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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING

SCHOOL OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

Resource Allocation for Heterogeneous Radio-Frequency and Visible-Light Networks

by Fan Jin

In recent years, mobile data traffic demands have been increased exponentially, and the conven-

tional cellular systems can no longer support the capacity demands. A potential solution for

meeting such demands may be Heterogeneous Network (HetNet)techniques. A HetNet may

integrate diverse radio access technologies (RAT) such as UMTS Terrestrial Radio Access Net-

works (UTRAN), GSM/EDGE Radio Access and Network (GERAN), Wireless Local Area Net-

work (WLAN) as well as possibly Visible Light Communication(VLC) networks. The improved

channel gain of the HetNet techniques is achieved by employing the small cells and by reduced

transmission distance. However, the deployment of HetNet techniques also impose several tech-

nical challenges, for example the interference management, handovers, resource management and

modelling of HetNets.

A HetNet relies on multiple types of access nodes in a wireless network. These access nodes

can use either the same technology or different technologies. When the access nodes employ the

same technology and use the same frequency band, a major problem is the Co-Channel-Interference

(CCI) between these access nodes. We firstly investigate a Radio-Frequency (RF) based HetNet in

Chapter 3, which is constituted by the macrocells and the femtocells. More explicitly, the impacts

of femtocells on traditional macrocells are studied, when the macrocells are relying on Fractional

Frequency Reuse (FFR). The design, performance analysis and optimization problems of this FFR

aided two-tier HetNet is investigated. We found the advantage of FFR eroded in dense femto-

cell scenarios and the optimized network tends to become a Unity Frequency Reuse (UFR) aided

system. In order to mitigate the cross-tier interference, we proposed a statics spectrum allocation

scheme, namely Swapping Spectrum Access (SSA). Both the Outage Probability (OP) of femtocell

Mobile Terminals (MTs) in cell centre region and that of the macrocell MTs in the cell edge re-

gion is reduced by the proposed SSA. The optimized network using our SSA is more robust to the

detrimental impact of femtocells.

Another constitution of a HetNet may rely on integrating different technologies of wireless

communication networks. We focus on our attentions on a HetNet composing by a RF femto-

cell and a VLC network in Chapter 4 and 5. An important component of this architecture is its

Resource Management (RM). We investigate the Resource Allocation (RA) problems, under the

diverse quality of service (QoS) requirements in terms of data rate, fairness and the statistical de-



lay requirements. Two types of MTs, multi-homing MTs and multi-mode MTs are considered,

where multi-homing MTs have the capability of aggregating resources from different networks,

while the multi-mode MTs always select a single network for their connection. We proposed a

sub-optimal decentralized method for solving the RA problems of both the multi-homing MTs and

multi-mode MTs. The simulation results confirm the conceived method is capable of satisfying

the QoS requirements. Furthermore, we employ more sophisticated transmission strategies for the

VLC network and study their performance in Chapter 5. Again,the RA problems of the HetNet

relying on different transmission strategies are investigated.

iii



Declaration of Authorship

I, Fan Jin, declare that the thesis entitledResource Allocation for Heterogeneous Radio-Frequency

and Visible-Light Networks and the work presented in it are my own and has been generated by

me as the result of my own original research. I confirm that:

• This work was done wholly or mainly while in candidature for aresearch degree at this

University;

• Where any part of this thesis has previously been submitted for a degree or any other quali-

fication at this University or any other institution, this has been clearly stated;

• Where I have consulted the published work of others, this is always clearly attributed;

• Where I have quoted from the work of others, the source is always given. With the exception

of such quotations, this thesis is entirely my own work;

• I have acknowledged all main sources of help;

• Where the thesis is based on work done by myself jointly with others, I have made clear

exactly what was done by others and what I have contributed myself;

• Parts of this work have been published.

Signed: ................................................ Date: ................................................

iv



Acknowledgements

Firstly, I would like to thank my supervisors Professor Lajos Hanzo and Dr. Rong Zhang for

their generous support and constance encouragement and fortheir wise advice that allowed this

work to become reality. The discussions with them always inspire and enlighten me and I really

appreciate their invaluable friendship.

I would also like to thank all my teachers and colleagues in the Southampton Wireless Group

for their supports and helps. Special thanks to Dr. Cheng Dong, Dr. Shaoshi Yang Chao Xu, Dr.

Peichang Zhang for their kindly and helpful advice on my work. It is so grateful to cooperative with

Junyi Jiang, Dr. Jie Zhang and Xuan Li. Thank you both for sharing your precious knowledges

with me.

Finally, My sincere thanks to my parents, my wife Ting Wen andmy son Wenqi Jin for their

endless love, support and understanding.



List of Publications
Journal Papers

1. F. Jin, R. Zhang and L. Hanzo, “Resource allocation under delay-guarantee constraint for

heterogeneous visible-light and RF femtocell”,IEEE Transactions on Wireless Communica-

tions, vol. 14, no. 2, pp. 1020-1034, February. 2015.

2. F. Jin, R. Zhang, and L. Hanzo, “Fractional frequency reuse aided twin-layer femtocell

networks: analysis, design and optimization”,IEEE Transactions on Communications, vol.

61, no. 5, pp. 2074-2085, May. 2013.

3. F. Jin, X. Li, R. Zhang, C. Dong and L. Hanzo, “Resource allocation under delay-guarantee

constraints for visible-light communication”,Submitted to IEEE Transactions on Vehicular

Technology.

4. J. Zhang, F. Jin, R. Zhang, G. Li and L. Hanzo, “Analysis and design of distributed

antenna-aided twin-layer femto- and macrocell networks relying on fractional frequency

reuse ”, IEEE Transactions on Vehicular Technology, vol. 63, no. 2, pp. 763-774, Feb.

2014.

5. J. Zhang, F. Jin, Z. Tan, H. Wang, Q. Huang and L. Hanzo, “Performance analysis of

high-speed railway communication systems subjected to co-channel interference and channel

estimation errors”,IET Communications, vol. 8, no. 7, pp. 1151-1157, May. 2014.

6. X. Li, F. Jin, R. Zhang, J. Wang, Z. Xu and L. Hanzo, “Users first: user-centric cluster

formation for interference-mitigation in visible-light networks.”,Submitted to IEEE Trans-

actions on Wireless Communications.

7. J. Jiang, F. Jin, Y. Huo, R. Zhang and L. Hanzo, “Content-Aware optimization for video

streams in indoor visible light communication system.”,To be submitted.

Conference Papers

1. F. Jin, R. Zhang, and L. Hanzo, “Frequency-swapping aided femtocells in twin-layer cel-

lular networks relying on fractional frequency reuse”,in Proceedings of IEEE Wireless Com-

munications and Networking Conference (WCNC), Paris, France, pp. 1-5, April. 2012.

2. F. Jin, and L. Hanzo, “Ergodic capacity of multi-user MIMO systems using pilot-based

channel estimation, quantized feedback and outdated feedback as well as user selection”,

in Proceedings of IEEE Vehicular Technology Conference (VTC), Quebec City, Canada, pp.

1-5, September. 2012.

3. J. Zhang, F. Jin, R. Zhang, G. Li and L. Hanzo, “Distributed antenna aided twin-layer

femto-and macro-cell networks relying on fractional frequency-reuse”,in Proceedings of

vi



IEEE Wireless Communications and Networking Conference (WCNC), Shanghai, China, pp.

