The

following deployment scenarios can be considered [60]:

Scenario 1: In this case, both fC1 and fC2 are in the same frequency band (same

path loss characteristics) and collocated; therefore their coverage is virtually

the same and overlaps each other. This SA scenario is used to achieve higher

data rates for UEs where both layers provide sufficient coverage and mobility.

Scenario 2: In this case, fC1 and fC2 are in different frequency bands but both

are collocated and overlaid. Due to different path loss characteristics of

fC1 and fC2 , this scenario provides different coverage. Sufficient coverage
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and mobility are supported on the CC in the lower frequency band (fC1),

however the CC in the higher frequency band (fC2) is used to further extend

bandwidth and consequently data rates.

Scenario 3: Similar to deployment Scenario 2, fC1 and fC2 are on different fre-

quency bands. Antennas for cells with fC2 are directed to the cell boundaries

of the cells with fC1 , to enhance data rate of cell-edge UEs and reduce cov-

erage holes.

Scenario 4: Cells for fC1 provide macro coverage and Remote Radio Heads (RRHs)

are used to increase data rate. Generally, fC1 and fC2 are in different fre-

quency bands. UEs within coverage of RRHs and macrocells are the only

UEs that can aggregate both fC1 and fC2 . The mobility is performed based

on the coverage area of fC1 .

Scenario 5: This case is similar to deployment Scenario 2 where there are dis-

tributed antennas to improve coverage of only the higher frequency band

CC, fC2 .

2.2.1.3 3GPP Status for Release 10-12 Spectrum Aggregation

As mentioned, SA configurations can be classified as intra band (continuous and

non-continuous) and inter band. In Rel-10, only intra-band continuous and inter-

band SA of two CCs are specified. Because 3GPP for the first time defined SA

in Rel-10, it only specifies two basic SA combinations, including continuous intra-

band SA for bands 1 (FDD) and band 40 (TDD) - named CA C-1 and CA C-40

respectively (Table 2.1) - and an inter-band SA between bands 1 and 5, named

CA 1-5 (Table 2.2) [4],[61].
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Table 2.1: Intra-band continuous spectrum aggregation(2DL/2UL) in 3GPP
Rel-10 [62].

SA band LTE operating bands
CA C-1 1
CA C-40 40

Table 2.2: Inter-band spectrum aggregation (2DL/1UL) in 3GPP Rel-10 [62].

SA band LTE operating bands

CA 1-5
1
5

Table 2.3: Intra-band continuous and non-continuous spectrum aggregation
in 3GPP Rel-11 [62].

SA band LTE operating bands Requested by
CA C-41 41(2DL/2UL) Clearwire,CMCC
CA C-38 38(2DL/2UL) CMCC
CA C-7 7(2DL/2UL) CUC, CT, Telenor

CA NC-B25 25(2DL/1UL) Sprint
CA NC-B41 41(2DL/1UL) CMCC

Rel-11 offers new SA configurations which not only support continuous intra-band

SA but also non-continuous intra-band SA (Table 2.3), as well as band 29 for inter-

band SA (Table 2.4). Band 29, also known as supplemental DL, is a special band

which has only a single DL CC without UL CC. Band 29 is defined as bandwidth

expansion only and can be used as an additional DL SCC [61],[63],[64].

In Rel-12, SA of both FDD and TDD frequency bands are specified. In addition,

aggregating three DL CCs and two UL CCs are considered. In UL, it supports new

SA configurations, including inter-band and intra-band non-continuous SA, as well

as supporting band 32 (1500 MHz), which has only one DL CC [4]. Additionally,

in Rel-12 dual connectivity, known as multi-site SA, is introduced for the first

time to support the aggregation of CCs between different sites. This feature can

be an useful method for HWNs with incompatible core networks. In this solution,

a macrocell is responsible for mobility management of UEs, however small cell

provisions extra capacity to UEs with dual connectivity. In other words, UEs

take advantage of both macrocells coverage and small cells capacity. Because of
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Table 2.4: Inter-band spectrum aggregation (2DL/1UL) in 3GPP Rel-11 [62].

SA band LTE operating bands Requested by
CA 1-19 1+19 NTT DOCOMO
CA 3-7 3+7 TeliaSonera
CA 4-13 4+13 Verizon Wireless
CA 4-17 4+17 AT&T
CA 7-20 7+20 Orange et al
CA 5-12 5+12 US Cellular
CA 4-12 2+12 Cox Communication
CA 2-17 2+17 AT&T
CA 4-5 4+5 AT&T
CA 5-17 5+17 AT&T
CA 3-5 3+5 SKTelecom
CA 4-7 4+7 Rogers Wireless
CA 3-20 3+20 Vodafone
CA 8-20 8+20 Vodafone
CA 1-18 1+18 KDDI
CA 1-21 1+21 NTT DOCOMO
CA 11-18 11+18 KDDI
CA 3-8 3+8 KT
CA 2-29 2+29 AT&T
CA 4-29 4+29 AT&T

Figure 2.5: 3GPP release status for spectrum aggregation [16].

providing higher bandwidth through SA, multi-site SA can enhance cell-edge gain

by 50% even in highly loaded networks [16]. Figure 2.5 briefs 3GPP release status

for SA.
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Table 2.5: Spectrum aggregation capability associated with each UE cate-
gory [64].

UE Category
Possible number

of aggregated
DL-CCs

Typical number
of aggregated

DL-CCs

Possible number
of aggregated

UL-CCs

Typical number
of aggregated

UL-CCs
Category 1 1...5 1 1...5 1
Category 2 1...5 1 1...5 1
Category 3 1...5 1,2 1...5 1
Category 4 1...5 1,2 1...5 1
Category 5 1...5 1 1...5 1
Category 6 1...5 2 1...5 1
Category 7 1...5 2 1...5 2
Category 8 5 5 5 5
Category 9 1...5 3 1...5 1
Category 10 1...5 3 1...5 2

2.2.1.4 UE Categories for Spectrum Aggregation

3GPP specification defines a number of UE categories in order to enable eNB

to communicate with UEs based on their transmission capabilities and to create

device segmentation [61]. Supported transmission parameters and performance

vary according to UE’s category. There are five categories (Category 1-5) defined

in LTE Rel-8 and Rel-9. For instance, Category 1 does not support MIMO, but

Category 5 supports 4×4 MIMO. In LTE Rel-10, with the introduction of SA and

enhanced MIMO capability (up to 8× 8 DL MIMO and up to 4× 4 UL MIMO),

new categories of 6-8 are defined. Recently, in Rel-11, new categories of 9 and 10

have been added.

Although UE categories are closely linked to the SA capability of UEs, this does

not dictate the number of supported aggregating CCs. In other words, there is no

direct mapping between UE’s category and SA capability of UEs. The possible and

typical numbers of aggregating CCs for both DL and UL, based on UE category,

are summarised in Table 2.5 [64]. It is anticipated that in newer releases of LTE

(Rel-12 and Rel-13), new UE categories will be added to achieve a 600 Mbps data

rate.

As shown in Table 2.5, the number of CCs in DL is always equal to or greater than
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the number of CCs in UL. This difference is also known as asymmetric configura-

tion. For instance, it is possible to have multiple DL CCs and a single UL CC for

a mobile user, informed to UE through system information signalling. Bandwidth

of DL CCs in Rel 10-12 are the same as UL CCs bandwidth.

Furthermore, in DL, to support soft decoding, UE needs to have adequate memory

for saving soft channel bits. Interestingly, the size of memory is not dependent on

the number of aggregating CCs but on UE category. There is no need to increase

memory size by the number of aggregated SA capability; the reason is that the

same memory can be shared equally between different CCs [16].

CCs in LTE, regardless of UE’s release, have LTE Rel-8 structure to ensure back-

ward compatibility. In other words, LTE Rel-10 (Category 6-8) must also support

LTE Rel-8 and Rel-9 (Category 1-5), or Rel-11 UE Category 9 and 10 must be

compatible with both Rel-10 and Rel-8 UE categories. Furthermore, if UEs with

SA capability accommodate the guard band between CCs such as specified in the

Rel-8, there would not be any issue for the legacy LTE users (which comply with

the UE’s indicated capabilities). As part of signalling between UEs and eNB, UEs

indicate their transmission capabilities regarding operation on different frequency

bands and supported SA configurations for both DL and UL.

2.2.1.5 Impact of Spectrum Aggregation on Battery Life

Utilising multiple CCs simultaneously increases energy consumption of UEs in

both DL and UL due to the need for additional signal processing, RF front end

activity, and potentially more UL activity (feedback reporting). The energy con-

sumption can be as high as multiplying the non-SA energy consumption by the

number of aggregated CCs [16]. The amount of consumed energy is mainly linked

to RF architecture in the receiver or transmitter, SA type, and the channel quality

on CCs. To limit energy consumption, the number of aggregating CCs and the
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SA type for delivering data can be configured, based on the amount of data to

be transmitted or received. CC selection can be done in MAC level by activating

or deactivating CCs. Activating CCs increases the UE activity and consequently

increases energy consumption of UE, and vice versa.

When the UE is not transmitting on certain CCs, it still needs to measure and

report CSI on the deactivated CCs. This means that UE would periodically turn

off its RF chain for active CCs and turn it on for deactivated CCs. If in the RF

architecture of UE, a single RF chain is applied (corresponding to lower UE cate-

gories), switching the chain on and off impacts the data transmission on different

CCs and may degrade the performance by interruption. To reduce the interrup-

tion in one RF chain architecture, it is possible to entirely turnoff the measuring

and reporting of the deactivated CCs by MAC command, but this would result in

higher energy consumption [16]. UE which is using multiple RF chains may not

encounter the same problems of transmission interruptions and would be able to

take advantage of SA fully.

2.2.1.6 Spectrum Aggregation Enhancement beyond Five Component

Carriers

3GPP introduced basic SA functionality for the first time in Rel-10 of LTE. SA

of Rel-10 supports a maximum of 5 CCs with the same frame structure. Later

in Rel-11, work on SA is extended to support inter-band TDD SA with different

UL-DL configurations and SA with multiple UL timing advance.

To further expand bandwidth in LTE and supporting the operation of the LTE in

the 5 GHz band, more recently LTE-U has attracted remarkable attention. The 5

GHz band, which is mainly used for WLAN, consists of 80 MHz in the field with

additional 160 MHz in Wave 2 deployments of IEEE 802.11ac [13],[16]. In addition
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to the bands already widely in use for LTE, in some regions there are also other

frequency bands, such as 3.5 GHz, where intra-band SA is possible.

To enable operation of LTE-U, modifying SA functionality of LTE in such a way

as to aggregate more than 5 CCs is necessary. The LTE-U would enhance spec-

trum utilisation of MNOs and increase ROI. Increasing the number of aggregating

CCs can be translated to new challenges such as DL and UL signalling and CC

configuration.

2.2.1.7 Spectrum Aggregation for NGMN

Key wireless industry players anticipate NGMN will be standardised and finalised

by 2019, ahead of commercial deployments of standardised NGMN in 2020 and

beyond [65]. It is expected that SA will play a pivotal role in NGMN similar to

4G. However, SA in NGMN covers very wide bandwidths and very high frequency

bands. Therefore to adapt different characteristics of frequency bands, it is possible

that for CCs located in different bands, different transmission technologies are

used. Aggregating different CCs with different transmission technologies makes

operating in wide bandwidth and very high frequency bands feasible.

NGMN will rely on small cells connected to existing superfast fibre networks to

meet the growing demand of mobile data traffic [66]. It can be expected that

NGMN, similar to LTE Rel-12, will use dual connectivity to further improve sys-

tem capacity. As mentioned in Section 2.2.1.3, multi-site SA offers SA between

CCs belonging to different sites independently. In multi-site SA, in contrast to

regular SA, physical and MAC layer signalling are not shared between different

sites. Moreover, in regular SA, CSI of different CCs can be sent on PCC but in

multi-site SA, CSI of a particular CC should be sent on that CC. Thus there is

no need for tight inter-operability among different sites. Furthermore, in regular

SA, there is a need for a minimum of one UL CC per UE, however in multi-site
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SA, there is a need for one UL CC per site per UE. It is possible that a similar

approach would be taken for aggregation of wider bandwidths, higher frequency

bands and a wider frequency gap between CCs for NGMN.

Furthermore, it is anticipated that in NGMN, in addition to improving capac-

ity through aggregating CCs, SA could be used to improve the reliability of the

network. This could be achieved by transmission of the same data with differ-

ent coding from different CCs simultaneously. This approach could be applied in

cases where there are CCs with an adverse propagation condition or in the case of

less reliable unlicensed spectrum, as well as for any application with higher QoS

requirements.

One of the main concerns of SA in LTE-A is high power consumption, however for

NGMN, it could be one of the main enhancements for SA. This could be solved

by both improvement of RF circuit design, and RRM in respect of selecting the

best CCs and RBs, as well as in physical and MAC layer procedures. The RRM

should support faster turning on and off of given CCs, to reduce interruption time

on the active CCs.

2.2.1.8 Global Market Trends in LTE-A with Spectrum Aggregation

As mentioned previously, MNOs are interested in SA because of improving spec-

trum utilisation by using fragmented spectrum. Spectrum is a scarce and very

precious resource. The majority of MNOs worldwide have a national spectrum

allocation of less than 100 MHz continuous spectrum, mostly they have multiple

non-continuous spectrum segments in different bands. SA as a promising solution,

enables MNOs with LTE-A as their network, to achieve peak data rates of 1 Gbps

DL and 500 Mbps UL. Although SA is a new feature, because of its enormous

benefits for MNOs and UEs, there is growing number of commercialised networks

that deploy it, for example:
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• For the first time, commercial LTE-A with SA was launched in 2013 in South

Korea by SK Telecom. To reach peak DL data rates of 150 Mbps, SK telecom

aggregated 10 MHz of 800 MHz and 10 MHz of 1800 MHz frequency bands.

The MNO claimed that their customers with LTE-A devices could download

an 800 MB movie in 43 seconds. LG Plus, another South Korean MNO, used

SA a month later [67].

• UK based operator EE deployed 40 MHz of inter-band SA with 300 Mbps

data rate in November 2013, in London [68]. EE’s SA technology is provided

by Huawei to bring together 20 MHz of 1800 MHz and 20 MHz of 2.6 GHz

frequency bands. EE is planning to expand the high-speed network across

the UK, in preparation for ultra high-definition 4K TV, which is required to

stream at least 20 Mbps [68],[67].

• Huawei and Australian MNO, Optus, launched the world-first LTE-TDD SA

network in December 2013 [69]. Afterwards, several other MNOs launched

SA on LTE-TDD such as A1 Telekom in Austria, Softbank Japan, CSL

Limited Hong Kong and Telstra Australia [70].

• In North America, AT&T announced SA capability in Chicago and plans

for other markets to boost its LTE capacity. AT&T combines the two bands

of 700 MHz and 2.1 GHz to deliver 15 MHz of DL spectrum, increasing

theoretical download speeds to around 110 Mbps [71]. Sprint plans to use

SA as part of the Sprint Spark service to combine LTE frequency bands of

800 MHz, 1900 MHz and 2.5 GHz. T-Mobile and Verizon plan to use SA to

further enhance their Advanced Wireless Services (AWS) spectrum holdings.

• Apple, Samsung, LG and HTC have launched SA-capable devices such as

the Samsung Galaxy S4, Note 3, Edge, LG Pro2, HTC One M8 and Apple

iPhone 6/6s and 6 Plus (Figure 1.6) [67],[72–74].
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The majority of initial SA enabled devices and networks are limited to a maximum

of two CCs. However, work on SA with three CCs was tested by multiple MNOs

(SK Telecom, LG UPlus and Telestra) in 2014. Recently, Qualcomm has completed

a commercial verification of inter-band SA on LTE-TDD over three CCs for both

Huawei and China Mobile [75].

2.2.2 Radio Resource Management in LTE-A Networks

To achieve higher spectral efficiency and peak data rates, OFDM with a shared

channel concept for DL data transmission is adopted in LTE [76],[77]. Assuming

the default LTE configuration with normal cyclic prefix, in the time domain, every

7 OFDM symbols make one time slot equals 0.5 ms; double time slots make one

TTI. In the frequency domain, 12 OFDM Sub-Carriers (SCs) corresponding to 180

KHz make one sub-channel [77]. A RB corresponds to one time slot (i.e. 0.5 ms in

the time domain) and one sub-channel (i.e. 180 KHz in the frequency domain) is

the smallest radio resource that LTE applies for allocating spectrum. All available

RBs in the cell are distributed in the time and frequency domain. Because of

the fixed size of sub-channels, the number of RBs in each carrier depends on

the bandwidth of carrier. According to 3GPP TR 36.912 [19], LTE supports

only carrier configuration with bandwidth equals {1.4, 3, 5, 10, 15, 20}MHz and its

corresponding number of RBs is {6, 15, 25, 50, 75, 100}.

In LTE, to compensate for the instantaneous radio-link conditions and to make

efficient use of the channel capacity, link adaptation by means of Adaptive Mod-

ulation and Coding (AMC) is employed. In AMC, the radio-link data rate is

controlled by adjusting MCS-index value, referred to as k [78]; for instance if the

radio-link conditions are favourable (i.e. sufficiently high SNR), higher order mod-

ulation with higher code rate can be used to increase capacity. Furthermore, let

Rk be the code rate associated with the k, Mk is the constellation size of the k,
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and ts is the time-slot duration. Thus, the bit rate d(k) achieved by k for a single

RB is given by [79]:

d(k) =
1

ts
Rk log2 (Mk)NscNs (2.2)

To select an appropriate MCS for DL transmission, UE provides CSI to eNB, indi-

cating the instantaneous DL channel quality in both time and frequency domains.

The contents of CSI in the absence of MIMO consists of only Channel Quality

Indicator (CQI) and can be obtained by measuring SNR on the reference signals

transmitted in the DL [77]. The value of CQI-index value per RB, implicitly in-

dicates the maximum data rate that the UE can achieve with Block Error Rate

(BLER) of 10% or below on the RB [27].

According to 3GPP TS 36.213 [80], there are 16 different CQI index values (4 bits)

ranging from 0 to 15; where 0 and 15 indicate the out of range and best channel

quality respectively. Corresponding modulation scheme, code rate, and data rate

per RB can be obtained from the TABLE 2.6 [80]. In this study, the method

mentioned in [27] is adopted to map CQI index values to their corresponding

SNR values (and vice versa) as shown in Figure 2.6. Based on CQI values, the

highest-rate k per CC per UE in a given TTI is assigned; furthermore an important

constraint in LTE DL (in absence of spatial multiplexing mode of MIMO) is that

all RBs in the CC, allocated to a given UE must use an identical MCS (also known

as MCS constraint) [80].

SA functionality was introduced in LTE Rel-10 and subsequently enhanced in Rel-

11 and Rel-12. For Rel 10-12 UEs, up to 5 carriers (depending on UE category)

each with a bandwidth of up to 20 MHz can be aggregated. This allows an

overall transmission bandwidth of up to 100 MHz and correspondingly higher

data rates of up to 1 Gbps [8]. To ensure backward compatibility, each carrier

can also be accessed by Rel-8 UEs (i.e. UEs without SA capability). Therefore,
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Table 2.6: CQI-index values (Table 7.2.3-1 [80]) and corresponding RB data
rate (assuming Ns = 7 and Nsc = 12). A Resource Element (RE) is the smallest
defined unit which consists of one OFDM subcarrier during one OFDM symbol

interval.

CQI Index Modulation Code Rate×1024 Information bits per RE Data rate per RB
1 QPSK 78 0.1523 25.58 kbps
2 QPSK 120 0.2344 39.37 kbps
3 QPSK 193 0.3770 63.33 kbps
4 QPSK 308 0.6016 101.06 kbps
5 QPSK 449 0.8770 147.33 kbps
6 QPSK 602 1.1758 197.53 kbps
7 16 QAM 378 1.4766 248.06 kbps
8 16 QAM 490 1.9141 321.56 kbps
9 16 QAM 616 2.4063 404.25 kbps
10 64 QAM 466 2.7305 458.72 kbps
11 64 QAM 567 3.3223 558.14 kbps
12 64 QAM 666 3.9023 655.58 kbps
13 64 QAM 772 4.5234 759.93 kbps
14 64 QAM 873 5.1152 859.32 kbps
15 64 QAM 948 5.5547 933.20 kbps
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Figure 2.6: CQI-to-SNR mapping function, ensuring BLER ≤ 10%.

in most respects physical and MAC layer functionalities apply to each carrier

independently, while SA is invisible to the upper layers of protocol stack [59].

LTE-A UE (Rel-10 and above) has one DL-PCC and an associated UL-PCC. In

addition, it may have one or several SCCs in either DL or UL direction in licensed

or unlicensed spectrum [5],[12]. Similar to LTE UE (Rel-8), the configuration of

PCC is UE specific [4],[81]. When UE with SA capability starts establishing or

re-establishing Radio Resource Control (RRC) connection with eNB (using cell

search and random access procedures), following the same steps as in the absence

of SA, only PCC is configured. Once the communication between eNB and UE is

established, additional SCCs can be configured by RRM functionality located at
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Figure 2.7: Overview of spectrum aggregation configuration of LTE network.

eNB. In other words SCC assignment is cell-specific and signalled as part of the

system information [4],[81]. Therefore to support SA, RRM functionality needs

to be modified in such a way that backwards compatibility with LTE is always

catered for.

The RRM framework for LTE exploits various functionalities, including QoS man-

agement, admission control, hybrid automatic retransmission request, link adapta-

tion, and resource scheduling [82],[83]. The RRM for LTE-A has many similarities

with that of LTE except modification of resource scheduling and inclusion of a

new functionality referred to as CC configuration. This functionality configures

SCC sets for each UE with SA capability in both UL and DL direction. The over-

all CC configuration functionality of the network is illustrated in Figure 2.7. As

input, user’s SA capability, QoS parameters, and radio bearer configuration are

used to assign CCs. To enhance system performance, traffic load among different

CCs should be roughly even [84]. The selected CCs are reported to UE via RRC

signalling. Similar to RB allocation, CC configuration plays an important role in

network performance, as well as the power consumption of network. The latter is

much more important especially in UL, as matter of fact, the power consumption

of UEs increases with transmission bandwidth.

The resource scheduler assigns RBs within cell-selected SCCs and UE-selected

PCCs to UEs. In other words, LTE UEs benefit from dynamic scheduling of RRM

only within PCCs, while LTE-A UEs not only take advantage of PCCs but also
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SCCs. There are a number of methods available for PCC selection [84]; in this

thesis, UEs select PCC based on the Reference Signal Received Power (RSRP) of

candidate CCs; i.e. CC with the highest RSRP is selected as PCC by each UE.

RB allocation is one of the most important functionalities of RRM, and may impact

on the overall performance of the network. It distributes a finite number of RBs

among UEs at each TTI under given QoS constraints of individual UEs, such as

fairness and priority [8]. RB allocation strategy is not specified by the 3GPP and

is MNO specific [4],[61], closely coupled to link adaptation and SCC allocation.

Herein, the proposed RRM framework models RB allocation, link adaptation and

SCC configuration as a joint functionality located at eNB.

The Best CQI (BCQI) is one of the basic strategies that can be applied to assign

RBs to UE with the best channel conditions. From a system capacity perspective

BCQI is the best, but gives the worst fairness among UEs and may end UE starva-

tion [4]. Round-Robin Scheduling (RRS) strategy is an alternative to BCQI. This

strategy neglects CSI and ensures that all UEs are allocated the same number of

RBs for the same amount of time [4]. It assigns RBs more fairly among UEs, but

presents inferior throughput performance compared to BCQI. Proportional fair

(is incorporated in this thesis) is another common scheduling strategy, a compro-

mise between RRS and BCQI. This maintains a balance between two competing

interests, i.e. maximising the overall system throughput while at the same time

providing all UEs with a minimum throughput [4].

2.3 OFDM-based Networks

In order to meet the growing demand of user data rates, NGMN’s radio access is an-

ticipated to be built on evolving existing technologies (LTE-A, CRN and WLAN),

as well as new Radio Access Technologies (RATs). In other words, NGMN (also
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Figure 2.8: The overall 5G wireless-access solution consisting of LTE evolution
and new RAT[85].

known as 5G) wireless access can be seen as an overall wireless-access solution

(LTE-A as backwards-compatible for low-frequency bands, ≤ 6 GHz, and new

RAT without backwards-compatibility requirements for higher-frequency bands,

≥ 6 GHz) providing the QoS requirements of mobile communication beyond 2020

(Figure 2.8). Similar to 4G, radio access of NGMN will be schedule-based system

to guarantee the QoS demands of users [58],[85].

The selection of the radio waveform has a significant impact on the NGMN’s

RAT, because it plays an important role on the link performance and transceiver’s

complexity (a very important factor to enable M2M communication). The radio

waveform for NGMN should support wide bandwidth (several 100 MHz to GHz

order) at higher frequency bands. As shown in Figure 2.8, to provide interworking

between the evolution of LTE-A and the new RAT for NGMN, multi-site SA is

necessary. Therefore, radio waveform should support SA also.

OFDM and Filter Bank Multi Carrier (FBMC) are two powerful candidates for

a NGMN waveform. Several research works (e.g. [86],[87]) compare both tech-

nologies from different aspects. It is concluded that FBMC outperforms OFDM

in terms of spectral containment and time/frequency overhead, however, OFDM’s
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transceiver has least complexity. Because the limited complexity is imperative for

NGMN, OFDM is still the strongest candidate for a NGMN waveform [88].

Furthermore, the cognitive capability of NGMN to access the whitespace in the

licensed spectrum bands is necessary to improve spectrum utilisation and solve the

spectrum scarcity problem. For this purpose, NGMN waveform should be highly

flexible and adaptable. OFDM has the potential to achieve the required spectrum

flexibility by means of SA. SA-enabled OFDM can be considered as a very strong

candidate for NGMN waveform in realising the concept of NGMN by providing a

proven, scalable, and adaptive technology for air interface.

Moreover, OFDM has been adopted in several of the latest wireless standards,

such as LTE, DVB-T, IEEE 802.11x, 802.16e, 802.15.3, etc. OFDM provides out-

standing capabilities to combat multi-path fading with high spectral efficiency as

well as providing frequency, time and user diversity due to its flexible and precisely

per-SC RA capability with finer granularity [76]. It is one of the best techniques

for overcoming the adverse effects of multipath spread, and permits many users

to transmit simultaneously on the different SCs per OFDM symbol. Although,

OFDM has been extensively studied from the spectrum efficiency perspective, the

aggregation capability of users is much less studied. To keep pace with the require-

ments of NGMN, it is necessary to modify resource (power and SC) allocation for

OFDM-based networks to support SA.

2.4 Related Works

As explained in Section 1.1 and Section 1.2, wireless traffic volume generated by the

new generation of devices (M2M devices, wearable devices, smartphones, tablets,

and laptops) is quickly becoming too overwhelming for the existing networks to

handle [1],[5]. The exploitation of more available spectrum resources with wider
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transmission bandwidths is a promising solution for traffic explosion and capacity

demands.

Traditionally, wireless networks can only utilise a continuous spectrum resource,

but due to a fixed spectrum allocation policy, the wide continuous spectrum bands

are hardly available under the current situation of spectrum resource. Recently,

researchers both in academia and industry have been motivated by the so-called

spectrum fragmentation problem to work towards flexible spectrum usage. To

solve the problem, SA is introduced to increase system capacity by providing

additional bandwidth to mobile users. The SA exploits fragmented spectrum

segments to provide high bandwidth transmission. After CR identifies all white

spaces sensed by intelligently inspecting the radio environment, the combination

of multiple spectrum bands becomes feasible using SA. Many different standard

organisations and companies have started to study SA. One of the best-known

companies is QinetiQ, which has designed new solutions for SA to sustain broad-

band services [10].

One of the most challenging problems in CRNs is the spectrum assignment prob-

lem [35]. The spectrum assignment problem is well-studied in traditional wireless

networks. When considering spectrum assignation, the objective is to satisfy the

interference constraints and maximise the system throughput for a given spectrum.

Nevertheless, CRNs impose challenges due to the fluctuating and discontinuous

nature of the available spectrum, as well as the diverse QoS requirements of various

applications.

Despite standardisation of SA in LTE-A networks, little effort has been made to

optimise SA by exploiting CR technology. There is limited literature available on

spectrum assignment among users having SA capabilities. In [89], an aggregation

aware spectrum assignment algorithm is proposed to aggregate discrete spectrum

fragments in a greedy manner. The algorithm in [89] utilises the first available
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aggregation range from the low frequency side and assumes all users have the same

bandwidth requirement.

In [20], a prediction based SA scheme is introduced to increase the capacity and

decrease the re-allocation overhead. The proposed scheme is referred to as MSA

for spectrum assignment. The main idea is to assign spectrum for the user with

larger bandwidth requirement first, leaving better spectrum bands for remaining

SUs, while taking into consideration the different bandwidth requirements of SUs

and the state statistics of each channel.

Recently, Fang, et al. [90] introduced a genetic algorithm based spectrum assign-

ment in CRNs. In [90], the population of a genetic algorithm is composed of sets

of feasible assignment and infeasible assignment. The penalty function is added

to the fitness function, and the fitness of chromosomes that dissatisfied within the

constraints are reduced; thus the feasible assignment is achieved with the objective

of maximising the system utility. However, [90] neglects SA capability of SUs.