1-5, April. 2013.

vii



Contents

Abstract ii

Declaration of Authorship iv

Acknowledgements v

List of Publications vi

List of Symbols xiii

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1

1.1.1 Motivations for Heterogeneous Networks . . . . . . . . . . .. . . . . . . 1

1.1.2 Challenges in Heterogeneous Networks . . . . . . . . . . . . .. . . . . . 2

1.1.2.1 Interference Management . . . . . . . . . . . . . . . . . . . . .3

1.1.2.2 Resource Management . . . . . . . . . . . . . . . . . . . . . .3

1.2 Novel Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 4

1.3 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 6

2 Introduction to the Key Elements in Heterogeneous Networks 10

2.1 The Topology Modelling of Cellular Networks . . . . . . . . . .. . . . . . . . . 10

2.1.1 The Wyner Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11

2.1.2 Grid-based Network . . . . . . . . . . . . . . . . . . . . . . . . . . . . .14

2.1.3 The Fluid Model of Inter-Cell-Interference . . . . . . . .. . . . . . . . . 18

viii



2.1.4 The Stochastic Geometry Based Poisson Point Process Model . . . . . . . 20

2.2 Introduction of Femtocell . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . 26

2.2.1 Brief History of Femtocells . . . . . . . . . . . . . . . . . . . . . .. . . 26

2.2.2 Femtocell Network Modeling . . . . . . . . . . . . . . . . . . . . . .. . 27

2.2.3 Technical Challenges in Femtocells . . . . . . . . . . . . . . .. . . . . . 28

2.2.3.1 Femtocell Access Control Mode . . . . . . . . . . . . . . . . .31

2.2.3.2 Mobility Management and Handover . . . . . . . . . . . . . . .31

2.2.3.3 Self Organisation . . . . . . . . . . . . . . . . . . . . . . . . .32

2.2.3.4 Interference Management . . . . . . . . . . . . . . . . . . . . .33

2.3 The Visible Light Communication Systems . . . . . . . . . . . . .. . . . . . . . 41

2.3.1 State-of-the-Art in VLC Technologies . . . . . . . . . . . . .. . . . . . . 44

2.4 Chapter Summary and Conclusions . . . . . . . . . . . . . . . . . . . .. . . . . . 49

3 Fractional Frequency Reuse Aided Two-Tier Femtocell Networks: Analysis, Design

and Optimization 50

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 50

3.2 Review of the Classical FFR Scheme . . . . . . . . . . . . . . . . . . .. . . . . . 53

3.2.1 Cellular Topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .53

3.2.2 Downlink Performance of the FFR Scheme . . . . . . . . . . . . .. . . . 54

3.3 System Model of FFR Aided Two-Tier Femtocell Networks . .. . . . . . . . . . . 56

3.4 FFR aided two-tier femtocell networks with FSA . . . . . . . .. . . . . . . . . . 60

3.4.1 Per-tier Outage Probability . . . . . . . . . . . . . . . . . . . . .. . . . . 60

3.4.1.1 Outdoor Macrocell MTs’ OP . . . . . . . . . . . . . . . . . . .60

3.4.1.2 Indoor Femtocell MTs’ OP . . . . . . . . . . . . . . . . . . . .63

3.4.2 Long-Term Spatially Averaged Macrocell Throughput .. . . . . . . . . . 64

3.4.3 Optimal Design of FFR Aided Two-Tier Network Using FSA. . . . . . . 65

3.4.3.1 Area-Proportional Design . . . . . . . . . . . . . . . . . . . . .65

3.4.3.2 QoS-Constrained Design . . . . . . . . . . . . . . . . . . . . .66

3.4.3.3 Solving Problems of Eq.(3.30) and Eq.(3.34) . . . . . . . . . . 67

3.5 FFR Aided Two-Tier Network with SSA . . . . . . . . . . . . . . . . . .. . . . . 68

ix



3.5.1 Spectrum Swapping Access . . . . . . . . . . . . . . . . . . . . . . . .. 69

3.5.2 Per-Layer Outage Probability . . . . . . . . . . . . . . . . . . . .. . . . 69

3.5.2.1 Outdoor Macrocell MTs’ OP . . . . . . . . . . . . . . . . . . .69

3.5.2.2 Indoor Femtocell Users’ OP . . . . . . . . . . . . . . . . . . . .71

3.5.3 Long-Term Spatially Averaged Macrocell Throughput with SSA Scheme . 72

3.5.3.1 CCR Throughput . . . . . . . . . . . . . . . . . . . . . . . . .72

3.5.3.2 CER Throughput . . . . . . . . . . . . . . . . . . . . . . . . .73

3.5.4 Optimal Design of the FFR Aided Two-Tier Network with SSA . . . . . . 73

3.6 Numerical Results and Discussions . . . . . . . . . . . . . . . . . .. . . . . . . . 74

3.6.1 Simulation Assumptions . . . . . . . . . . . . . . . . . . . . . . . . .. . 74

3.6.2 Per-Layer OP for Both the Outdoor Macrocell MTs and theIndoor Femto-

cell MTs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .75

3.6.3 Long-Term Spatially Averaged Macrocell Throughput .. . . . . . . . . . 77

3.6.4 Optimal Design for the Two-Tier Network . . . . . . . . . . . .. . . . . . 78

3.6.4.1 Area-Proportional Design . . . . . . . . . . . . . . . . . . . . .79

3.6.4.2 QoS-Constrained Design . . . . . . . . . . . . . . . . . . . . .82

3.6.5 The Impact of the Proposed SSA on the Femtocell Performance . . . . . . 84

3.7 Chapter Summary and Conclusions . . . . . . . . . . . . . . . . . . . .. . . . . . 85

4 Resource Allocation for Heterogeneous Visible-Light andRF Femtocell 88

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 88

4.1.1 Main Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 89

4.2 The System Model of VLC Using LED Lights . . . . . . . . . . . . . . .. . . . . 90

4.2.1 Link Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 91

4.2.2 Transmission Strategy Assumptions . . . . . . . . . . . . . . .. . . . . . 93

4.2.3 Downlink Performance of VLC system . . . . . . . . . . . . . . . .. . . 94

4.3 System Model of Heterogeneous VLC and RF Femtocell . . . . .. . . . . . . . . 98

4.3.1 VLC Using LED lights . . . . . . . . . . . . . . . . . . . . . . . . . . . .99

4.3.2 Channel model of the RF femtocell . . . . . . . . . . . . . . . . . .. . . 99

4.3.3 Effective Capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 100

x



4.3.3.1 Effective Capacity of VLC . . . . . . . . . . . . . . . . . . . .100

4.3.3.2 Effective Capacity of the RF Femtocell . . . . . . . . . . .. . . 101

4.4 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 101

4.4.1 Utility Function:α-proportional Fairness Approach . . . . . . . . . . . . .101

4.4.2 Problem Formulation for Multi-Homing MTs . . . . . . . . . .. . . . . . 102

4.4.3 Problem Formulation for Multi-Mode MTs . . . . . . . . . . . .. . . . . 104

4.5 Decentralized Sub-optimal Resource Allocation Schemes . . . . . . . . . . . . . .104

4.5.1 Decentralized Solution for Multi-Homing MTs . . . . . . .. . . . . . . . 105

4.5.2 Decentralized Solution for Multi-Mode MTs . . . . . . . . .. . . . . . . 107

4.6 Results and Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 111

4.6.1 Convergence of the Iterative Distributed Algorithm .. . . . . . . . . . . . 112

4.6.2 Effective Capacity of MTs: Multi-Homing versus Multi-Mode MTs . . . . 114

4.6.3 Effect of the Delay Statistics . . . . . . . . . . . . . . . . . . . .. . . . . 116

4.6.4 Effect of the VLC System’s Blocking Probability . . . . .. . . . . . . . . 118

4.6.5 Effect of the User Distribution . . . . . . . . . . . . . . . . . . .. . . . . 119

4.7 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .120

5 Resource Allocation for Indoor HetNet Relying on Different VLC Transmission Strate-

gies 123

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 123

5.2 Transmission Strategies in ACO-OFDM Aided VLC . . . . . . . .. . . . . . . . 125

5.2.1 The Topology Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . .125

5.2.2 Transmission Strategy . . . . . . . . . . . . . . . . . . . . . . . . . .. . 125

5.2.2.1 Single Cell Multi-point Transmission . . . . . . . . . . .. . . . 125

5.2.2.2 Unity Frequency Reuse . . . . . . . . . . . . . . . . . . . . . .126

5.2.2.3 Combined Transmission . . . . . . . . . . . . . . . . . . . . . .127

5.2.2.4 Frequency Reuse Aided Transmission . . . . . . . . . . . . .. 128

5.3 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 129

5.3.1 The Downlink performance of VLC . . . . . . . . . . . . . . . . . . .. . 129

5.3.2 Cumulative Distribution Function of The Achievable Bit Rate . . . . . . . 131

xi



5.3.3 Effect of The Field of View Angle . . . . . . . . . . . . . . . . . . .. . . 132

5.3.4 Effect of The Semi-Angle at Half Power . . . . . . . . . . . . . .. . . . . 133

5.4 Resource Allocation for The Indoor HetNet . . . . . . . . . . . .. . . . . . . . . 133

5.4.1 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 134

5.4.2 Decentralized Sub-optimal Resource Allocation Schemes . . . . . . . . . .135

5.4.2.1 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .135

5.5 Results and Discussions . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 136

5.5.1 Effect of The Delay Statistics . . . . . . . . . . . . . . . . . . . .. . . . 137

5.5.2 Effect of The VLC System’s LOS Blocking Probability . .. . . . . . . . . 139

5.6 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .141