Authors in [91] introduced a spectrum assignment method with SA based on graph

colouring. The introduced method in [91] maximises throughput and fairness as a

criterion to realise spectrum assignment. Compared to the assignment of continu-

ous spectrum, [91] improves the spectrum utilisation of tiny spectrum fragments,

increases the throughput of CRN, and improves the fairness of spectrum assign-

ment among SUs.

Furthermore, authors in [92] proposed a utility-based SA algorithm to enhance

the performance of a CRN considering multiple objectives: 1) maximisation of

overall throughput, 2) reduction of channel switching, 3) reducing the number of

sub-channels comprising the aggregate channel, aimed at opportunistic spectrum

use by SUs. These three objectives are integrated into a weighed sum utility

function. The proposed algorithm allows for the automated adaptable setting of

objective-function weights depending on environment changes.
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Finally, authors in [93] analytically formulated the channel access problem as a

joint power control and channel assignment optimisation problem, with the objec-

tive of minimising the required spectrum resources for a given CR transmission.

[93] shows that the optimisation problem is a binary linear program, which is, in

general, a Non-deterministic Polynomial-time (NP)-hard problem. Accordingly,

[93] presents a near-optimal solution based on sequential fixing, where the binary

variables are determined iteratively by solving a sequence of linear programs.

For CRNs, existing spectrum assignment and SA solutions are not applicable di-

rectly as practical constraints, such as MAS, must be taken into account. Further,

in an aggregation-based spectrum assignment a major challenge is to manage CCI

among SUs, which is not taken into account in the existing literature.

The RRM functionality plays an important role in optimising network perfor-

mance from the MNO perspective, as well as improving QoS of UEs and conse-

quently improving churn rate and increasing revenue for MNOs [94]. Since LTE-A,

the concept of RRM for SA-enabled LTE networks has gained significant atten-

tion [8],[24],[25]. Most of the previous studies related to RRM in LTE-A assume

CC selection, RB allocation and link adaptation as completely separate problems.

For instance, authors in [95] developed a RRM algorithm that assigns CC to each

newly-arrived UE on the basis of the average channel quality, independent of RB

allocation.

In [96], CC selection and RB allocation are considered jointly, but link adapta-

tion (MCS assignment) is neglected. The authors in [96] proposed an algorithm

referred to as Minimising System Utility Loss (MSUL) algorithm, in which UEs

can be categorised as either narrow-band or broadband UEs, where the former

can support only one CC while the latter can support all CCs in a given cell [96].

The MSUL algorithm also assumes that different CCs have the same number of

RBs. It is used to assign each CC independently and then removes all but one
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of the assigned CCs from narrow-band UEs, provided that they have minimum

contribution to the utility function.

More recently, authors in [24] proposed a radio resource allocation scheme which is

known as the GA. The GA considers MCS assignment jointly with the CC selection

and RB allocation. However, the authors assumed that all CCs have same number

of RBs and that all LTE-A UEs have the same SA capability, both of which are

unrealistic assumptions. Further, the GA is an iterative process which calculates

the utility function for all possible combinations of UEs, CCs, and MCSs at each

iteration. An assignment with the highest value of the utility function is selected

at each iteration until the algorithm converges [24].

Most of the current research neglects LTE-A constraints in respect to PCC and

SCC selection. Further, none of the mentioned SOTA solutions optimise RRM

functionally, but are based on approximate algorithms that only achieve half of

the PF objective function of the optimal solution.

Recently, OFDM systems have become one of the most intensively studied paradigms

in wireless communications. The vast majority of previous contributions in liter-

ature focus on RA for cases where the users employ the non-SA OFDM technolo-

gies [21],[22] or solve RA for LTE-A networks [25],[24].

For instance, authors in [21] considered scheduling and RA for the DL of OFDM-

based networks. During each scheduling time slot, the RA problem involves select-

ing a subset of users for transmission, determining the assignment of available SCs

to selected users, and for each SC determining the transmission power, the coding

and modulation scheme used. [21] provides optimal and sub-optimal algorithms

for the formulated RA problem which is convex.

Authors in [22] proposed an efficient solution to minimise the total transmit power
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subject to each user’s data rate requirement by using convex optimisation tech-

niques. Due to the non-convexity of the optimisation problem, the proposed so-

lution is not guaranteed to be optimal. However, for a realistic number of SCs,

the duality gap is practically zero, and optimal RA can be evaluated efficiently.

Simulation results show large performance gains over a fixed SC allocation.

In addition, capacity and coverage gains can be improved dramatically if users

employ SA to increase the transmission bandwidth and provide an additional

frequency diversity [12]. In this thesis, RA for OFDM-based networks with the

practical constraints of users’ SA capabilities and finite transmission power is

considered. Table 2.7 briefly explains some of the SOTA solutions available in

literature and compare them with the proposed algorithm in this study - Optimum

RB Allocation Algorithm (ORAA).

2.5 Summary

In this chapter, fundamental concepts of NGMN including CRN, LTE-A and

OFDM-based networks are reviewed briefly. The concept of SA in correspond-

ing architectures is explained. Furthermore, all challenges that SA poses in the

network, are investigated in details. Finally, the SOTA solutions are presented and

will be used in next chapters to compare with performance of introduced methods.
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Chapter 3

Aggregation based Spectrum

Assignment for Cognitive Radio

Networks

As explained in Chapter 1 and Chapter 2, NGMN is preparing for an explosive

increase in data traffic. NGMN technology will deliver fast and cost-effective data

connectivity anywhere and anytime for anyone and anything, whilst minimising

the deployment cost. Despite the success of HWNs and MIMO in 4G systems,

there is no single technological advance that can meet this traffic demand. In

fact, NGMN’s technology demands wide bandwidth and high spectrum efficiency

towards meeting this ambitious target. This chapter targets both bandwidth and

spectrum efficiency through flexible use of spectrum in order to optimise spectrum

utilisation in CRNs. It is expected that NGMN will integrate the conventional

licensed mobile communication systems and CRN into a holistic system.

In CRNs, SUs exploit CR technology to opportunistically access licensed spectrum

as long as interference to licensed users is kept at an acceptable level [36]. Owing

to cognitive functionalities of CRNs, SUs can interact with the radio environment
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either by performing spectrum sensing and/or accessing spectrum databases to

detect spectrum opportunities [99]. After sensing, the characteristics of available

spectrum bands are analysed and spectrum is assigned according to user require-

ments. In CRN, there are multiple SUs trying to access the opportunistic spectrum

and, hence, spectrum access must be coordinated to prevent multiple SUs collid-

ing in the overlapping portions of the spectrum which can degrade the overall

performance of the CRN.

As SUs can sense and be aware of their radio environment, the aggregation of

narrow spectrum opportunities becomes possible using SA, which provides higher

throughput for the SUs. To enable SUs to transmit in the discontinuous spectrum

due to the presence of incumbent PUs, a flexible modulation technique based on

multi-carrier modulation that turns off SCs which would otherwise interfere with

incumbent transmissions is required. Fortunately, with the advancement of mod-

ulation techniques and RATs, a single radio can access discontinuous portions of

the spectrum simultaneously and aggregate them, e.g. by using OFDM [100],[101].

In this chapter, an aggregation-based spectrum assignment algorithm using a ge-

netic algorithm for CRNs is proposed. It is assumed that a CRN exploits disconti-

nuity of available spectrum, i.e. whitespaces, opportunistically in order to achieve

higher spectrum utilisation. The proposed algorithm takes into consideration in-

terference to the PUs, CCI among SUs, and MAS to aggregate whitespaces. As

the spectrum assignment problem is inherently seen as a NP-hard optimisation

problem, evolutionary approaches can be applied to solve this challenging prob-

lem. In this thesis, a genetic algorithm is used to solve aggregation aware spectrum

assignment because of its simplicity, robustness and the high convergence rate of

the algorithm [102].

Spectrum efficiency of the algorithm is compared with the MSA [20] and the RCA.

In Section 2.4, SOTA solutions regarding SA in CRNs are reviewed. Simulation
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results clearly show that the proposed algorithm outperforms SOTA algorithms.

Furthermore, analysis of the convergence of the proposed algorithm is provided

and numerical results verify its fast convergence.

This chapter is organised as follows: in Section 3.1, spectrum assignment and an

aggregation model are presented. The proposed algorithm is explained in Sec-

tion 3.2. Simulation results are discussed in Section 3.3, followed by conclusions

in Section 3.4.

3.1 Spectrum Aggregation Model

A CRN consisting of N SUs as α = {α1, α2, · · · , αN} competing for M non-

overlapping orthogonal channels β = {β1, β2, · · · , βM} is assumed. All spectrum

assignment and access procedures are controlled by a central entity known as

the spectrum broker. It is assumed that a distributed sensing mechanism and

measurement conducted by each user is forwarded to the spectrum broker [99]. A

spectrum occupancy map is constructed by the spectrum broker and CCI among

SUs is determined. Furthermore, the spectrum broker can lease single or multiple

channels for user αn ∈ α in a limited geographical region for a certain amount

of time. Finally, a secondary base station can transmit data to the SU αn in the

assigned channels.

Channel availability matrix L = {ln,m|ln,m ∈ {0, 1}}N×M is defined as an N ×

M binary matrix, representing channel availability where ln,m = 1 if and only if

channel βm is available to SU αn and ln,m = 0 otherwise. Each SU αn is associated

with a set of available channels at its location, defined as βn ⊂ β; i.e. βn =

{βm|ln,m 6= 0}. Due to the different interference range of each PU (which depends

on PU’s transmission power and the physical distance between PU and SU) at

the location of each SU, βn of different SUs may be different [103]. According
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to the sharing agreement, any channel βm ∈ β can be reused by a group of SUs

in the vicinity defined by αm such that αm ⊂ α, if SUs are located outside the

interference range of PUs; i.e. αm = {αn|ln,m 6= 0}.

The interference constraint matrix C = {cn,k,m|cn,k,m ∈ {0, 1}}N×N×M is defined

as an N × N ×M binary matrix, representing the interference constraint among

SUs where cn,k,m = 1 if SUs αn and αk would interfere with each other on channel

βm, and cn,k,m = 0 otherwise. It should be noted that for n = k, cn,n,m = 1− ln,m.

The value of cn,k,m depends on the distance between SU αn and αk. Interference

constraint also depends on the channel βm as power loss varies greatly in different

frequency bands. The bandwidth requirements of all SUs are diverse because of

different QoS requirements for each user. R = {rn}1×N is defined as user requested

bandwidth vector, where rn represents the bandwidth demand of SU αn.

In dynamic environments, channel availability and the interference constraint ma-

trix both vary continually. For simplicity, it is assumed that spectrum availability

is static or varies slowly in each scheduling time slot. In other words, all mentioned

matrices remain constant during the scheduling period. In the proposed solution,

a subset of SUs is scheduled during each time slot and the available spectrum is

allocated among them without causing interference to PUs.

In the traditional spectrum assignment, available spectrum is composed of contin-

uous channels and users are able to transmit on one continuous channel. Therefore,

it is not feasible for a user to utilise spectrum fragments which are smaller than

the user’s bandwidth demand. SA is the key technology to solve this problem.

SA-enabled CR terminals are capable of exploiting fragmented portions of the

spectrum and provide high data rates by using specialised air interface techniques,

such as OFDM. If the user’s bandwidth demand is larger than the bandwidth of

each available channel, CRN based on continuous spectrum assignment blocks the

user request, even if there is an adequate non-continuous free bandwidth available.
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Nevertheless, by aggregating fragmented spectrum in one virtual channel, the ag-

gregated bandwidth will be larger than the demand. In this way, small fragments

are fully utilised to improve spectrum utilisation.

For instance, assume a CRN where every CR requires 4 MHz channel bandwidth,

and the available spectrum consists of two spectrum fragments of 4 MHz, and four

spectrum fragments of 2 MHz (Figure 3.1). For continuous spectrum allocation,

the 2 MHz spectrum fragments cannot be utilised by CR. Therefore, a continuous

spectrum assignment mode can only support two CR terminals for communication

(2×4 MHz). If a number of small spectrum fragments are aggregated into a wider

channel, then 16 MHz of unused spectrum is available to support four CR users

(4× 4 MHz).
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Figure 3.1: Aggregation of disjointed spectrum fragments.

Although SA in CR terminals is possible from the baseband processing point of

view, RF-implementation complexity is still high [10]. Due to the limited aggre-

gation capabilities of the RF front-end, only those channels that reside within a

range of MAS may be aggregated. With this constraint, some spectrum fragments

may not be aggregated because their span is larger than the MAS. According to

the study commissioned by Ofcom [10] on new methods of spectrum management,

current hardware technology allows for the aggregation of a maximum 50 MHz

bandwidth spectrum fragments at different frequency bands, provided that the

difference between the maximum and minimum frequency of multiple fragments
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which are aggregated do not exceed 1.5 GHz [10]. The value of MAS depends on

the RF architecture of CR’s transmitter and receiver.

For example, in Figure 3.2, it is assumed that the CR’s transceiver can operate

with a MAS of 10 MHz, therefore if a CR user needs 8 MHz bandwidth, the

channel aggregated by B and C may not be utilised. And if the CR’s transceiver

can aggregate the minimum 0.5 MHz bandwidth spectrum fragment, then the

spectrum fragments of E and F can be aggregated.
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Figure 3.2: CR’s receiver and transmitter can operate with MAS of 10 MHz.

Without loss of generality, the following assumptions have been made:

1. All SUs have the same aggregation capability (i.e. MAS for all SUs is same).

2. The guard band between adjacent channels is neglected.

3. All users’ bandwidth requirements and the bandwidth of each channel is a

multiple of sub-channel bandwidth ∆f ; which is the smallest unit of band-

width (in fact, the smaller fragments would demand excessive filtering to

limit adjacent channel interference) i.e.

rn = ωn ·∆f, ωn ∈ N, 1 ≤ n ≤ N (3.1)

BWm = κm ·∆f, κm ∈ N, 1 ≤ m ≤M (3.2)
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where N is a set of natural numbers, ωn is the number of requested sub-

channels by SU αn, κm is the number of sub-channels in channel βm, and

BWm is the bandwidth of channel βm.

The total available spectrum (i.e. M channels) is subdivided into multiple num-

bers of sub-channels. If the available spectrum band consists of C sub-channels,

(i.e. total available bandwidth is C ·∆f), then:

βm =
κm⋃
i=1

β̃i,m, κm =
BWm

∆f
, where 1 ≤ m ≤M (3.3)

C =
M∑
m=1

κm (3.4)

where the mth channel βm has κm sub-channels and β̃i,m represents the ith sub-

channel of βm. Each sub-channel β̃i,m can be represented in an interval defined

as [FLi,m,FHi,m]; where FLi,m and FHi,m are the lowest and highest frequency of ith

sub-channel located in mth channel, respectively (FHi,m − FLi,m = ∆f). Based on

this new sub-channel indexing, matrices L and C can be rewritten as follows:

L∗ =
{
l∗n,c|l∗n,c = ln,m

}
N×C (3.5)

C∗ =
{
c∗n,k,c|c∗n,k,c = cn,k,m

}
N×N×C (3.6)

if

1 ≤ c ≤ κ1 for m = 1

and
m−1∑
j=1

κj < c ≤
m∑
j=1

κj for 1 < m ≤M

where c represents the index of each sub-channel within the available spectrum.

The sub-channel assignment matrix A = {an,c|an,c ∈ {0, 1}}N×C is an N × C bi-

nary matrix, representing sub-channels assigned to SUs for aggregation such that
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an,c = 1 if and only if sub-channel c is available to SU αn and 0 otherwise. The

reward vector B = {bn = ∆f ·
∑C

c=1 an,c}N×1 is defined to represent the total band-

width allocated to each SU during the time period scheduled for given sub-channel

assignment.

3.2 Problem Formulation and Solution

3.2.1 Optimisation Problem

One of the key objectives of the deployment of CRNs is to enhance spectrum

utilisation. To consider this crucial goal, network utilisation U(B) is defined as

maximising the total bandwidth assigned to SUs α in the CRN and is referred to

as the Maximising Sum of Reward (MSR):

U(B) =
N∑
n=1

bn (3.7)

To maximise U(B) the SA problem can be formed as a constrained optimisation

problem to maximise U(B) as follows:

max
a

N∑
n=1

bn (3.8)

subject to,

bn = ∆f ·
C∑

c=1

an,c =


0 if αn is rejected,

rn if αn is accepted.

for 1 ≤ n ≤ N (3.9)

FHd,t −FLe,f ≤ MAS (3.10)

an,c = 0 if l∗n,c = 0 for 1 ≤ n ≤ N and 1 ≤ c ≤ C (3.11)
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an,c · ak,c = 0 if c∗n,k,c = 1 for 1 ≤ n, k ≤ N and 1 ≤ c ≤ C (3.12)

Eq. (3.9) ensures that rewarded bandwidth bn to each accepted SU must be equal

to the SU’s bandwidth demand rn. If CRN cannot satisfy αn’s bandwidth request,

αn is rejected and bn = 0. If FLe,f (1 ≤ e ≤ κf and 1 ≤ f ≤ M) is the lowest

frequency of an initial aggregated sub-channel and FHd,t (1 ≤ d ≤ κt and 1 ≤ t ≤

M) is the highest frequency of a terminative sub-channel, Eq. (3.10) guarantees

that the range of allocated spectrum is equal or less than MAS. The sub-channel

assignment matrix, A, must satisfy the interference constraints (3.11) and (3.12);

Eq. (3.11) and Eq. (3.12) guarantee that there is no harmful interference to PUs

and other SUs respectively.

3.2.2 Spectrum Aggregation Algorithm Based on Genetic

Algorithm

Traditionally, the spectrum assignment problem has been classified as an NP-

hard problem [102]. In this thesis, a genetic algorithm is employed to solve the

aggregation-based spectrum assignment problem in order to obtain fast conver-

gence. A genetic algorithm is a stochastic search method that mimics the process

of natural evolution. In addition, it is easy to encode solutions of the spectrum as-

signment problem to chromosomes in a genetic algorithm, and compare the fitness

value of each solution. The specific operations of the proposed algorithm, referred

to as the MSR Algorithm (MSRA), can be described as follows:

Step1 (Encoding): In MSRA, a chromosome represents a possible conflict free

sub-channel assignment as explained in Section 3.2.1. In order to decrease

search space (by reducing redundancy in the data) and obtain faster solu-

tions, a similar approach to that described in [102] is adopted in this thesis.

A mapping process between A and the chromosomes is applied based on the
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characteristics of L∗ and C∗. Only those elements of A are encoded whose

corresponding elements in L∗ take the value of 1, i.e. an,c = 0 where (n, c)

satisfies l∗n,c = 0. As a result of this mapping, the chromosome length equals

the number of non-zero elements of L∗, and the search space is greatly re-

duced. Based on a given L∗, the length of the chromosome (ω) can be written

as:

ω =
N∑
i=1

C∑
j=1

l∗i,j (3.13)

Step2 (Initialisation): During the initialisation process, the initial population

is randomly generated based on a binary coding mechanism as introduced

in [102]. The size of the population depends on |α| and |β|. For larger

|α| and |β|, the population size should be increased, where |.| indicates

cardinality of a set.

Step3 (Selection): The fitness value of each individual of the current population

according to the MSRA criteria defined in Eq. (3.7) is computed. According

to the individuals’ fitness value, excellent chromosomes (parents) are selected

and remain in the next generation. The individual with the highest fitness

value replaces the chromosome with a lower fitness value by the selection

process.

Step4 (Genetic operators): To maintain the high fitness values of all chro-

mosomes in a successive population, crossover and mutation operators are

applied. Two randomly selected chromosomes are chosen in each iteration

as the parents, and the crossover of the parent chromosomes is carried out

at probability of crossover rate. In addition to selection and crossover oper-

ations, mutation at a certain mutation rate is performed to maintain genetic

diversity.

Step5 (Termination): The stop criteria of genetic algorithm is checked in each

iteration. If they are not satisfied, Step3 and Step4 are repeated. The

66



Chapter 3. Aggregation based Spectrum Assignment for CRNs

maximum number of iterations and fitness value difference are used as the

criteria to determine the termination of genetic algorithm.

The population of chromosomes generated after initialisation, selection, crossover

and mutation may not satisfy the given constraints defined in Eq. (3.9)-(3.12).

To find feasible chromosomes that satisfy all constraints, a constraint free process

is applied that has the following steps in order:

1. Bandwidth Requirements: The vector B as given in Section 3.1 is calcu-

lated. bn should either equal rn or zero, otherwise all genomes related to αn

are changed to zero.

2. MAS: Eq. (3.10) is examined and should satisfy the hardware limitations of

the transceiver, otherwise all of genomes related to αn are changed to zero.

3. No interference to PUs: Eq. (3.11) guarantees that SUs’ transmissions

do not interfere PUs’ transmissions; ensuring that CRN does not harm the

PUs performance. If Eq. (3.11) is not satisfied, all genomes related to αn

are changed to zero.

4. CCI: Eq. (3.12) guarantees that there is no harmful interference between

SUs. If Eq. (3.12) is not satisfied, one of two conflicted users is chosen at

random, and then all genomes of the selected user are changed to zero.

To achieve higher spectrum efficiency and faster convergence, after each generation

the MSRA whenever possible randomly assigns all unassigned spectrum to remain-

ing SUs, whilst simultaneously ensuring that the constraints defined in Eq. (3.9)-

(3.12) are satisfied at all times.
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Table 3.1: Simulation parameters.

Parameter Value
∆f 1M Hz
MAS 40 MHz
BWj ∆f · U(1, 20)
rn ∆f · U(1, 20)
Population Size 20
Number of Generations 10
Mutation Rate 0.01
Crossover Rate 0.8

3.3 Simulation Results and Discussion

In this section, simulation results are presented to evaluate the performance of the

proposed algorithm. Due to the random nature of the channel bandwidth, BWm,

and the users’ bandwidth demand rn, Monte Carlo simulations are performed and

each simulation scenario is repeated 100, 000 times. The default parameters used

in the simulations are listed in Table 3.1, where U(1, 20) represents the discrete

uniform random integer numbers between 1 and 20. Initially, matrices C and L

are randomly generated.

3.3.1 Scenario-I: without CCI

In this scenario, the performance of the MSRA is compared with the SOTA al-

gorithms. Specifically, the performance of the MSRA is compared with the MSA

(explained in Section 2.4) [20] and the RCA when the CCI among SUs is not con-

sidered. Therefore, it is assumed that SUs’ transmissions do not overlap with the

transmissions of other SUs using the same channel.

Ratio of sum of all SUs’ bandwidth requirements to the sum of all available band-

width is defined as network load (φ), i.e.
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φ =

∑N
n=1 rn∑M
m=1 κm

(3.14)

For M = 30, network load increases by increasing the number of SUs from 5 to

60. Figure 3.3 shows that when the number of SUs increases the sum of rewarded

bandwidth also increases in all three methods, but MSRA utilises all available

whitespace in various network loading conditions more efficiently than MSA and

RCA. For MSRA, when the network load is over 3, CRN becomes saturated due

to the lack of available spectrum.
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Figure 3.3: Sum of bandwidth of SUs admitted to the network under varying
network load conditions (scenario-I: without CCI).

3.3.2 Scenario-II: with CCI

In this scenario, CCI exists among SUs α and the proposed algorithm, MSRA is

compared with RCA. MSA does not inherently consider CCI, and for that reason

MSA is not included for comparison. Figure 3.4 shows the sum of the bandwidth

of SUs admitted to the network according to different network loads by increasing

the number of SUs from 5 to 55 when there are only seven available channels
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(i.e. M = 7). As shown in Figure 3.4, MSRA is a factor of over 2-times better

efficiency than RCA for a network load of 5.5. Figure 3.5 represents the number of

rejected SUs when the network load increases. As seen in Figure 3.5, the number

of rejected users increases with the network load, but MSRA has fewer rejected

users of different network loads (or more satisfied users) than RCA of different

network loads.
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Figure 3.4: Sum of bandwidth of SUs admitted to the network under varying
network load conditions (scenario-II: with CCI).

3.3.3 Convergence Analysis of MSRA

This section discusses the convergence rates of MSRA by using the minorisation

condition in the Markov chain theory. The search space is the collection of bi-

nary strings of length ω. Thus, there are 2ω possible chromosomes. Since the

search space for a MSRA is nominally over a finite collection of binary strings,

the candidate solutions may also be represented by a collection of integers ψ ∈

{0, 1, 2, ..., 2ω − 1}. Each value of ψ represents a unique label for one of the 2ω

possible chromosomes. The total number of possible populations is given by:
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Figure 3.5: Number of SUs rejected from the network under varying network
load conditions (scenario-II: with CCI).

χ =
Npop + 2ω − 1

(2ω − 1) !Npop !
(3.15)

where Npop denotes the population size. The genetic algorithm may be modeled

as a Markov chain so that all of the tools of Markov chain theory may be used

to explore the properties of genetic algorithms. Authors in [104] showed that the

stochastic transition through these genetic operations can be described completely

by the transition matrix for one generation. With this assumption that the ge-

netic algorithm operates on each generation to produce the next, then the χ × χ

Markov Chain transition matrix Q has elements Qi,j = conditional probability

that population j is generated from population i where each possible individual

ψ ∈ {0, 1, 2, ..., 2ω − 1} is included s(ψ, i) times in population i.

The elements of the transition matrix give the probability of producing population

j from population i and may be written as a multinomial distribution given by
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[105]:

Qi,j = Npop !
2ω−1∏
ψ=0

(φψ(i))s(ψ,i)

s(ψ, i) !
(3.16)

where φψ(i) is the probability of producing chromosome ψ from population i.

Clearly, φψ(i) depends upon the MSRA parameters, namely the mutation rate

and convergence rate. Let qk be a 1 × χ row vector having jth component, qk(j)

equal to the probability that the kth generation will result in population j. From

the definition of the transition matrix, qk = q0Q
k where q0 is an initial probability

distribution.

The stationary distribution of the genetic algorithm is then given by:

q = lim
k→∞

qk = lim
k→∞

q0Q
k (3.17)

It can be seen that q is a solution to q = qQ. If one can solve directly for q then

the stationary distribution of the genetic algorithm can be obtained in terms of

the genetic algorithm parameters, since Q is completely specified in terms of the

genetic algorithm parameters through the φψ(i). The method of solving for qk(j)

is well known [105]:

q(j) =
Dj∑N−1
i=0 Di

(3.18)

where Dj is the cofactor of the main diagonal entries of the matrix I − Q. The

cofactors Dj are found by taking the determinant of the matrix obtained from

I −Q by removing the jth row and column.

The rate of convergence, representing probability of achieving a solution θ lying in

some “satisfactory set”. The convergence rate results for three cases with varying

evolutionary parameters are shown in Table 3.2.

In this section, the impact of a number of generations is shown on the performance

of MSRA. For the purpose of convergence studies, N = 40 and M = 6 are

assumed. Figure 3.6 shows the best fitness value of MSRA for a population in a
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Table 3.2: Convergence rate (probability that the MSRA has a population
that contains the optimal solution) results for three cases.

Rate convergence of MSRA
Number of Generations 0 5 10 15 20 30 40
Crossover Rate=0.4, Npop= 10,
Mutation Rate= 0.05

0.0 0.1 0.2 0.3 0.4 0.7 1.0

Crossover Rate=0.8, Npop= 15,
Mutation Rate= 0.08

0.2 0.5 0.7 0.8 0.9 1.0 1.2

Crossover Rate=1.0, Npop= 20,
Mutation Rate= 0.1,

0.1 0.2 0.3 0.4 0.5 0.7 1.0

different number of generations. As shown in Figure 3.6, the performance of the

algorithm is enhanced, when the number of generations increases, however this is

at the cost of increased processing time. After roughly 34 generations, the fitness

value saturates at optimal value, which shows the effectiveness of using a genetic

algorithm for spectrum assignment with SA.
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Figure 3.6: The impact of a number of generations on the genetic algorithm
results under MSRA.
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3.4 Conclusions

This chapter introduces aggregation-aware spectrum assignment algorithm using

a genetic algorithm referred to as MSRA. The proposed algorithm maximises the

rewarded bandwidth to SUs as a criterion to realise spectrum assignment. Further,

MSRA takes into account the realistic constraints of CCI and MAS. The perfor-

mance of MSRA is validated by simulations and the results are compared with

SOTA algorithms available in literature, i.e. RCA and MSA. MSRA is a factor

of over 2-times better spectrum utilisation than RCA. Moreover, MSRA decreases

the number of rejected users. Simulation results verify very fast convergence of

MSRA to obtain an optimum solution.
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Chapter 4

Radio Resource Management in

LTE-A Networks with Spectrum

Aggregation

Both CR and LTE-A are anticipated to be the main enabling technologies for

NGMN. CR allows different RATs to coexist and share the same spectrum effi-

ciently by utilising unused spectrum. This DSA is achieved in a distributed fashion

and relies on software-defined radio. On the other hand, LTE-A offers advanced

all-digital packet switched all-IP implementation that offers a variety of multi-

media services together with significantly increased capacity. In Chapter 3, an

aggregation-based spectrum assignment for CRNs is proposed. However, in this

chapter, RRM for SA-enabled LTE-A networks is considered.