6 Conclusions and Future Work 144

6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 144

6.2 Future Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 151

6.2.1 Resource Allocation in Two-Tier Cognitive Femtocells with Imperfect Sens-

ing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .152

6.2.2 Resource Allocation in Vector-Transmission Based VLC and RF Femtocell152

6.2.3 Resource Allocation in a Holistic HetNet . . . . . . . . . . .. . . . . . . 155

Glossary 156

Bibliography 159

Subject Index 181

Author Index 183

xii



List of Symbols

General Conventions

• The superscript∗ indicates complex conjugation. Hence,X∗ represents the complex conju-

gate of the variableX.

• The superscriptT indicates transpose operation. Hence,XT represents the transpose of the

matrixX.

• The superscriptH indicates complex conjugate transpose operation. Hence,XH represents

the hermitian of the matrixX.

• The over line ofX or under line ofX are used to indicate that the vector or matrixX is

constituted by amalgamating multi other vectors or matrices.

• Boldface characters are used to represent the vectors and matrices.

Mathematical Operators and Functions

∑

The sum operation.

∫

The integral operation.

∫∫

The double integral operation.

| · | The absolute value of a variable.

‖ · ‖ The Euclideanl2 norm.

P (·) The probability of a event.

∏

The product operation.

xiii



L (·) The Laplace transform of a variable.

E (·) The expectation of argument.

exp (·) The exponential operation.

ln(·) Natural logarithm.

log2(·) Logarithm to base 2.

Ei The exponential integral function.

Γ (·, ·) The incomplete gamma function.

W·,· (·) The Whittaker function.

∂ The partial derivative operation.

min(·) The minimum value among a number of variables.

max(·) The maximum value among a number of variables.

Specific Symbols

Rm The radius of a macrocell.

ω The ratio of the interior cell centre radius to the cell radius.

ρ The ratio of the interior cell centre’s available frequencyband to the entire frequency

band.

Ykm The received signal of a MTkm located in macrocellm.

Lm,km The propagation path loss spanning from the MBSm to the MTkm.

hm,km The uncorrelated Rayleigh fading channel spanning from theMBSm to the MTkm.

σ2 The variance of zero-mean AWGN.

N0 Thermal noise density.

Nf Number of femtocells per macrocell.

Pm Downlink transmission power of the MBS.

Pf Downlink transmission power of the FBS.

ξm,km The SINR of the MTkm served by MBSm.

Rm,km The transmission bit rate of the MTkm served by MBSm.

xiv



̟ The SINR discrepancy between the SINR experienced and the that required for meeting

the target BER.

B0 Bandwidth of a subcarrier.

fc The carrier frequency.

AO Fixed outdoor pathloss.

AI Fixed indoor pathloss.

W Wall penetration loss.

γ1 Outdoor pathloss exponent.

γ2 Indoor pathloss exponent.

F The available frequency band.

Tm The long-term spatially averaged macrocell throughput.

Sm ASE of macrocell.

ψir The angle of irradiation of the LED lights.

ψin The angle of incidence.

q The order of Lambertian emission.

φ1/2 The semi-angle at half illumination of an LED.

π̃ The physical area of the photo-detector.

O The gain of the optical filter.

goc The gain of an optical concentrator.

Ψc The width of the FOV.

p The blocking probability of LOS.

Hd Channel gain on the LOS path.

Hr Channel gain on the reflected path.

ψir1 The angle of irradiation to a reflective point.

ψir2 The angle of irradiation to a MT’s receiver.

ρ̃ The reflectance factor.

σ2
short The variance of the shot noise.

xv



σ2
thermal The variance of the thermal noise.
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Chapter 1
Introduction

1.1 Motivation

1.1.1 Motivations for Heterogeneous Networks

In recent years, mobile data traffic demands have been increased exponentially, especially in the

Asia Pacific, region in North America and in Europe [1]. The key reason for this rapid growth of

demand may be the explosive proliferation of intelligent mobile devices. Since the mobile devices

continue to rely on larger device screen, the image resolution and mobile data traffic demands may

continue to increase in the near future. Apart from the improved mobile devices and increased

user population, another factor increasing the demand for enhanced data rates may be the emerging

new applications of mobile devices. For example, social networking and other similar applications

tend to produce small but frequent data transmission, whichmay contribute to the increased data

capacity demands.

Conventional cellular systems, such as the 3rd Generation (3G) Universal Mobile Telecom-

munication System (UMTS) can no longer support the capacitydemands. A straightforward way

of meeting the growing data demands is to utilize more spectrum. Industry and academia are

working together on investigating the new frequency bands,both licensed and unlicensed. How-

ever, utilizing more spectrum may be limited by the scarcityof available Radio Frequency (RF)

bands. Recently, alternative wireless transmission technologies, such as Optical Wireless Commu-

nications (OWC) and Millimetre-Wave Mobile Broadband Systems, have also been explored [2].

Another approach of increasing the capacity may be to conceive sophisticated Modulation and Cod-

ing Schemes (MCS) [3]. At the time of writing, we are practically reaching the theoretical limit

of radio channel capacity, which is known as the Shannon limit [4]. However, the capacity gain

that may be achieved by improved modulation and coding is limited [5]. In addition to developing
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sophisticated MCS, improving to spectrum reuse is another key technique of improving the capac-

ity gains, which may be achieved by employing reduced-powernodes or small cells and by cell

splitting.

On the other hand, the recent development of wireless technologies has totally revolutionized

the communication systems. The International Telecommunications Union-Radio (ITU-R) com-

munications sector specified a set of requirements for the 4th Generation (4G) systems under the

International Mobile Telecommunications Advanced (IMT-Advanced) specifications. The 3rd Gen-

eration Partnership Project (3GPP) created the Long Term Evolution-Advanced (LTE-A) solution

in order to meet the IMT-Advance specifications. Apart from the wireless wide area networks, a

series of wireless local area networks (WLANs) standards, including IEEE 802.11a, IEEE 802.11b,

IEEE 802.11G, IEEE 802.11nm etc., have been established foreconomic high-speed wireless ac-

cess. Since all the above wireless communication networks may have a coverage area overlapping

with one anther, the future capacity increases therefore have to come from a combination of diverse

networking solutions, which results in forming a hybrid network for wireless access, termed as a

heterogeneous network (HetNet).

To summarize, while the data capacity demands continue to increase the improvement in spec-

tral efficiency in homogeneous networks remains limited owing to the Shannon limit. Hence, it

becomes essential to improve the overall network efficiencywith the aid of a HetNet architecture

and sophisticated signal processing technologies.

Generally, a HetNet relies on multiple types of access nodesin a wireless network. These

access nodes can use either the same technology or differenttechnologies. In practice, HetNet

deployments in LTE-A are defined as mixed deployments consisting of macrocells, picocells, fem-

tocells and relay nodes [6]. However, a HetNet consisting ofa macrocellular LTE network and a

Wireless Fidelity (Wi-Fi) network is a multi-tier and multi-air-interface network. This architecture

may also be invoked as a form of HetNet. As suggested in [2, 7],new wireless communication

technologies using the higher frequency bands, such as Visible Light Communication (VLC) and

Millimetre-Wave Radio Communication, are developed as a component of a HetNet. An example

of a HetNet is illustrated in Fig. 1.1

1.1.2 Challenges in Heterogeneous Networks

Although, HetNets constitute an effective solution of increasing the network capacity, the small-cell

deployment also imposes several technical challenges, forexample the interference management

[8], handovers [9], resource management [10] and modellingof HetNets [11]. In this thesis, we

focus our attentions on the interference management and theresource management issues. Let us

hence we briefly introduce these two challenges.
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Figure 1.1: An example of a HetNet, which relies on macrocells, picocells, femto-

cells, relay nodes and VLC.