SA is one of the most important functionalities in the 3GPP LTE that was intro-

duced in Rel-10. By using SA, multiple CCs with different bandwidths, dispersed

within intra or inter-bands, can be simultaneously utilised to provide higher data

rates, better coverage and simplified multi-band traffic management, resulting in

75



Chapter 4. RRM in LTE-A Networks with Spectrum Aggregation

enhanced user QoE. However, SA functionality introduces new challenges for RRM

function of the network.

In this chapter, an optimum RRM algorithm for LTE-A with reduced complexity

is proposed and compared with the SOTA solutions. The proposed algorithm

optimally assigns CCs, RBs, and MCS values to the users based on their CSI and

SA capabilities. Most of the SOTA solutions are based on approximate approaches

which guarantee only half of the PF objective function of the respective optimum

solution. Finally, performance of the proposed solution has been evaluated using

single-cell multi-user simulations and the results clearly show that the proposed

algorithm outperforms the SOTA algorithms in terms of average cell throughput

and throughput fairness.

This chapter is organised as follows: a joint RRM problem for SA-enabled LTE-A

is formulated as an optimisation problem in Section 4.2. The proposed solution is

explained in Section 4.3. Simulation results are discussed in Section 4.5 followed

by conclusions in Section 4.6.

4.1 Assumptions and Technical Limitations

1. In LTE for the DL transmission, the eNB distributes its power on the RBs

according to the corresponding channel quality. For near-optimal power al-

location, the waterfilling power allocation might be used, whereby higher

power is allocated to subcarriers whose fading and interference are in favor-

able conditions [106]. However, Yu et al. [107] proved that for the Rayleigh

fading channel in adaptive modulation framework - more general than the

OFDM based setting - the spectral efficiency loss due to constant-power

waterfilling is negligible. Hence, in this thesis for simplicity purposes, it is
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assumed that DL power is distributed uniformly over the RBs, i.e. no DL

power control is employed.

2. RB, SCC, and MCS on next scheduling time slot are allocated based on

UEs measurements in previous CQI reports. Therefore the predictability of

the channel conditions has high importance from the overall system point of

view; large and uncorrelated interference variation or high mobility of UEs

from one time slot to the other makes the network optimisation difficult. In

this thesis, it is assumed that CQI feedback varies slowly in each scheduling

time slot and is available on a RB size granularity over all CCs.

3. To assess the network performance backlogged traffic model (known as full-

buffer model) is used where queue length of every UE is much longer than

the amount of data that can be scheduled during each TTI [24].

4. For the sake of simplicity, control DL channels overhead and time-dynamic

models of feedback channels are excluded.

5. In this thesis, DL transmission of LTE-FDD without MIMO functionality is

considered.

6. The formulation does not consider the buffer size of UEs as well as QoS class

identifier of packets - which is a method to ensure bearer traffic is allocated

appropriate QoS. Therefore, the formulation treat different types of bearer

traffic as one, i.e. neglects different delivery requirements of packets.

7. There are a number of methods available for PCC selection [108]; in this

study, UEs select their corresponding PCCs based on the RSRP of the can-

didate CCs; i.e. CC with highest RSRP is selected as PCC by each UE.

8. In this work, PF scheduler is incorporated to maximise cell throughput while

maintaining fairness among UEs.
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4.2 System Model and Problem Formulation

4.2.1 System Model

An LTE-A cell, consisting of N UEs as α = {α1, α2, · · · , αN} is considered. Each

αn ∈ α may have different SA capability which is modelled as µn. Each µn

represents the maximum number of CCs that αn ∈ α can support, for instance, if

αn ∈ α is a Rel-8 UE, µn = 1. According to Rel 10-12 of 3GPP, µn ∈ {1, 2, ..., 5}.

All UEs in a given TTI compete for M non-overlapping orthogonal CCs as β =

{β1, β2, · · · , βM} where each βm ∈ β has a different number of RBs and can be

written as γm where γm ∈ {6, 15, 25, 50, 75, 100} is the number of RBs in a given

βm. Each βm can be chosen as a PCC or SCC for different UEs; i.e. a certain CC

for a specific UE may be selected as PCC but for another UE it can be selected as

a SCC. In this thesis, without loss of generality, it is assumed that CQI feedback is

available on a RB size granularity over all CCs. CQI-index value of αn in pth RB

of βm is represented by cm,p,n ∈ {0, 1, ...,K}, ∀m ∈ {1, 2, ...,M}, ∀n ∈ {1, 2, ...,N}

and ∀p ∈ {1, 2, ...,P}, where P and K are the maximum of γm and 15, respectively.

As mentioned in Section 2.2.2, according to 3GPP all RBs allocated to a given

UE per CC in a given TTI have an identical MCS. Hence, to guarantee BLER

≤ 10% in all RBs [4],[24] the worst CQI-index value is selected as a representing

the CQI of all selected RBs in CC for a particular UE. It is referred to as a worst

CQI-index value k and has the same range as cm,p,n.

To represent RB allocation, a binary variable akm,p,n where m ∈ {1, 2, ...,M},

n ∈ {1, 2, ...,N}, p ∈ {1, 2, ...,P} and k ∈ {1, 2, ...,K} is defined. The value of

akm,p,n = 1 if and only if pth RB located in βm is allocated to αn with k as a worst

CQI-index value and akm,p,n = 0 otherwise. A binary variable ekm,n, representing

carrier (PCC and SCC) allocation is defined, where ekm,n = 1 represents βm that

is assigned to αn with k as a worst CQI-index value and ekm,n = 0 otherwise.
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Finally, to represent PCC for each αn, a binary variable ym,n is defined where

ym,n = 1 represents βm is assigned to αn as PCC and ym,n = 0 otherwise. A

schematic diagram of the proposed RRM method is shown in Figure 4.1. Dashed

lines indicate signaling between eNB and UEs.

UE

eNB

SA capability

PCC selection

CQI mesurements

RBallocation
SCC selection

MCS assingment

Figure 4.1: RRM functionality of network notifies UEs about MCS values,
RB allocations and SCC selections of upcoming data stream by means of DL
signaling. Moreover, to allow eNB to communicate effectively with all connected
UEs, it is necessary that as part of the connection setup, UEs report their
transmission capabilities. All measurement reports and new decisions have to

make in each TTI.

In each TTI, akm,p,n and ekm,n must satisfy the following conditions:

1. The interference constraint defined in Eq. (4.1) must be satisfied i.e. two or

more UEs cannot utilise the same RB simultaneously. In addition, Eq. (4.1)

ensures that there is a maximum of one non-zero k per allocated RB.

N∑
n=1

K∑
k=1

akm,p,n ≤ 1 (4.1)

2. SA capability of each UE must be taken into account i.e. the number of

aggregated CCs for each αn should be less than its maximum supported CC

number µn, i.e.

M∑
m=1

K∑
k=1

ekm,n ≤ µn (4.2)
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3. The pth RB located in βm is allocated to αn with k as the worst CQI-index

value (akm,p,n = 1) if and only if βm is allocated to αn with k as the worst

CQI-index value (ekm,n = 1), i.e.

akm,p,n ≤ ekm,n (4.3)

4. All allocated RBs to αn in βm must have an identical k (MCS constraint),

i.e.

K∑
k=1

ekm,n ≤ 1 (4.4)

5. Because each αn has one and only one PCC, in the case where βm is selected

as PCC for αn, there is one ekm,n ∀k ∈ {1, 2, ...,K} equals 1, i.e.

ym,n ≤
K∑
k=1

ekm,n (4.5)

For αn, achievable throughput over tth TTI (f
(t)
n ) can be estimated as follows (t is

a positive integer number):

f (t)
n =

M∑
m=1

P∑
p=1

K∑
k=1

rk(t)m,p,n · ak(t)m,p,n (4.6)

where

rkm,p,n =


0 for cm,n,p < k,

d(k) for cm,n,p ≥ k.

(4.7)

a
k(t)
m,p,n and r

k(t)
m,p,n are akm,p,n and rkm,p,n in tth TTI respectively. Furthermore, d(k)

is defined in Eq. (2.2). In 3GPP LTE standard, all RBs allocated to a given UE

per CC must adopt the identical MCS, therefore it is vital that only those RBs

that can provide the required QoS (BLER ≤ 10%) are selected [4],[24]. For this
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reason, Eq. (4.7) ensures that if a RB’s CQI is lower than target MCS, then the

RB cannot be utilised to transmit data by the MCS.

The utility function of PF scheduling for αn up to tth TTI is referred to as V
(t)
n

and can be written as:

V (t)
n =

f
(t)
n

T
(t)
n

(4.8)

where T
(t)
n is the average throughput of αn over last tc TTIs (average throughput

between (t− tc)th and (t− 1)th TTI) [109] and can be calculated as follows:

T (t)
n =

(
tc − 1

tc

)
T (t−1)
n +

1

tc
f (t−1)
n (4.9)

T
(t)
n for all UEs is updated before the next TTI, and the process repeats. To

ensure fairness among UEs with different SA capabilities, priority weight for each

αn is inversely proportional to its average throughput T
(t)
n , which is computed with

respect to all RBs located over all CCs available in the cell. For simplicity, time

notation is omitted for the rest of this chapter. The overall system utility of the

cell, referred to as U can be modelled as the sum of each individual αn’s utility

function:

U =
N∑
n=1

M∑
m=1

P∑
p=1

K∑
k=1

zkm,p,n · akm,p,n (4.10)

where zkm,p,n =
rkm,p,n
Tn

.

4.2.2 Optimisation problem

In this section, carrier selection, RB allocation and MCS assignment are formulated

as a constrained joint optimisation problem with the objective of maximising the

system utility function U , defined in Eq. (4.10). The optimisation problem can

be written as follows:

max
a,e

U (4.11)
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subject to,

N∑
n=1

K∑
k=1

akm,p,n ≤ 1 (4.12)

M∑
m=1

K∑
k=1

ekm,n ≤ µn (4.13)

akm,p,n ≤ ekm,n (4.14)

K∑
k=1

ekm,n ≤ 1 (4.15)

ym,n ≤
K∑
k=1

ekm,n (4.16)

ekm,n, a
k
m,p,n ∈ {0, 1} (4.17)

where m ∈ {1, 2, ...,M}, p ∈ {1, 2, ...,P}, n ∈ {1, 2, ...,N}, and k ∈ {1, 2, ...,K}.

By solving the optimisation problem (4.11)-(4.17), the RB allocation (across PCCs

and SCCs), SCC allocations and MCS-index values can be obtained (and signalled

to UEs as shown in Figure 4.1).

4.3 ILP

4.3.1 Objective Function

The optimisation problem (4.11)-(4.17) belongs to an 0-1 ILP class of optimisation

problems. The original optimisation problem does not have a canonical form, but
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can be converted to an equivalent problem by the transformation of variables, i.e.

akm,p,n, zkm,p,n and ekm,n can be ordered to construct vectors a, z and e respectively.

The relationship between original variables and their corresponding vectors can

be expressed as follows:

a =

[
a1 · · · ai · · · aMPNK

]T
(4.18)

z =

[
z1 · · · zi · · · zMPNK

]T
(4.19)

e =

[
e1 · · · ej · · · eMNK

]T
(4.20)

where ai = akm,p,n, zi = zkm,p,n, ej = ekm,n and

i = p+ P(k − 1) + PK(m− 1) + PKM(n− 1) (4.21)

j = k +K(m− 1) +KM(n− 1) (4.22)

The vectors a and e can be concatenated and transposed into a new vector referred

to as x with dimensions of MPNK +MNK as follows:

x = [aT , eT ]T (4.23)

Similarly, constraint vector g with a dimension of MPNK +MNK can be ex-

pressed as:

g = [zT ,0TMNK]T (4.24)

Accordingly, objective function defined in Eq. (4.11) can be rewritten as:

max
x

gTx (4.25)
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4.3.2 Inequality Constraints

In this section, the constraints defined in Eq. (4.12)-(4.17) are converted into an

equivalent canonical form. From Eq. (4.12):

C1a � 1 (4.26)

where C1 =

[
blkd(L1,M) · · · blkd(L1,M)

]
MP×MPNK

and L1 =

[
IP · · · IP

]
P×PK

.

Similarly, constraint (4.13) can be rewritten as:

C2e � µ (4.27)

where µ =

[
µ1 · · · µN

]T
and C2 = blkd(1TKM,N ). Constraint (4.14) can be

expressed as:

C3x � 0 (4.28)

where C3 =

[
INKMP , L3

]
NKMP×(NKMP+MNK)

and L3 = −blkd(1P ,MNK).

Similarly for constraint (4.15):

C4e � 1 (4.29)

where C4 = blkd(1TK,MN ). Finally, constraint (4.16) can be expressed as:

− C4e � y (4.30)

where y =

[
y1 · · · yo · · · yNM

]T
with yo = −ym,n and suffix o = m+M(n−

1).

Accordingly, constraints (4.26)-(4.30), can be integrated as follows:

Cx � q (4.31)
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where C is a constraint matrix:

C =

CT
1 0 INKMP 0 0

0 CT
2 LT3 CT

4 −CT
4


T

(4.32)

and

q =

[
1TPM µT 0TNKMP 1TNM yT

]T
(4.33)

Equivalently, the optimisation problem (4.11)-(4.17) can be rewritten as:

max
x

gTx (4.34)

subject to: {
x|Cx � q,x ⊆ Z(MPNK+MNK)} (4.35)

Constraints (4.29) and (4.30) assure that the elements of e from polyhedron (4.35)

contain only integer numbers 0s and 1s. However, constraint (4.28) implies that

the elements of a from polyhedron (4.35) has any integer number with maximum

of 1. Furthermore, it is shown in next section that the optimum values of a (or

x) are binary (0s and 1s) regardless that the polyhedron (4.35) contains negative

integers of a.

4.3.3 Linear Programming Relaxation

As mentioned in Section 4.3.1, the optimisation problem (4.11)-(4.17), or its equiv-

alent (4.34)-(4.35), belongs to 0-1 ILP. There are variety of algorithms that can

be used to solve ILP problems, however, no polynomial-time algorithm has been

discovered. One obvious solution is enumeration - systematically checking all

feasible solutions and finding one with the maximum objective value - which is

difficult, time-consuming and practically unsolvable, especially for the large-scale
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ILP-problems such as (4.34)-(4.35). In fact the ILP is regarded as NP-complete

(when the problem is both in NP and NP-hard) [110],[111]. However, such prob-

lems can be solved efficiently under certain conditions such as total unimodularity

and total dual integrality [110].