1.1.2.1 Interference Management

Sharing the same frequency band has the advantage of enhancing the Area Spectrum Efficiency (ASE)

[12] and capacity, which is important in the face of a limitedspectrum supply. However, the inter-

ference between these networks may become severe in the overlapping areas, if the spectrum access

strategy is not properly designed. In Chapter 2, we will introduce the interference management is-

sues encountered in a macro-femto two-tier network, and thestate-of-the-art will be presented in

Section 2.2.3. Furthermore, the interference management issues of two-tier femtocell HetNets will

be investigated in Chapter 3 and a semi-static resource allocation scheme is proposed for mitigat-

ing the interference. Similarly, interference managementis also a key challenge in macro-relay

networks, also known as multi-hop networks. At the time of writing, most HetNet studies are fo-

cused on developing solutions for a specific combination of network layers. The long-term frame-

work should be designed through an optimal distribution of functions among the associated access

networks.

1.1.2.2 Resource Management

In HetNets, careful RA and sharing amongst the constituent networks has to be performed. The

RA schemes have to maintain certain Quality-of-Service (QoS) requirements. Since one of the

greatest challenges of future wireless communication networks is to achieve the target downlink and

uplink data rates, the resource management scheme has to be designed in for maximizing either the
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throughput or the spectral efficiency. Fairness is also an important issue of resource management

in wireless networks. In HetNets, the fairness problem arises not only in scheduling but also in RA

among the multiple tiers of the networks. In the context of this thesis, a generic fairness notion

referred to asα-proportional fairness is used for designing the resource management scheme of a

HetNet. Another important issue in designing the resource management scheme considered in this

thesis is the delay requirements of mobile terminals (MTs).Future broadband wireless networks

are expected to support a wide variety of communication services having diverse QoS requirements.

Applications such as file transfer and email services are relatively delay-tolerant. As a result, it is

important to consider the delay as a performance metrics in addition to the data rate requirements,

which may require a careful cross-layer optimization [13].Diverse approaches may be conceived

for delay-aware resource control in wireless networks [13–19]. For example, the average delay-

constraint may be converted into an equivalent average rate-constraint using the large deviation

theory approach of [14–18]. In the thesis, we considered theresource management design issues

associated with a variety of QoS requirements in Chapter 4 and Chapter 5.

1.2 Novel Contributions

The novel research aspects provided by this thesis are summarized as follows:

• We investigate the performance of a downlink multi-cell Fractional Frequency Reuse (FFR)

aided two-tier femtocell network, where the interference management issues are considered.

More specifically, we invoke the fluid model based method [20]for evaluating the cellular in-

terference. Furthermore, we employ the stochastic geometry approach for modelling the ran-

dom distribution of femtocells. Then the approximate per-tier Outage Probability (OP) and

the long-term spatially averaged per-tier throughput of this FFR-aided scenario are derived.

We study the impact of femtocells on the existing FFR aided macrocells. It is demonstrated

that the femtocells erode the performance of both the outdoor macrocell MTs and of the in-

door femtocell MTs. The derived OP and throughput is verifiedby simulations. In order to

mitigate the cross-tier interference, we propose a Spectrum Swapping Access (SSA) scheme

for this FFR-aided two-tier network for the sake of overcoming both the adverse near-far

effects and the cross-layer interference. Our simulation results show that the proposed SSA

scheme is capable of reducing the OP of both the macrocell MTsand of the femtocell MTs.-

These novel contributions were disseminated in papers “Journal No.2”and “Conference

No.1” in the publication list.

• We further extend the study of the downlink multi-cell FFR aided two-tier femtocell network

to the optimization of FFR related parameters. More specifically, we formulate the optimiza-

tion in terms of maximizing the ASE of the macrocells. Two design guidelines are consid-

ered, namely what we refer to as the area-proportional design and the QoS-constrained design
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are considered. Then, we solve the optimization problems using a Genetic Algorithm (GA).

The simulation results demonstrate that the GA based optimization process is capable of

achieving an improved ASE. Furthermore, an increased macrocell ASE is achieved by the

proposed SSA using a jointly optimized spectrum allocationand distance threshold policy.-

These novel contributions were published in “Journal No.2”in the publication list.

• We investigated the Resource Allocation (RA) problems of anindoor HetNet scenario, where

both an RF femtocell and LED light based VLC are used for providing indoor coverage.

More specifically, a RA problem is formulated, where we applythe effective capacity ap-

proach of [14] for converting the statistical delay constraints into equivalent average rate

constraints. Furthermore, the fairness of MTs is studied using theα-proportional fairness

utility function defined in [21]. Two different types of MTs,namely multi-homing MTs and

multi-mode MTs are considered. The RA problem is formulatedas a non-linear program-

ming (NLP) problem for the multi-homing MTs. We show mathematically that this NLP

problem is concave with respect to the RA probability matrix, which hence can be solved

by convex optimization techniques. We proposed the dual decomposition based approach

of [22], in order to solve the QoS-constrained RA problem. Wealso demonstrate that the

RA problem is formulated as a mixed-integer non-linear programming (MINLP) problem

for the multi-mode MTs, which is mathematically intractable. In order to make the problem

more tractable, a relaxation of the integer variables is introduced. Then, we formally prove

that the relaxed problem is concave with respect to both the relaxed network selection matrix

and to the RA probability matrix. Again, the proposed dual decomposition approach is used

for solving the relaxed problem. Our simulation results demonstrate proposed decentralized

approach is capable of achieving the same performance with the aid of the centralized al-

gorithm. Furthermore, the effects of system parameters on the performance of this indoor

HetNet are investigated.- These novel contributions were published in “Journal No.1” in

the publication list.

• Rather than simply employing a Single Cell Multi-Point Transmission VLC scheme, we

consider the RA problem of an indoor HetNet, relying on different transmission strategies

for the VLC system. Four different transmission VLC strategies are introduced, namely the

Single Cell Multi-point Transmission (SCMT), Unity Frequency Reuse (UFR) transmission,

Combined Transmission (CT) and Frequency Reuse (FR) transmission. Furthermore, the

performance of these strategies is compared. The simulation results illustrate that the FR-

2 transmission relying on creating attocells illuminated LED lights is capable of achieving

the highest bit rate. However, this FR-2 transmission exhibits the lowest bit rate, when the

LOS rays are blocked. The RA problems are formulated, for theabove-mentioned VLC

transmission strategies, where the RA problems are formulated as NLP problems. Then

a distributed algorithm is proposed for solving the RA problems. Our simulation results

demonstrate that the FR-2 transmission is capable of achieving the highest effective capacity,
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when the statistical delay requirements are loose. However, the CT transmission, which

transmits the same information from two adjacent LED lightsattains the best performance,

when we tighten the delay requirements. Furthermore, the RFfemtocell system becomes

more reliable, when the VLC LOS blocking probability is high. - These novel contributions

were disseminated in “Journal No.3” in the publication list.

1.3 Outline of the Thesis

Let us now highlight the outline of this thesis, which is organized, as shown in Figure 1.2.

Chapter 1

Introduction

Motivation & Contribution

Chapter 2

HetNet Elements Review

Macrocell, Femtocell & VLC Chapter 3

Femto & Macro HetNet

Chapter 5Chapter 4

VLC & Femto HetNet VLC Transmission
Strategies

Chapter 6
Conclusions &
Future Work

Resource Allocation

of RF&VLC HetNet

of RF HetNet
Resource Allocation

Figure 1.2: Organization of the thesis.