The solution set of a finite number of inequalities can be defined as a polyhe-

dron [112]:

Θ = {x|Cx � q} (4.36)

where Θ is convex, and there always is an optimum solution which is one of the

finitely many extreme points.

Definition 1 (Integral Polyhedron): A polyhedron Θ is called integral if every

nonempty face of Θ contains an integral point, i.e. if Θ is the convex hull of the

integral vectors contained in it [110].

Total unimodularity and total dual integrality are sufficient conditions in which

Θ is integral, in other words if C and q satisfy certain properties then Θ can be

concluded as an integral. Total unimodularity can be applied for any arbitrary

integral q but total dual integrality requires only specific class of integral q -

total dual integrality is a weaker sufficient condition for integrality than total

unimodularity. In this work, total unimodularity is used to prove that Θ is integral

for any arbitrary integral vector q (which is dependent on the UEs SA capabilities).

Definition 2 (Total Unimodular Matrix (TUM)): A matrix C is total uni-

modular if determinant of its every square sub-matrix equals −1, 0, 1[110].

Theorem 1 (Hoffman and Kruskal’s theorem): Let C be an integral ma-

trix. Then C is TUM if and only if for each integral vector q the polyhedron

{x|Cx � q,0 � x} is integral [113],[114].

86



Chapter 4. RRM in LTE-A Networks with Spectrum Aggregation

Lemma 1: The constraint matrix C defined in Eq. (4.32) and used in the

optimisation problem (4.34)-(4.35) is TUM (the proof is given in the Appendix

A).

Since C is TUM, according to Theorem 1, {x|Cx � q,0 � x} is integral. More-

over, constraints (4.28), (4.29) and (4.30) - which are already included in Cx � q

- make the following set equalities:

{x|Cx � q,0 � x} = {x|Cx � q,0 � x � 1} (4.37)

Thus, as result integral polyhedron {x|Cx � q,0 � x} contains only 0s and 1s

(implying the negative integers will not be in optimum solution - as mentioned

in previous section) which satisfies the binary constraint (4.17). A link between

integral polyhedron and LP is given by the following Theorem:

Theorem 2: Consider an LP-problem of the form:

max
x

gTx (4.38)

{x|Cx � q,0 � x} (4.39)

if the problem’s polyhedron {x|Cx � q,0 � x} is integral, then the LP-problem

has an integral optimal solution (the proof is given in [115]).

According to Theorem 2, the 0-1 ILP-problem defined in (4.34)-(4.35) can be

relaxed to the LP mentioned in (4.38) and (4.39) and then be solved (the optimal

basic solution is guaranteed to be binary). Schematically, a visual diagram of the

concepts taken for LP relaxation, is shown in Figure 4.2.
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matrix C is

TUM( proof in
Appendix A)
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ILP­problem
Eq. (4.34)­(4.35) 

Theorem 2

Figure 4.2: Schematic proof of the LP relaxation.

4.4 Computational Complexity Analysis

There is no simple analytical formula for the solution of LP problems, but there

are a variety of very effective methods for solving them, including the Dantzig’s

simplex algorithm [116], interior point methods [117], and the Ellipsoid method

[118]. In contrast to interior point and Ellipsoid method, no variant of the simplex

algorithm is polynomial-time algorithm (in the worst-case it might have to make

a very large number of steps which depends exponentially on the problem dimen-

sion), but in practice it has proved to be a very efficient and reliable method. The

Ellipsoid method - the first polynomial-time algorithm for LP - is too inefficient to

be used in practice, because the per-iteration cost of the linear algebra operations

to update the ellipsoids is too high [113].

Interior point methods low degree polynomial worst-case complexity and an an

almost constant number of iterations which depends very little, if at all, on the

problem dimension, make them particularly attractive for very large scale opti-

misation [119]. Interior point methods are competitive when dealing with small

problems of dimensions and are beyond competition when applied to large prob-

lems of dimensions going into millions of constraints and variables [120].

The LP-problem of (4.38) and (4.39) is an order (N +MP)× (MPNK+MNK)

to maximise gTx over all x in R(MPNK+MNK) such that Cx � q. In this work,

since the mentioned problem’s dimension is high, a family of interior point method

named the primal Newton barrier method [121] is employed in the solution. Barrier
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methods for LP generate approximations to both the primal and dual variables

at each iteration. The formulation of the barrier requires the specification of a

bounded sequence ε that determines the accuracy of the solutions of the problem.

In this work it is assumed that ε = 10−4.

It is not possible to give the exact number of arithmetic operation required to solve

a LP problem [112], however, Robere et al. [121] established higher bound on the

number of operations required to solve the problem, to a given accuracy ε, using

the primal Newton barrier method. According to [121], the worst-case complexity

of the (4.38) and (4.39) equals O(
√
N +MP +MPNK +MNK ln 1

ε
). Since P ,

K and M are relatively small numbers, the worst-case scenario is investigated as

the number of UEs N approaches infinity:

lim
N→∞

O(
√
N +MP +MPNK +MNK ln

1

ε
) ≈ O(δN ( 1

2
)) (4.40)

where δ is a constant number. Liao et al. [24] analysed the computational com-

plexity of GA and its complexity equals O(NPK(M+N maxµn− 1)). Similarly,

for large N , the GA’s complexity approaches to:

lim
N→∞

O(NPK(M+N maxµn − 1)) ≈ O(δ∗N 2) (4.41)

where δ∗ is a constant number. As it can be seen from Eq. (4.40) and (4.41), the

computational complexity of ORAA is much less than the GA.

4.5 Simulation Results and Discussion

In this section, a set of single-cell multi-user simulation results are presented in

order to compare and show the efficiency of ORAA over GA [24] (due to ease of

accessibility). Network-centric Key Performance Indicators (KPIs) such as overall
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system throughput and CC spectral efficiency are demonstrated. Moreover QoS at

the UE level, measured by UE throughput and throughput fairness to the benefit of

UEs are shown. The simulation results demonstrate the high potential of proposed

method in terms of both system-level and UE-level efficiency.

To investigate the network performance, set of dynamic simulations are performed

where UEs are distributed independently under three UE deployment scenarios,

1) Random, 2) Cell center, 3) and Cell edge. In random deployment, UEs are dis-

tributed with uniform distribution within each cell whereas in cell center and cell

edge, UEs are distributed near the cell center and cell edge, respectively. Further-

more, DL performance is assessed in two different SA scenarios: Single-frequency

Band (SB) and Multi-frequency Band (MB). In SB scenario, it is assumed that

each CC is of 1.4 MHz and each cell has been configured for 6 CCs all located in 2

GHz FDD band. In MB scenario, simulations are conducted for 3 CCs in 2 GHz

(Higher Band - HB) and 3 CCs in 800 MHz (Lower Band - LB).

MATLAB based standard compliant system level simulator is employed [27] to

simulate the network scenarios and evaluate the performance of the proposed al-

gorithm. The number of UEs per cell (including LTE and LTE-A) is 10 and all

UEs are moving with low velocity, unless stated otherwise. Each simulation sce-

nario lasts for 10, 000 TTIs or 10 seconds and repeated 100 times for averaging

results. Other simulation parameters are summarised in TABLE 4.1.

4.5.1 Throughput of a Cell

Figure 4.3 shows normalised values of cell throughput as a function of average SA

capability of UEs in the cell, defined as µ =
∑N

n=1 µn, where µ = 1 represents the

case when all UEs are LTE Rel-8 terminals and µ = 5 represents the case when

all UEs are LTE-A Rel-10 devices and can aggregate up to 5 CCs. As seen from

Figure 4.3, regardless of network deployment, UEs in the cell with higher µ have
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Table 4.1: Simulation parameters.

Parameter Value
M 6
N 10
P 6
tc 100
Cyclic prefix length 4.7µ s
Total transmit power 40 dBm (10 W)
Site layout 7 cells wrap-around
Traffic model Backlogged
Inter-cell distance 500m
Transmission mode FDD-DL-SISO

higher probability to have higher-rate RBs available in the network. Therefore,

for both algorithms (i.e. GA and ORAA) in both scenarios (SB and MB) and all

three deployment scenarios cell throughput increases with SA capability of UEs.

This can be explained by the fact that in case of higher SA capability, UEs can

utilise higher bandwidths and higher frequency diversity. Furthermore, since the

achievable throughput of UEs is limited by the available SNR to UEs (especially

cell-edge users), increasing the transmission bandwidth provides high data rates

to cell-edge UEs and eventually increases cell throughput.

Moreover, in MB scenario, because UEs are allowed to operate on lower frequency

band, cell-edge UEs experience better channel quality than SB, leading improved

cell throughput of both ORAA and GA. As can be seen in Figure 4.3(a) and Fig-

ure 4.3(b), because of the limited number of CCs in the cell (only 6) and better SNR

conditions in random and cell-center deployments for µ ≥ 4, cell throughput does

not improve further, however in case of cell-edge deployment (Figure 4.3(c)), cell

throughput still increases. Interestingly, there is a sharp increase in cell through-

put from µ = 1 to 1.5 and the reason is that if µ = 1, the only CC (precisely PCC)

is selected based on RSRP level. However if µ > 1, SCCs are selected by RRM

entity based on RBs’ CQI values. The cell throughput of ORAA significantly

outperforms GA in both SB and MB scenarios in all three different deployments.
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Figure 4.3: The impact of SA capability and multi-band accessibility of UEs
on cell throughput when µ increases in the network and N = 10, (A) random

deployment (B) cell-center deployment (C) cell-edge deployment.

Figure 4.4 shows a comparison of the cell throughput as a function of the num-

ber of UEs in both scenarios (SB, MB) and all three deployment scenarios when

µ = 3. Similar to the case of increasing µ as in Figure 4.3, increasing N improves

cell throughput in all cases. When N increases in the cell, it enhances the likli-

hood that available RBs are assigned to UEs with better channel quality. Hence,

by exploiting multi-user diversity, cell throughput improves in all cases. However,

when there are too many UEs in the cell, all available RBs in the cell are shared
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Figure 4.4: The impact of SA capability and multi-band accessibility of UEs
on cell throughput when N increases in the network and µ = 3, (A) random

deployment (B) cell-center deployment (C) cell-edge deployment.

exclusively between them and therefore fewer RBs are assigned to UEs. There-

fore, the cell throughput of all cases changes slightly as the ratio of LTE-A UEs

increases. The cell throughput of ORAA outperforms GA in both SB and MB

scenarios and in all deployment scenarios.
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4.5.2 Throughput of UEs

The average throughput of individual UEs in three different deployment scenarios

are analysed when N = 10 as shown in Figure 4.5. UE index is ordered based on

UE’s SA capability, i.e. UE index is formatted as αn(µn). For instance, in case

of A(1) and B(1) UEs A and B can utilise only 1 CC, but I(5) and J(5) mean

UEs I and J can aggregate up to 5 different CCs. As shown in Figure 4.5, most of

time ORAA in MB scenario provides highest throughput to each UE as expected.

UEs with higher SA capability have slightly better throughput than others. If

the priority weight of each αn is computed with respect to all RBs located over

its corresponding CC, the gap between throughput of UEs with 1 and 2 CCs

aggregation capability, i.e. A(1), B(1) and C(2), D(2) could be bigger and leads

to unfair RB distribution for non LTE-A UEs. But as mentioned in Section 4.2,

priority weight of each αn is considered as an inversely proportional to its average

throughput F
(t)
n which is computed with respect to all RBs located over all CCs

available in the cell. Similarly, in cell-centre deployment scenario (Figure 4.5(b)),

UEs experiences better throughput than cell-edge deployment (Figure 4.5(c)).

In Figure 4.6, throughput distribution of UEs in random deployment scenario is

considered; UE index is ordered based on their average RSRP level, UE J has

lowest average RSRP and UE A has the highest. For simplicity and comparison

purposes, it is assumed that all UEs can aggregate same number of CCs i.e. 4.

In both ORAA and GA, throughput of UEs decreases by decreasing RSRP level,

however in case of ORAA, cell-edge UEs experience better throughput than GA.

ORAA assigns CC efficiently in such a way that RBs belong to HB CCs are mostly

allocated to cell-center UEs and RBs from LB CCs to cell-edge UEs.

Similarly, in Figure 4.7, Cumulative Distribution Function (CDF) of UEs through-

put in the random deployment scenario is shown, throughput of UEs are averaged

and the CDF curves of the averaged throughput for four cases are shown. In case
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Figure 4.5: The impact of SA capability and multi-band accessibility of UEs
on each UE throughput (N = 10, µ = 3), (A) random deployment (B) cell-

center deployment (C) cell-edge deployment.

of ORAA-MB, 55% of UEs have throughput less than 0.6, as for GA-MB, 90% of

UEs have throughput less than 0.55. From the Figure 4.6 and Figure 4.7, it can

be concluded that the cell-edge UE’s throughput can be improved by the ORAA,

while the throughput of cell-center UEs remains similar to GA.
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Figure 4.6: Throughput distribution of UEs in MB scenario in random de-
ployment scenario (N = 10, µ = 4).
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Figure 4.7: Cumulative distribution function of UEs throughput in the cell in
random deployment scenario (N = 10, µ = 3).

4.5.3 Throughput Fairness

In order to compare throughput fairness among UEs in the cell, Jain’s fairness

index [122] can be applied as follows:

T =
(
∑N

n=1 fn)2

N
∑N

n=1 f
2
n

=
(
∑N

n=1

∑M
m=1

∑P
p=1

∑K
k=1 r

k
m,p,na

k
m,p,n)2

N
∑N

n=1

∑M
m=1

∑P
p=1

∑K
k=1(r

k
m,p,na

k
m,p,n)2

(4.42)
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The value of T ranges form 1
N to 1, and T = 1 indicates that all UEs have equal

throughput in average. Figure 4.8 depicts the fairness index for different number

of UEs and it can be seen the fairness index is almost same for both ORAA and

GA. ORAA outperforms slightly better than GA for smaller N , partially because

of providing higher throughput for cell-edge UEs. However, for bigger N , GA

presents fairer allocation than ORAA.
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Figure 4.8: Jain’s fairness index (4.42) as function of N from 5 to 35 (µ = 3).

4.5.4 Component Carrier Spectral Efficiency

In this section, spectral efficiency (bits/s/Hz) per CC, representing overall through-

put per bandwidth unit in each CC is investigated. CC spectral efficiency can be

interpreted for load balancing which may avoid situations in which multiple UEs

compete for the RBs in a single CC while the RBs in other CCs are wasted. For

optimal system performance, it is desirable to have approximately equal load on

different CCs. As seen in Figure 4.9, introducing LB CCs increases spectral effi-

ciency even in HB CCs because of allocating LB CCs to cell-edge UEs. As it is

expected, ORAA provides better CC spectral efficiency than GA and distributes
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Figure 4.9: Component carrier spectral efficiency (N = 10, µ = 3).

load in such a way that prevents from overloaded CC in the cell in order to main-

tain appropriate UE experience and system performance.