Chapter 2 : An Introduction to the Key Elements of Heterogeneous Networks

In Chapter 2, some key elements in HetNets are discussed, where the topology modelling

of macrocells, femtocells and VLC systems are introduced. Firstly, the topology modelling

of macrocells is presented in Section 2.1, where three typesof cellular macrocell network

modelling techniques are introduced, as depicted in Fig. 2.1. Specifically, the Wyner model

is investigated in Section 2.1.1, where the cellular network is characterized as a 1-D linear

model. A specific drawback of the Wyner model is its inaccuracy in capturing the randomness

of MTs, especially for downlink transmission. In order to cope with this drawback, typically

the grid-based model is used in practical systems [23]. In Section 2.1.2, the grid-based

cellular networks illustrated in Fig. 2.4 are introduced and the history of analysing the Other

Cell Interference (OCI) using a grid-based model was presented. The grid-based cellular

network may accurately capture the randomness of MTs. However, the characterization of

the OCI in a closed form remains an open problem. Instead of assuming the regular grid

based macrocell, some researchers assumed that the cellular networks were conveniently

modelled by a Poisson Point Process (PPP), which captures the network properties, as shown

in Fig. 2.8. The PPP based cellular network is introduced in Section 2.1.4. Then, we turn

our attention to femtocells in Section 2.2. In order to improve the coverage and enhance the
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capacity of cellular wireless networks, a routinely used solution is to reduce the cell size and

hence the transmission distance. One of most interesting trends emerging from the cellular

evolution is constituted by femtocells, as depicted in Fig.2.9. Both the concept and the

brief history of femtocells was presented in Section 2.2.1.Then the modelling of femtocells

was discussed in Section 2.2.2, where four modelling approaches were introduced. We then

focus our attentions on the state-of-the-art in femtocellsin Section 2.2.3, including their

access control mode, mobility management, self organisation and interference management.

One of the most significant challenges of the dense deployment of femtocells is the presence

of strong interference, when the femtocells opt for co-channel deployment. We summarize

the key contributions on interference management techniques in Table. 2.5, Table. 2.6 and

Table. 2.7. Since the scarcity of RF bandwidth capable of providing a reasonable spatial

coverage is a limiting factor, the increasing interest in VLC systems created a technology

complementary to the traditional RF systems. We briefly introduced the history and the

state-of-the-art of VLC in Section 2.3. Specifically, the state-of-the-art of VLC technologies

was briefly presented in Section 2.3.1, including their modulation schemes, multiple-carrier

techniques, as well as their networking issues, such as the transmission strategies, scheduling

schemes and the RA schemes. The key contributions on VLC techniques were summarized

in Table 2.10, Table 2.11 and Table 2.12.

Chapter 3: Fractional Frequency Reuse Aided Two-Tier Femtocell Networks: Analysis, Design

and Optimization

In Chapter 2, several key elements of a HetNet are introduced. In Chapter 3, we consider an

outdoor HetNet scenario, where the femtocells are overlaidonto the traditional macrocells.

The inter-tier interference issues are investigated and addressed. Furthermore, we studied the

optimal parameter design in this HetNet scenario. Before weinvestigate a two-tier HetNet, a

review of the classical FFR scheme is presented in Section 3.2. In order to cope with Inter-

Cell Interference (ICI), the FFR scheme, as depicted in Fig.3.2, is designed for reducing the

ICI and for improving the performance of macrocells. Then, the system model of the FFR

aided two-tier femtocell networks is outlined in Section 3.3, and the topology of the FFR

aided HetNet is depicted in Fig. 3.5. Two different spectrumallocation schemes were con-

sidered for the femtocells. In the Full Spectrum Allocation(FSA) scheme, femtocells reuse

the entire available RF frequency bandwidth, whilst the femtocells reuse the frequency band

that was not assigned in its over-sailing macrocell for SSA development, which was shown

in Fig. 3.6. In Section 3.4, we investigate a HetNet scenario, where the femtocells operate

the FSA regime and the system performance of FFR aided two-tier femtocell networks re-

lying on FSA was studied. The per-tier OP is derived analytically in Section 3.4.1. Based

on the OP equations derived, the long-term spatially averaged macrocell throughput is de-

rived in Section 3.4.2. Furthermore, the optimal FFR parameter configurations are studied in

Section 3.4.3. We consider two design guidelines, namely the area-proportional design and



1.3. Outline of the Thesis 8

the QoS-constrained design. The optimization problems under the area-proportional design

and that under the QoS-constrained design were formulated as Problem 1 of Eq.(3.28) and

Eq. (3.29), and as Problem 2 of Eq.(3.31) and Eq.(3.32). These two problems are then

solved by GA. Later, we consider the scenario, where the femtocells develop SSA and the

corresponding system performance of FFR aided two-tier femtocell networks relying on SSA

is investigated in Section 3.5. Similarly, the OP of an outdoor macrocell MT and that of an

indoor femtocell MT is derived in Lemma 3 and Lemma 4, respectively. Again, the optimal

design problems of the FFR aided two-tier network using SSA are solved using a GA. The

performance results of FFR aided two-tier femtocell networks are detailed in Section 3.6,

where both the femtocell under FSA and that under SSA are discussed.

Chapter 4: Resource Allocation for Heterogeneous Visible-Light and RF Femtocell

As we stated in Chapter 2, optical wireless systems may become an important component

of the integrated HetNet architecture. In this chapter, we shift our attention from an outdoor

HetNet scenario to an indoor HetNet scenario in Chapter 4, where a combined femtocell and

LED light based VLC are used for providing indoor coverage. The related RA scheme is in-

vestigated in this chapter, where diverse QoS requirements, such as the achievable data rate,

the fairness and the statistic delay requirements are considered. We briefly introduce the sys-

tem model of VLC using LED lights in Section 4.2, where the VLCmodel of the room using

the LED light based VLC system is described. More specifically, the link characteristics of

VLC are presented in Section 4.2.1, where the optical VLC channel is modelled as a ’two-

rate’ transmission channel according to zero LOS blocking and non-zero LOS blocking prob-

ability scenarios. The corresponding received SNR and the achievable bit rate of Asymmet-

rically Clipped Optical Orthogonal Frequency-Division Multiplexing (ACO-OFDM) aided

VLC are simulated in Section 4.2.3. Then, the indoor HetNet model is described in Sec-

tion 4.3, where a combined VLC and RF femtocell network is employed in a room, which

is illustrated in Fig. 4.7. Again, the channel characteristics of the VLC and femtocell are

presented. In order to take the delay requirement into account, the average delay-constraint

may be converted into an equivalent average rate-constraint using the effective capacity ap-

proach. In this chapter, two different types of MTs: multi-homing MTs and multi-mode

MTs are considered. The RA problem formulation was presented for both multi-homing

MTs and multi-mode MTs in the indoor HetNet considered in Section 4.4. More specifi-

cally, the proportional fairness approach is used in Section 4.4.1 and the RA problems of

multi-homing MTs and of multi-mode MTs are formulated in Section 4.4.2 and in Section

4.4.3, respectively. Then, in Section 4.5 we proposed a decentralized algorithms for solving

the RA problems, where the optimization problems were de-composited into several parallel

sub-problems and then the original problems were solved by an iteration approach. Our nu-

merical performance results characterizing the proposed RA algorithms in the context of the

indoor HetNet are presented in Section 4.6.
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Chapter 5: Resource Allocation for an Indoor HetNet relying on Different VLC Transmission

Strategies

In Chapter 4, the optimal RA problem is investigated. In Chapter 5, we extended this study,

under the consideration of different VLC transmission strategies. The topology model and

four different VLC transmission strategies are introducedin Section 5.2, where the SCMT,

UFR transmission, CT-2 and FR-2 transmission are presented. More specifically, under the

SCMT strategy all indoor LED lights operate by transmittinga single cell. In UFR transmis-

sion, each LED light operates by providing coverage for a single transmission cell. In CT-2,

the neighbouring two LED lights are merged into a virtual transmission cell. Finally, in FR-2

transmission, the entire available optical frequency bandof VLC is divided into two fre-

quency band, forming a VLC system having a frequency reuse factor of 2. In Section 5.3, the

performance of ACO-OFDM aided VLC is characterized by simulations. Furthermore, we

investigate the QoS constrained RA problems, when different VLC transmission strategies

are considered. In Section 5.4, we formulate the RA problemsof an indoor HetNet, where

both the femtocell and VLC are used. The proposed decentralized algorithm of Section 4.5

is used for solving the RA problems. The effective capacity of the HetNet is evaluated by

simulations in Section 5.5.