4.6 Conclusions

In this chapter, RRM function of LTE-A with SA is formulated as an ILP consid-

ering standard-compliant LTE constraints, such as MCS and SA constraints. It is

proven that the given ILP can be relaxed to LP and solved by using LP techniques

optimally. An optimum-efficient solution based on PF scheduling is proposed. The

simulation results demonstrate the high potential of proposed method, in terms

of efficiency on the system-level and UE level. The results show that the ORAA

offers significant gains in overall system throughput and CC spectral efficiency to

the benefit of MNOs. Moreover, the results show improvement in QoS of UEs,

measured by UE throughput especially cell-edge UEs.
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Resource Allocation Algorithms

with Spectrum Aggregation for

OFDM-based Networks

As explained in Section 2.3, the high spectrum efficiency and low computational

complexity for the generation and detection of OFDM, together with its flexibility

and adaptivity, probably make it the strongest candidate technology for NGMN.

Furthermore, to provide wide bandwidth - which is necessary to meet the QoS

requirements of growing number of wireless devices - aggregating fragmented seg-

ments of spectrum is required.

In this chapter, the RA problem with SA in OFDM-based networks is studied.

RA with SA can be formulated as a complex mixed integer optimisation prob-

lem under the practical constraints of transmission power and the limited number

of CCs available for each user (SA constraint). A two-step solution is proposed:

Step1: CC allocation is performed to satisfy users’ SA constraints and remove the

intractable integer constraints of the optimisation problem, Step2: power and the

SC allocation algorithm assign resources among users sub-optimally. Two efficient
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methods based on the two-step solution with reasonably low complexity referred to

as TSRAA and ERAA are proposed. The performance of TSRAA and ERAA are

compared with the highly complex COA introduced as an optimal solution. Sim-

ulation results verify that TSRAA provides a near optimum solution and exploits

the multi-carrier diversity of wireless systems. Furthermore, numerical results

show that ERAA achieves satisfying performance with very low complexity.

This chapter is organised as follows: in Section 5.1, RA with SA functionality is

described and an optimisation problem is formulated. The proposed algorithms,

i.e. TSRAA, ERAA and COA are explained in Section 5.2 and the complexity

analysis of the proposed algorithms are presented in Section 5.3. Simulation results

are discussed in Section 5.4, followed by conclusions in Section 5.5.

5.1 System Model and Problem Formulation

An OFDM-based cell with an AP, consisting of N users as α = {α1, α2, · · · , αN}

is considered. Each user αn ∈ α may have different SA capability and is modelled

as µn where µn represents the maximum number of CCs that αn ∈ α can support.

All users in a given scheduling time slot (TTI), compete for M non-overlapping

orthogonal CCs as β = {β1, β2, · · · , βM} where each βm ∈ β has a different number

of SCs (maximum P) and can be written as γ = {γm|γm ∈ N}1×M where γm shows

the number of SCs in a given βm. Bandwidth of each βm can be calculated as

γm·∆f for 1 ≤ m ≤M and ∆f denotes SC frequency spacing; for simplicity, ∆f =

1 is assumed. A binary matrix A is defined as A = {am,ρ,n|am,ρ,n ∈ {0, 1}}M×P×N ,

representing a SC allocation map where am,ρ,n = 1 if and only if ρth SC located

in mth CC is allocated to nth user uniquely and am,ρ,n = 0 otherwise. The SC

allocation matrix A must satisfy the interference constraint as defined in Eq.
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(5.1) i.e. two or more users cannot utilise the same SC simultaneously.

N∑
n=1

am,ρ,n ≤ 1 for 1 ≤ ρ ≤ P and 1 ≤ m ≤M (5.1)

Similarly, a CC allocation matrix can be defined as a binary M×N matrix as

follows:

E = {em,n|em,n ∈ {0, 1}}M×N (5.2)

where em,n represents whether or not the βm is assigned to αn, i.e.

em,n =


0 ⇐⇒

∑P
ρ=1 am,ρ,n = 0

1 ⇐⇒
∑P

ρ=1 am,ρ,n ≥ 1

(5.3)

To represent the allocated power to each αn for a given SC, during TTI, a power

allocation matrix is defined as follows:

P = {pm,ρ,n|pm,ρ,n ≥ 0}M×P×N (5.4)

where pm,ρ,n represents the allocated power for αn in ρth SC located in βm during

a TTI. A channel quality matrix H is defined as a M×P ×N matrix as:

H = {hm,ρ,n|hm,ρ,n ≥ 0}M×P×N (5.5)

where hm,ρ,n is the channel quality of ρth SC located in βm at the user αn location.

A SC channel gain matrix, G can be defined as:

G =

{
gm,ρ,n|gm,ρ,n =

hm,ρ,n
N0 ·∆f

}
M×P×N

(5.6)

where N0 is the noise spectral density and assumed to be constant for all SCs.

The AP can adapt its transmission power for each user in a TTI to maximise the

aggregated sum-rate of the network. It is assumed that the fading characteristics
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for each SC are constant over TTI but vary from SC-to-SC. Further, it is assumed

that the AP has knowledge about the SA capability of all users.

The aggregated sum-rate of the network (R) based on Shannon-Hartley’s theorem

can be formulated as:

R =
N∑
n=1

Vn =
N∑
n=1

M∑
m=1

rm,n =
N∑
n=1

P∑
ρ=1

M∑
m=1

em,n · am,ρ,n · log2 (1 + pm,ρ,n · gm,ρ,n)

(5.7)

where Vn is the aggregated data-rate of αn and rm,n is the data rate of αn over

βm. In this chapter, SC and power allocation are formulated as a constrained

optimisation problem with the objective of maximising the aggregated sum-rate

R defined in Eq. (5.7). Hence, the optimisation problem can be formulated as:

max
a, p

N∑
n=1

P∑
ρ=1

M∑
m=1

em,n · am,ρ,n · log2 (1 + pm,ρ,n · gm,ρ,n) (5.8)

subject to,

em,n ∈ {0, 1} (5.9)

M∑
m=1

em,n ≤ µn (5.10)

am,ρ,n ∈ {0, 1} (5.11)

N∑
n=1

am,ρ,n ≤ 1 (5.12)

pm,ρ,n ≥ 0 (5.13)

N∑
n=1

M∑
m=1

pm,ρ,n ≤ PT (5.14)

∀ 1 ≤ m ≤ M, 1 ≤ ρ ≤ P , and 1 ≤ n ≤ N . For the optimisation problem (Eq.

(5.8)-(5.14)), the constraint in (5.10) guarantees SA restriction for each user in

the network. Eq. (5.13) and Eq. (5.14) are power constraints of the AP; PT is
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the power budget of the AP. Due to the presence of binary variables, the resulting

problem is mixed integer optimisation problem and the solution is prohibitively

computationally complex [112],[123].

5.2 Proposed Solutions

5.2.1 Two-Step Resource Allocation Algorithm

The optimisation problem (Eq. (5.8)-(5.14)) is a complex mixed integer optimi-

sation problem and computationally expensive. In this chapter, a novel approach

is proposed to convert the given problem into a two-step optimisation problem

and obtain a sub-optimal solution i.e. the first step is for carrier selection and the

second step is for assigning powers and SCs.

5.2.1.1 Carrier Selection

In this step, the initial assignment of CCs to each user is determined. Initially, it is

assumed that all users can aggregate an unlimited number of CCs, i.e. em,n = 1 for

1 ≤ n ≤ N and 1 ≤ m ≤ M. By assuming am,ρ,n as a continuous variable which

can take any value between 0 to 1, the optimisation problem (Eq. (5.8)-(5.14))

can be rewritten as:

max
a, p

N∑
n=1

P∑
ρ=1

M∑
m=1

em,n · am,ρ,n · log2 (1 + pm,ρ,n · gm,ρ,n) (5.15)

subject to,

am,ρ,n ≥ 0 (5.16)

N∑
n=1

am,ρ,n ≤ 1 (5.17)
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pm,ρ,n ≥ 0 (5.18)

N∑
n=1

M∑
m=1

pm,ρ,n ≤ PT (5.19)

This problem is a modified version of the classic waterfilling algorithm and optimal

SC allocation is determined by assigning each SC to the user with the best SC

channel gain given by gm,ρ,n. Moreover, the optimal power distribution and SC

allocation conform to the waterfilling solution [106], as follows:

pm,ρ,n = em,n ·
(
K − 1

gm,ρ,n

)+

(5.20)

am,ρ,n =


0 ⇐⇒ pm,ρ,n = 0

1 ⇐⇒ pm,ρ,n > 0

(5.21)

where

K =
PT +

∑N
n=1

∑P
ρ=1

∑M
m=1

em,n·am,ρ,n
gm,ρ,n∑N

n=1

∑P
ρ=1

∑M
m=1 em,n · am,ρ,n

(5.22)

and (x)+ stands for max (x, 0). After obtaining pm,ρ,n and am,ρ,n, data rate (r′m,n)

can be estimated for each user on different CCs as follows:

r′m,n =
P∑
ρ=1

am,ρ,n · log2 (1 + pm,ρ,n · gm,ρ,n) (5.23)

For each user αn, r′m,n is sorted in descending order and µn CCs are selected with

the highest r′m,n. Based on the selected CCs, the corresponding em,n of each user

are set to one and the rest are set to zero. Once carrier selection for each user is

complete, the SCs and powers are assigned within selected carriers to each user

according to the second step. The TSRAA’s first step can be summarised as

follows:

1: Initialise A = 0, P = 0 and E = 1.
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2: Find A and P using the waterfilling solution (Eq. (5.20)-(5.22)).

3: Calculate r′m,n for 1 ≤ m ≤M and 1 ≤ n ≤ N (Eq. (5.23)).

4: Sort r′m,n for each user αn, in descending order.

5: Select µn CCs with the highest rate (r′m,n), for each user αn.

6: Set em,n to 1 based on an index of selected CCs for each user αn.

7: Pass obtained E to second step (SC and power allocation).

5.2.1.2 Sub-carrier and power allocation

In this step, SCs and powers within selected CCs are allocated optimally to each

user based on obtained E. It is similar to the previous step, the only difference

being that all CCs are not available to each user, i.e. some elements of E are

set to zero in the carrier selection step. Again the solution is a classic waterfilling

algorithm (Eq. (5.20)-(5.22)). TSRAA’s second step can be summarised as follows:

1: Initialise A = 0, P = 0 and get obtained E from the carrier selection step.

2: Find A and P using the waterfilling solution (Eq. (5.20)-(5.22)).

3: Report final results E, A and P to users in the network.

5.2.2 Efficient Resource Allocation Algorithm

In this section another RA algorithm, referred to as ERAA, is proposed. ERAA is

computationally more efficient than TSRAA and gives a satisfying performance.

Similar to TSRAA, ERAA follows a two-step approach. ERAA not only considers

SC channel quality but also approximately equalises the load on different carriers

in the network. Load balancing is a useful feature and may help avoid situations

in which multiple users compete for the SCs in a single carrier while the SCs in

other carriers are not utilised.
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In ERAA, the CCs are initially assigned to each user based on the average effective

carrier gain G instead of each individual SC’s gain; G can be defined as M×N

matrix as follows:

G =

{
gm,n|gm,n =

∑P
ρ=1 gm,ρ,n

γm

}
M×N

(5.24)

This process reduces the complexity of TSRAA remarkably without any apprecia-

ble loss in network performance. The carrier-selection step involves multiple levels

and in each level, βm is assigned to user αn with the highest estimated data rate

r′′m,n (Eq. (5.26)) among users in the network under the constraint of a maximum

number aggregated CCs. For this purpose, the following assumptions are made:

1. The total power budget is distributed equally among users per aggregated

carrier, i.e.

P ′ =
PT∑N
n=1 µn

(5.25)

where P ′ is assigned power for each user in each aggregated CC.

2. When βm is shared between Cm users, it is assumed that its bandwidth

is divided equally between Cm users. This assures load balancing among

different carriers, i.e.

r′′m,n =
γm
Cm
· log2

(
1 +

Cm · P ′ · gm,n
γm

)
(5.26)

Initially, Cm = 1 for 1 ≤ m ≤ M is assumed. By assigning βm to a user, Cm

is incremented by one. In each level, the user with the highest estimated rate

(r′′m,n) on a particular CC is selected. This algorithm continues until all users in

the network reach their SA restriction limit. After obtaining E, powers and SCs

are allocated as in the second step of TSRAA. To clarify, ERAA’s carrier-selection

step can be summarised as follows:

1: Initialise E = 0 and Cm = 1 for 1 ≤ m ≤M.
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2: Calculate G and P ′ (Eq. (5.24) and Eq. (5.25)).

3: repeat

4: Calculate r′′m,n for 1 ≤ m ≤M and 1 ≤ n ≤ N (Eq. (5.26)).

5: Find the pair of αn and βm with the highest r′′m,n provided that
∑M

m=1 em,n <

µn and em,n = 0.

6: Set em,n to 1 and update E.

7: Increment Cm to 1.

8: until there is no more αn that satisfies em,n ≤ µn for 1 ≤ m ≤M.

5.2.3 Combinatorial Algorithm

As mentioned in Section 5.2.1, RA with SA for OFDM-based networks is a mixed

integer optimisation problem and NP-hard. There is no work in literature to date

to solve the problem optimally. Thus, to evaluate the performance and complex-

ity of TSRAA and ERAA, both are compared with a COA introduced here. A

COA is built based on the fact that waterfilling is the optimum solution when

optimal carrier allocation is pre-known; therefore,to find the best possible carrier

allocations, all possible carrier allocations are examined in terms of the network’s

throughput. In the COA, carrier allocation for the user with the smallest contri-

bution is removed. This process continues until there are no more users who have

aggregated more than their SA capability. To clarify, COA can be summarised as

follows:

1: repeat

2: Initialise A = 0, P = 0 and E = 1 .

3: Calculate r′m,n for 1 ≤ m ≤M and 1 ≤ n ≤ N (Eq. (5.23)).

4: Find the pair of αn and βm with the lowest r′m,n provided that
∑M

m=1 em,n >

µn and em,n = 1.

5: Set em,n to 0 and update E.
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6: until there is no more αn that satisfies
∑M

m=1 em,n > µn.

5.3 Computational Complexity Analysis

In this thesis, the proposed approach in [124] is employed to solve water filling

problem based on geometric view. The proposed Geometric Water-Filling (GWF)

approach eliminates the procedure to solve the non-linear system for the water

level, and provides explicit solutions and helpful insights to the problem and the

solution [124]. Herein, total number of operations is applied as a measure of the

complexity level [125].