Chapter 6: Conclusions and Future Work

In Chapter 6, we summarize the main findings of the entire thesis. Further potential research

topics are also outlined for the future. For example, we may invoke cognitive radio in the RF

femtocells, which allows femtocell users to exploit the unexploited spectrum opportunities

of the licensed systems. Finding an optimal RA scheme is attractive for further research for

the sake of improving the bandwidth or energy efficiency of the two-tier femtocell HetNet.

For the indoor HetNet, we may invoke some more sophisticatedtransmission VLC strategies

of VLC. Furthermore, we may design a holistic joint outdoor and indoor HetNet architecture

and its optimal RA scheme.



Chapter 2
Introduction to the Key Elements in

Heterogeneous Networks

As stated in the previous chapter, a heterogeneous network is typically composed of multiple radio

access technologies, architectures, transmission solutions and base stations of varying transmission

power. Some networks may opt for the same air interface for both over-sailing macrocells and the

small-cell network relying on microcell, femtocells and relay base stations. However, the availabil-

ity of the radio frequency (RF) bandwidth is a limiting factor. Hence it is beneficial to develop new

complementary technologies may in support of a heterogeneous network, for the sake of providing

an alternative connectivity solution for reducing the RF congestion. For example, optical wireless

systems using visible light exhibit several advantages, including their license-free operation, im-

munity to electro-magnetic interference, network security and a high bandwidth potential [24]. In

this chapter, we focus our attention on the introduction some of these technologies, which will be

further exploited in the forthcoming chapters. The remainder of this chapter is organized as fol-

lows. In Section 2.1, the topology modelling methods conceived for traditional cellular networks

are summarized. In Section 2.2, as one of the important elements of small-cell technologies, fem-

tocell solutions are introduced, including their modelling and technical challenges. Then, we focus

our attention operating VLC system in Section 2.3. We brieflyintroduce the history and principle

of VLC systems. Finally, we conclude this chapter in Section2.4.

2.1 The Topology Modelling of Cellular Networks

The operational wireless systems rely on homogeneous networks using a macro-centric planning

process. A cellular macrocell network illuminates the cells with the aid of base stations positioned
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in a planned layout for supporting the MTs, in which all the Base Stations (BSs) have similar

transmit power levels, antenna patterns, receiver noise floors and similar back-haul connectivity

to the data network. The locations of the Macrocell Base Stations (MBSs) are carefully chosen

through network planning, and the BS are configurations are adjusted for maximizing the coverage,

whilst mitigating the interference amongst BSs. The analytical performance modelling of cellular

networks is still a debated issue [25], pursuing three main approaches in modelling macrocellular

networks, as depicted in Fig. 2.1. The Wyner model of [26] hasbeen widely used for analysing

cellular networks as a benefit of its simplicity and analytical tractability. A more common and

practical approach relies on assuming that the BSs of cellular networks follow a regular grid such

as the traditional hexagonal grid model). Another recentlyproposed modelling approach [27],

assumes that the network is abstracted to a convenient pointprocess (PP). ICI is a key issue in

studying cellular networks, hence we will brief;u introduce the modelling the ICI.

Figure 2.1: The most popular cellular macrocell network models.

2.1.1 The Wyner Model

R R

Cell n−1 Cell n Cell n+1

1

2R

α
α

Figure 2.2: The 1-D linear Wyner model.

The Wyner model of [26] has been proposed for the analysis of cellular networks due to its

simplicity and analytical tractability, which is typically invoked for a simple BS topography and

assumes a unit-gain from each base station to the MTs considered and an equal gain that is less

than one to the MTs from the two neighbouring cells [26]. Fig.2.2 illustrates a typical One-
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dimensional (1-D) linear Wyner model, where there areN 1-D cells, along a line, indexed by

n, where each cell covers a segment of length2R. Each BS in Fig. 2.2 is located at the cell

centre. As depicted in Fig. 2.2, the channel attenuation between each BS and its MT supported

is normalized to 1, while the inter-cell interference intensity is characterized by a deterministic

and homogeneous parameterα (0 ≤ α ≤ 1). As a result, the signal received by a given MBS is

the sum of the signals transmitted from within that cell plusa factorα times the sum of the signals

transmitted from the neighbouring cells plus the ambient Gaussian noise. Let us consider the classic

3G style Code-Division Multiple-Access (CDMA) systems communicating over an Additive White

Gaussian Noise (AWGN) channel [26], assuming that the MT setin cell n and thekth MT in cell

n are denoted byKn andkn, respectively. As a result, the signalYn received by the BS of celln in

an uplink scenario is given by:

Yn =
∑

kn∈Kn

√

Pn,knXn,kn + α
∑

kn−1∈Kn−1

√

Pn−1,kn−1Xn−1,kn−1

+ α
∑

kn+1∈Kn+1

√

Pn+1,kn+1Xn+1,kn+1 + Zn,
(2.1)

wherePn,kn andXn,kn are the transmitted power and the signal transmitted from the uplink trans-

mitter (MT kn) in cell n, respectively. Owing to the maximization total power constraint, we may

haveE
[

|Xn,kn |2
]

= 1. Furthermore,Zn is a mutually independent zero-mean additive white Gaus-

sian process with a variance ofσ2. Similarly, for the downlink, the signalYn,kn received at MTkn

in cell n is given by:

Yn,kn =
√

Pn,knXn,kn + α
√

Pn−1,kn−1Xn−1,kn−1 + α
√

Pn+1,kn+1Xn+1,kn+1 + Zn,k, (2.2)

wherePn,kn andXn,k now denote the transmitted power and the signal transmittedfrom the down-

link transmitter of BSn to MT k, respectively. Similarly, we also haveE
[

|Xn,kn |2
]

= 1.

In [26], the Wyner model was proposed and used for deriving the capacity of the uplink cellular

relying on Multicell Processing (MCP), which uses a hig-speed optical backbone for sharing all

signals amongst the cooperating BSs, while considering a non-fading channel and a wideband

transmission scheme. These results were then extended by the authors of [28, 29] to flat-fading.

Assuming that the flat-fading processes experienced between a MTkn and a cellnmay be modelled

by hn,kn , Eq. (2.1) and(2.2) may be rewritten as:

Yn =
∑

kn∈Kn

√

Pn,knhn,knXn,kn + α
∑

kn−1∈Kn−1

√

Pn−1,kn−1hn,kn−1Xn−1,kn−1

+ α
∑

kn+1∈Kn+1

√

Pn+1,kn+1hn,kn+1Xn+1,kn+1 + Zn,
(2.3)

Yn,kn =
√

Pn,knhn,knXn,kn + α
√

Pn−1,kn−1hn−1,knXn−1,kn−1

+ α
√

Pn+1,kk+1
hn+1,knXn+1,kn+1 + Zn,k.

(2.4)
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The Wyner model was then used for analysing the uplink throughput of cellular networks both

in Single-Cell Processing (SCP) and Two-Cell-Site Processing (TCSP) in [30] and [31], respec-

tively. The authors of [32, 33] used the Wyner model for the information-theoretic analysis of

relying on pseudo-noise direct-sequence code-division multiple-access (DS-CDMA). The uplink

sum capacity of Multiple-Input-Multiple-Output (MIMO) systems was derived under the Wyner

model in [34]. Recently, the Wyner model was extended to incorporate shadowing in [35].

Turning our attention to the downlink channel, the authors of [36] invoked the Wyner model for

the analysis of the attainable average rates in the high Signal-to-Noise Ratio (SNR) region, where a

simple low-complexity transmit preprocessing scheme, relying on the knowledge of the anticipated

downlink Channel Impulse Response (CIR) was invoked for eliminating the interference at the MT

with the aid of signal processing at the downlink BS transmitter.