The proposed GWF algorithm occupies less computational resource than tradi-

tional water filling. It is seen that it needs C (total number of channels) loops at

most to find best channel in each loop and it needs 4 arithmetic operations and

2 logical operations to complete each loop. Thus, the worst-case computational

complexity of the proposed solution is 8C+ 3 (from the operations of 6C+ 3 + 2C)

fundamental arithmetical and logical operations under the 2(C + 1) memory units

to store required data. In Table 5.1, the worst-case computational complexity of

the all three algorithms are provided:

Moreover, due to the fact that the waterfilling algorithm is the most computation-

ally intensive part of TSRAA, ERAA and COA, the complexity analysis is based

on the required number of its executions (the complexity of other operations are

omitted in the analysis). For TSRAA and ERAA regardless of M, N and µn,

the waterfilling algorithm needs to be run only twice and once, respectively. How-

ever, for COA, the waterfilling algorithm needs to be run roughly CCOA times (Eq.

(5.27)); each waterfilling algorithm is for distributing
∑M

m=1 γm SCs among N
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Table 5.1: Worst-case computational complexity using GWF approach.

Solutions Arithmetical Operations Logical Operations

COA
∑N

n=1(M− µn)(8
∑M

m=1 γm + 3) 2
∑N

n=1(M− µn)(
∑M

m=1 γm + 1)

TSRAA 16
∑M

m=1 γm + 6 4
∑M

m=1 γm + 4

ERAA 8
∑M

m=1 γm + 3 2
∑M

m=1 γm + 2

users. Eq. (5.27) shows that COA’s complexity grows linearly with M and N .

CCOA ≈
N∑
n=1

(M− µn) (5.27)

It can be seen that ERAA is the most efficient algorithm in terms of complex-

ity; TSRAA is more complex than ERAA with a rate of two; in addition, both

algorithms’ complexities are independent from M and N . Figure 5.1 depicts the

computational complexity of all three algorithms for the different values of N .

For simplicity, M = 7 and µn = 3 for 1 ≤ n ≤ N are assumed. The waterfilling

algorithm is well studied in literature and there are many techniques available to

reduce its complexity, for instances readers can refer to [126],[127].
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Figure 5.1: Complexity comparison of different algorithms based on the re-
quired number of executions of the waterfilling algorithm (M = 7 and µn = 3).
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Table 5.2: Simulation parameters.

Parameter Value
M 8
PT 10mdB
µn ∈ {1, 2, 3, 4, 5}
γm ∈ {2, 3, 4}

5.4 Simulation Results and Discussion

To assess the performance of the proposed algorithms, the performance of TSRAA

and ERAA are compared with the optimal solution of COA. The performance of

algorithms is measured and compared in terms of single-cell throughput, users

throughput and throughput (load) of each CC. The key simulation parameters are

listed in Table 5.2.

As the computational complexity of the COA is high, M = 8 and the maximum

number of four SCs per CC are assumed. Figure 5.2 shows single-cell throughput

versus number of users. As shown in Figure 5.2, throughput improves by increas-

ing the number of users from 1 to 20 in all three algorithms; however, the optimal

solution – COA - utilises all available SCs more quickly than the other two meth-

ods. The performance gap between TSRAA and COA is small and becomes even

smaller as N increases, which is the case for realistic settings. In addition, ERAA

gives a reasonably good performance.

Further, throughput of different users when there are only 10 users and 8 CCs

in the network is shown in Figure 5.3. User indexes are ordered based on their

SA capability (user index is formatted as αn(µn)). For instance, in the case of

A(1) user A can utilise only 1 CC, but J(5) means user J can aggregate up to

5 different CCs. In this case, all three algorithms similarly offer users with the

higher SA capability and better SC quality better throughput than other users in

the network.
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Figure 5.2: Single-cell throughput versus number of users.

Figure 5.3: Per user throughput versus user index which is ordered based on
users’ SA capability M = 8.

In Figure 5.4, traffic loads of CCs are presented. CCs are ordered based on the

number of their SCs (CCs are formatted as βm(γm)). For instance, in the case

of 1(2) CC 1 has 2 SCs, but 8(4) means CC 8 has 4 SCs. The high level of load

indicates that the CC is one of the main contributors for delivering data to the cell,

which itself is dependent on the number of its SCs and the experienced channel

quality of overall CC for different users. For example, CC 8(4)’s load is higher than

other CCs in the network. implying better channel quality and a higher number of

SCs. As COA shows optimum results with regard to load balancing, it can be used
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as a reference for the purpose of comparison. The COA and TSRAA demonstrate

almost the same level of performance in the aspect of load distribution - the former

slightly higher than the latter most of the time - but ERAA is lower than that of

both methods. Therefore, TSRAA gives superior load balancing when compared

to ERAA, but is inferior to COA to a lesser extent.

Figure 5.4: Per CC throughput (load) versus CC index which is ordered based
on CCs’ number of SCs.

5.5 Conclusions

In this chapter, a RA problem for OFDM-based networks with SA is formulated

as an optimisation problem. With the practical constraints of limited transmission

power and a finite number of CCs available for each user, the optimisation prob-

lem becomes a complex mixed integer problem with a mathematically intractable

solution. Two novel RA algorithms are proposed to solve the optimisation prob-

lem sub-optimally. Both proposed algorithms, TSRAA and ERAA, are based on a

two-step approach: carrier selection, power and SC allocation. Using simulations,

the performance of the proposed algorithms is evaluated in terms of single-cell

throughput, per user throughput and per carrier load. As the simulation results
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illustrate, TSRAA not only balances the carrier load well, but also achieves near

optimum throughput with low complexity. ERAA reduces complexity even fur-

ther, but this comes at the cost of a slightly reduced throughput gain.
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Conclusions and Future Work

NGMN’s radio access is anticipated to be evolved and developed from existing

LTE-A networks, as well as building upon new RATs. In addition, SA plays

an important role in NGMN, and is expected to be used in different scenarios

including, 1) Enabling NGMN’s new RAT to operate on a lower frequency band

(≤ 6 GHz) for a smooth migration from 4G to NGMN. 2) Improving spectrum

utilisation via transmitting on unlicensed spectrum. 3) M2M communication. It

is believed that LTE-A and CR together with SA would lead to the realisation of

NGMN.

In this thesis, RRM function with SA in CR, LTE-A and OFDM-based networks

is studied. The core RRM strategy presented in this thesis is to take advantage of

multi-user diversity in both time and frequency dimensions across different CCs

(multi-carrier diversity) and schedule transmissions on to radio resources with

better channel conditions. In addition, due to the fact that the above-mentioned

function is highly dynamic and new decisions have to be made in each TTI, it

is vital to have low complexity algorithms as well. Therefore, the design of high

performance and efficient RRM strategies becomes crucial.
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6.1 Conclusions

The thesis aims to provide novel RRM algorithms for NGMN with SA. Based on

the work in the thesis, the following conclusions are drawn:

1. In Chapter 3, an aggregation-based spectrum assignment method using ge-

netic algorithm is proposed. The rewarded sum of bandwidth is maximised

as an optimisation criterion to realise efficient assignment of available whites-

paces. Further, the realistic constraints of CCI and MAS for the optimisation

problem are considered. The performance of the proposed algorithm is vali-

dated by running a number of computer simulations and the efficiency of the

proposed approach is evaluated by comparing the RCA and MSA algorithms,

available in SOTA. The proposed solution decreases number of rejected users

from 40 users to 20 users and improves the spectrum utilisation three times.

2. In Chapter 4, the RB allocation problem with consideration of UEs’ SA

capability as well as MCS assignment in LTE-A networks is addressed. The

problem is formulated under the backlogged traffic model as an ILP problem

and proves that the ILP can be solved as a LP problem optimally. The

optimum and efficient solution for RRM using PF scheduling is proposed.

The proposed RRM solution considers MCS assignment, RB scheduling (for

both PCC and SCCs) and SCC selection jointly. The advantage of the

proposed solution comes from allowing UEs to exploit multiple CCs to select

higher MCSs and take advantage of SA. The proposed solution increases

throughput of cell from 14 Mbps to 17 Mbps for center-centre deployment.

3. In Chapter 5, the RA problem for SA-enabled OFDM-based networks is

formulated as an optimisation problem. With the practical constraints of

limited transmission power and a finite number of CCs available for each
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user, the optimisation problem becomes a complex mixed integer optimi-

sation problem with a mathematically intractable solution. Two novel RA

algorithms are proposed to solve the optimisation problem sub-optimally.

Both proposed algorithms, TSRAA and ERAA, are based on two-step ap-

proach: carrier selection, power and SC allocation. Using simulations, the

performance of the proposed algorithms is evaluated in terms of single-cell

throughput, per user throughput and per carrier load. As the simulation

results illustrate, TSRAA not only makes balances the carrier load well, but

also achieves near optimum throughput with low complexity. In addition,

ERAA reduces complexity even further, but at the cost of slightly reduced

throughput gain.

6.2 Assumptions and Technical Limitations

This thesis treats the area of RRM in NGMN, with focus on DL direction. This

study investigates the problem of single-cell RRM with centralised RA without

cooperation among users. Because of assumptions which are taken, there are

some limitations as follows:

Single-cell RRM: In this work, it is assumed that cells are deployed in such

a way that there is no inter-cell interference among them. This approach

cannot be used for frequency reuse of one scenarios. In contrast to this

single-cell RRM, multi-cell RRM takes a broader view and optimises radio

resource allocation across a group, or cluster, of cells while cells use same

frequency.

DL direction: In this thesis, RRM in DL is considered and assumed that all

decisions are made centrally; however UL direction is not discussed. Most

of presented techniques and insights can be adapted to the UL.

116



Chapter 6. Conclusions and Future Work

Perfect CSI: Resources on next scheduling time slot are allocated based on users

measurements in previous CSI reports. Therefore the predictability of the

channel conditions has high importance from the overall system point of

view; large and uncorrelated interference variation or high mobility of users

from one time slot to the other makes the network optimisation difficult. In

this study, it is assumed that channel feedback varies slowly in each schedul-

ing time slot and is available on a radio resource size granularity over all

CCs.

QoS Requirements of Different Traffics: Proposed techniques do not consider

the buffer size of users as well as QoS class identifier of packets - which is

a method to ensure bearer traffic is allocated appropriate QoS. Therefore,

the introduced approaches treat different types of bearer traffic as one, i.e.

neglects different delivery requirements of packets.

Power Allocation: In DL transmission, base station distributes its power on the

radio resources according to the corresponding channel quality. For optimal

power allocation, the waterfilling power allocation might be used, whereby

higher power is allocated to channels whose fading and interference are in

favorable conditions [106]. However, Yu et al. [107] proved that for the

Rayleigh fading channel in adaptive modulation framework - more general

than the OFDM based setting - the spectral efficiency loss due to constant-

power waterfilling is negligible. Hence, in this work for simplicity purposes, it

is assumed that DL power is distributed uniformly over the radio resources,

i.e. no DL power control is employed.

Backlogged Traffic Model: To assess the network performance backlogged traf-

fic model (known as full-buffer model) is used where queue length of every

user is much longer than the amount of data that can be scheduled during

each TTI [24].
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Neglecting Control Channels: For the sake of simplicity, control channels over-

head and time-dynamic models of feedback channels are excluded in the

formulated problems.

Neglecting MIMO Configuration: In this thesis, DL transmission of LTE-

FDD without MIMO functionality is considered.

6.3 Future Work

Although, in this thesis, novel RRM methods for NGMN are proposed, tremendous

research efforts are still required in the future, serving the following three purposes:

1. To consider RRM for UL while considering UE’s battery lifetime. An energy-

efficient RRM for the UL in LTE-A with SA through maximising the energy

efficiency under the per-user QoS requirements and per-UE power constraints

is necessary. In particular, SCC activation/deactivation procedures (in both

DL and UL) to save UE’s battery will be focused upon.

2. As mentioned in Chapter 1 and Chapter 2, there is a growing gap between

the increasing data rate of users and the growth rate of the current mobile

communication systems. One of the promising ways to solve the contention

between traffic demand and the actual system capacity growth is to exploit

more available spectrum resources. CRNs aim to provide abundant new

spectrum opportunities by exploiting unlicensed spectrum opportunistically.

In future work, RRM solutions to expand LTE spectrum with CR technology

(LTE-CR) using SA will be investigated. The impact of PUs activity on

available CCs will be considered.
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The future work serving the first and second purposes requires combining both

CRN and LTE-A networks, as a continuation of the analysis in Chapter 3 and Chap-

ter 4.
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Appendix A

Proof: Constraint Matrix C is

Totally Unimodular

In this section, it is proven that the constraint matrix C (defined in Eq. (4.32)) is

TUM. Without loss of generality, it is assumed that P = 4, N = 3, M = 2 and

K = 3. According to Eq. (4.32), 1’s, -1’s and 0’s pattern of C can be illustrated

on Figure A.1. Regardless of the mentioned values of (P , N , M and K), the

pattern is valid for any arbitrary integer values. In the following figures, black

squares represent 1’s, blank squares 0’s and red squares represent -1’s.

If a matrix O is TUM, then the matrix O
′

obtained from O by any one of the

following operations is still TUM, i.e. TUM is preserved under the following

operations:

Rule1: Multiplying a row or column by -1 [110],[128].

Rule2: Performing Gauss-Jordan pivots on any non-zero entry of a matrix [129].

Rule3: Deleting/adding repeated rows or columns [110],[128].

Rule4: Deleting/adding rows or columns containing only 0’s except one 1 [110],[128].
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Figure A.1: Original coefficient matrix C.

Backward proof procedure is taken to prove that C is TUM. Initially, it is assumed

that C is TUM:

Step1: Multiplying a set of rows of (−C4) with -1 and removing repeated rows

(Rule1 and Rule3). The result is shown in Figure A.2.

Step2: Pivoting over all 1’s elements of I (Rule2), the resulting matrix of Step1

in Figure A.2. can be converted to one in Figure A.3.

Step3: Because all columns on the left side of the resulting matrix in Figure A.3

contain only one 1 element, the left side of Figure A.3 can be removed (Rule4).

The result is shown in Figure A.4(a).

Step4: Deleting repeated rows of L3 (Rule4). The result is shown in Figure A.4(b).

Step5: Multiplying a set of rows with -1 (Rule1). The result is shown in Fig-

ure A.4(c).
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Figure A.2: Result of Step1.
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Figure A.3: Result of Step2.
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Figure A.4: (A): Result of Step3. (B): Result of Step4. (C): Result of Step5.

Step6: Pivoting over all 1’s elements of the middle matrix (Rule2), the resulting

matrix in Figure A.4(c) can be converted to an identity matrix - Figure A.4(d) -

which is TUM [110].

All of the mentioned steps also preserve unimodularity in backward (from Step6

to Step1). Therefore, it can be concluded that C is TUM.
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