Cell n

Cell n+1

Cell n−1

αα

Figure 2.3: The modified circular array based Wyner model derived from its 1-D

counterpart.

Later, a modified Wyner model was introduced in [37], in orderto derive the average per-cell

sum-rate attained with the aid of joint multicell processing, while considering both non-fading and

flat-fading channels. The modified Wyner model is depicted inFig. 2.3, where the authors assume

that the cells are arranged along a circle. Furthermore, it is assumed that the cellular BSs are located

at the boundaries of the cells and the MTs receive the signalstransmitted by the two BSs, which

are located at their cell edges. The key difference with respect to the original Wyner model of [26]

is that the users are concentrated at the boundaries of the cells, where no single dominant BS can

be identified. As a result, the users are hence in what is referred to as a ”soft-handoff” situation

between these two BSs. Later, the Wyner model and the modifiedWyner model were widely used

for evaluating different constrained coordination strategies involved in cellular networks [38–41].

More recently, the authors of [42] verified the accuracy of the Wyner model by considering

both uplink and downlink transmissions. The authors utilized a pair of performance metrics in

cellular systems, namely the outage and average throughputfor evaluating the accuracy of the

Wyner model. It was demonstrated that the Wyner model’s parameterα can be accurately tuned for

characterizing the key trends of both the uplink outage and the average uplink throughput, when
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considering a sufficiently high number of simultaneous MTs.However, the Wyner model becomes

inaccurate in the downlink analysis, even in the presence ofnumerous simultaneous MTs. The

authors’ conclusion [42] was that the Wyner model, which itself models the average interference

conditions, can be adapted to the handling of mean-based metrics, such as the sum or the average

of the throughput. By contrast, it became inaccurate in handling metrics that depend on the overall

statistics of the intercell interference, such as the outage probability. However, the Wyner model is

nonetheless capable of capturing the outage behavious of the CDMA uplink system in the presence

of a sufficiently high number of simultaneous users, which isan explicit benefit of the law of large

numbers.

We summarize the aforementioned history of the Wyner model used in analysing cellular net-

works in Table 2.1.

Year Authors Contributions

1994 Wyner [26]
Proposed a one-dimensional cellular network model for

characterizing the capacity of the cellular uplink.

1997
Shamai and

Wyner [30,31]

Analysed the uplink throughput of cellular networks for both

single-cell and twin-cell.

2001 Shamai and Zaidel [36]
Analysed the attainable average downlink rates in the high-SNR

region of cellular networks by using Wyner model.

2006 Aktas et al . [34]
Derived the uplink sum capacity of cellular networks under the

Wyner model relying on MIMO transceivers.

2007 Somekh et al . [37]
Proposed a modified Wyner model, where the cells are assumed to

be arranged on a circle.

2010 Kaltakis et al . [35]
Extended the Wyner model by considering of the effects of

shadowing.

2011 Xu et al . [42]
Verified the accuracy of the Wyner model by considering both

uplink and downlink transmissions.

Table 2.1: Brief history of the Wyner model and of the research inspired by it in

analysing cellular networks.

2.1.2 Grid-based Network

Recall from Eq. (2.1)-Eq. (2.4) that, the Wyner model only considers the interference arriving

from two adjacent cells, where the users are randomly located and the path loss is ignored. Hence
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Figure 2.4: Regular grid based cellular networks.

the Wyner model is quite inaccurate in capturing the random position of MTs, especially during

downlink transmissions. Practising systems engineers andresearchers need more realistic models

relying on a 2-D network of BSs positioned on a regular hexagonal grid, or slightly more simply,

on a regular grid of circles, as seen in Fig. 2.4. The BSs are regularly distributed and the coverage

area of each BS is modelled either as a hexagon or as a circle.

In contrast to the Wyner model, here we do actively consider the path-loss effects between the

BS and the MT. There are two main models conceived for characterizing the path loss, namely the

empirical models and the site-specific model [23]. Empirical models are based on the statistical

characterization of the received signal, while site-specific model rely on a certain physical basis

as well as on a vast amount of data regarding the geometry and location of the buildings, etc..

Since these deterministic models may require an excessive amount of computations, most of the

researchers invoke stochastic processes for modelling thewave-propagation. The simplest model

for a transmission channel is the path loss, which is inversely proportional to the distance between

the transmitter and the receiver [43,44]. If we denote the distance from the transmitter to a receiver

asd, the path-lossL is given by:

L = Ad−γ , (2.5)

whereA is a function of carrier frequencyfc, and we assume that it is constant for all paths between

a MT and a BS. Furthermore,γ is the Path Loss Exponent (PLE), which is typically in the range

of 2 to 6 [43, 45]. It had been confirmed by measurements that the path-loss model of Eq.(2.5)

is reasonably accurate for distances spanning from 1 to 20 kmfor BS antenna heights in exceed

of 30 m in areas with little terrain profile variation [12]. Hence, this path loss model is reasonable

for the family of conventional cellular networks. Empirical results have illustrated [45] that the

specific value ofA may be different for outdoor and indoor transmission channels. In this treatise,

the empirical results of [46,47] are employed, where the path-loss of the outdoor channel isAout =
f3.326

c
107.986 and that of the indoor channel isAin = 103.7, respectively. Furthermore, the multi-path
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fading effects will also be taken into account, which are modelled by uncorrelated Rayleigh fading

model. In conclusion, the wireless radio frequency channelis subject to the path loss, as well as the

uncorrelated Rayleigh fading having a unity average power.When considering a typical CDMA

system, in contrast to the Wyner model, we should consider the interference emanating from all

cells around the serving cell. Again, it is assumed that the MT set in celln and thekth MT in cell n

are denoted byKn andkn, respectively. As a result, the received uplink signalYn at celln is given

by:

Yn =
∑

kn∈Kn

√

Pn,knLn,knhn,knXn,k +
∑

n′ 6=n

∑

kn′∈Kn′

√

Pn′,kn′Ln,kn′hn,kn′Xn′,kn′ + Zn, (2.6)

whereLn,kn andhn,kn denote the path loss of the channel spanning from the transmitter (MT kn) to

the BS receiver in celln as represented by Eq.(2.5) and the uncorrelated Rayleigh fading channel

between the transmitter of MTkn to BSn, respectively. Similarly, the signalYn,kn received at MT

kn in cell n in the downlink, is written as:

Yn,kn =
√

Pn,knLn,knhn,kn +
∑

n′ 6=n

√

Pn′,kn′Ln′,knhn′,knXn′,kn′ + Zn,kn . (2.7)

Although the 2-D grid based network model is capable of capturing the random locations of

MTs by considering the path-loss, the ICI represented by thesecond term of Eq.(2.6) and Eq.

(2.7) remains a challenge to model accurately, owing to the sum of infinite variables.

The first analysis on the ICI was provided by Cooper and Nettleton in [48]. The paper studied

the uplink of a frequency-hopped system and analysed the performance of this system in terms

of its Signal to Interference Ratio (SIR). The total interference imposed by a cell other than the

desired one was calculated by integrating the interferenceexpression by considering a continuous

and uniform geographic distribution over a circular regionapproximating a hexagonal cell. How-

ever, the analytic results derived in [48] was only for restricted values of the PLE and hence the

authors used numerical integration for calculating the interference levels. Later, this integral based

approach was also used for analysing other systems, such as the DS-CDMA system [49], where

the PLEγ was fixed to be 4 and the circular cellular layout was assumed.An extension of [48]

was published in [50] which included the effects of shadowing. The uplink of a CDMA system

was considered and the propagation loss from a MT to a BS was subject to both path-loss and

lognormal shadowing. The total interference encountered in the presence of lognormal shadowing

is a random variable which is approximated by a Gaussian distribution, which was also assumed

in [51]. Another analytical approximation of the ICI under the fixed SIR power control mechanism

was presented in [52], where an iterative method was proposed for determining the ICI distribution,

which was shown to obey a log-normal distribution in the scenario investigated. When considering

a practical power control mechanism designed for maintaining a constant SINR, the ICI was char-

acterized in [53,54], where the SIR of each MT was consideredto be identical. The authors of [55]

relied on numerical integration approach for analysing theinterference in DS/CDMA cellular net-

works, where the interference imposed by the grey shaded area of Fig. 2.5 was considered. By
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contrast, the interference arriving from outside of the grey area was ignored. Then this analytical

model was used for characterizing a call admission control scheme [55].

Cell 1 Cell 2

Cell 3

Cell 6

Cell 7

Cell 5

Cell 4

Figure 2.5: A regular grid based cellular network, where the interfering area is

denoted by the grey shade [55].

The authors of [56] considered the effects of shadowing and analytically derived an upper bound

expression for the ICI factor, defined as the ratio of inter-cell interference to the intra-cell interfer-

ence. This parameter can be conveniently used in cellular planning calculations. In [57], specific

values of the ICI factor were derived by simulations for diverse practical according scenarios, which

were also compared to the upper bound of the ICI factor derived in [56]. The randomness of user

location within a cell was then considered in [45], where thedistribution of the interference arriv-

ing from a randomly located MT in another cell of the network was derived. As a further advance,

the authors of [58] investigated the effect of mobile locations on the Erlang cell capacity using a

simulation approach. The performance analysis of the uplink in a multi-cellular MIMO systems

was studied in [59], where the distribution of the intra-cell interference was approximated by the

Gamma distribution, while the ICI was calculated by numerical integration.

Turning to the downlink channel, the authors of [60] considered the downlink of orthogonal

resource based multiple access systems, such as the downlink of a Time Division Multiple Ac-

cess (TDMA) system or the downlink of an Orthogonal Frequency Division Multiple Access (OFDMA)

system. As a result, the intra-cell interference was entirely avoided. It was assumed in [60] that the

path-loss between an interfering BS and the target MT was a fixed value, which was equal to the

inter-cell interference intensityα. As a result, if we assume that the target MTkn is in cell n, we

haveLn′,kn = αLn,kn , ∀n′ 6= n. This approach is capable of reducing the complexity of calcu-

lating the sum of the ICI and the results become tractable. However, similar to the Wyner model,
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this approach does not take the randomness of MT locations into account. Hence this approach is

inaccurate in downlink analysis. Later, the authors of [61]extended this approach to the analysis of

the ICI in multiple-antenna aided broadcast channels. Then, the sum rate of random beamforming

was derived for downlink multiple-antenna aided systems inthe presence of ICI, for a large number

of MTs.

Then, in contrast to the ICI factor based approach used in [60, 61], Kelif et al. proposed a

’Fluid Model’ [20,62,63] for characterizing the ICI in the downlink of cellular systems, where the

discrete BSs of the cellular networks were modelled as a continuum. The outage probability of

downlink transmissions in an Orthogonal Frequency Division Multiple Access (OFDMA) system

was derived in [62]. The simulation results illustrated thereasonable accuracy of the ’Fluid Model’

in characterizing the downlink ICI. Hence, in this treatise, the ’Fluid Model’ is used for analysing

the performance of cellular networks. Therefore, we will introduce the principles of the ’Fluid

Model’ in the following.

2.1.3 The Fluid Model of Inter-Cell-Interference

R

......

First interfering BS ring

Cell boundary

Rnb

Figure 2.6: A Hexagonal cell-based network, where the Fluid Model is used for

analysing the downlink interference.

The key characteristic of the Fluid Model is that it replacesa given finite number of interfering

BSs by an equivalent continuum of BSs, which are spatially distributed in the network. Since the

BSs are regularly located in the classic grid-based networks, it is reasonable to assume having

spatially distributed BSs. We consider a regular hexagonalgrid based cellular network, where each

BS is located in the centre of a hexagonal, as seen in Fig. 2.4.As a result, the density of BSsρBS
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may be expressed as:ρBS =
√

3
6R2

1. Let us consider a MTu at a distancedu from its serving BS.

Then the power of the received signalPr may be written asPr = PtAd
−γ
u . Given a distancez

from MT u, the area of the elementary surface may be formulated aszdzdθ. Hence, the equivalent

number of the interfering BSs isρBSzdzdθ and their contribution to the downlink interference is

given byPtAz−γρBSzdzdθ. For analytical convenience, the cell boundary is approximated as the

circle, which is represented by the inner circle printed in dashed line in Fig. 2.6. The first-tier

of interfering BSs is represented by the outer circle printed in dashed line in Fig. 2.6. Then the

distance from the first-tier of interfering BSs to the MTu is 2R − du. We also assume that the

network boundary is characterized by a ring of BSs at a distance ofrnb and hence the distance from

the network boundary BSs to the MTu is (Rnb − du). The MTu may suffer from the interference

imposed by the BSs located in the first BS ring of Fig. 2.6. Then, the total downlink interference

Idl received by a MT at a distancedu may be written as:

Idl =

∫ 2π

0

∫ Rnb−du

2R−du

PtAz
−γρBSzdzdθ

=
2πPtAρBS
γ − 2

[

(2R− du)2−γ − (Rnb − du)2−γ
]

.

(2.8)

Since the PLEγ may be larger than 2 in practical scenarios and the network boundary radiusRnb

tends to infinity, then the Eq.(2.8) may be further approximated by:

Idl =
2πPtAρBS
γ − 2

(2R− du)2−γ . (2.9)

As a result, the signal to interference ratio (SIR) may be approximated by:

SIR =
(γ − 2) d−γu

2πρBS (2R − du)2−γ
. (2.10)

Let us now verify the accuracy of Fluid Model in approximating the downlink received SIR.

The simulator assumes having a regular hexagonal network constituted by several rings around a

central cell. Fig. 2.7 illustrates the SIR of a target MT as a function of the distance from the MT

to the serving BS, when we assume that the transmission powerPc equals to46dBm, the carrier

frequency is 2GHz and the radius of the cell is 1 km. Observe from Fig. 2.7 that as expected, the

SIR of the target MT decreases when this MT moves away from theserving BS. The SIR of the MT

becomes higher, when the PLEγ is higher, because the desired signal’s link is always shorter than

the interfering link. It is clear that Eq.(2.10) derived by the Fluid Model is quite accurate for all

the considered. Hence, the Fluid Model is capable of tracking the characteristical of the downlink

ICI quite accurately. Later, Kelifet al. extended the Fluid Model to sectored wireless networks

in [64], where the outage probability was validated by MonteCarlo simulations. In [65, 66] the

effects of log-normal distributed shadowing were considered relying on the Fluid Model.

Similar with the Section 2.1.1, we summarize the key contributions on analysing the ICI using

the grid-based model in cellular networks in the context of Table 2.2 and Table 2.3
1In the Chapter 3, we will simplify our macrocell model as the circle model, as a result the density of

BSs ρBS equals to 1
πR2 .
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Figure 2.7: The SIR of a target MT versus the distance between the serving BS

and the target MT, for the cell radius of R = 1km.

2.1.4 The Stochastic Geometry Based Poisson Point Process Model

Instead of assuming the regular grid based macrocell BSs, the network is now assumed to obey a

convenient Poisson point process (PPP) which captures the network properties. In probability the-

ory, a PPP is defined as a particular random process characterizing a set of isolated points scattered

along a line or across a Two-Dimensinal (2-D) plane or in a Three-Dimensional (3-D) space, where

the number of points within any compact set is a Poisson distributed random variable and the num-

bers of points in disjoint sets are independent of each other[67]. As a result, the cellular network

model consists of BSs arranged according to a homogeneous PPPΥ of intensityλ in the Euclidean

plane [27]. Fig. 2.8 illustrates a realization of a PPP basednetwork in a20km × 20km region

having an intensity of 0.2 points/km2, where the dots denote the macrocell BSs. Hence, the total

number of BSs is a variable, with its expectation value beingequal to400 × 0.2 = 80. Assuming

that the MTs are only associated with the nearest Bs, the cellboundaries are shown, which forms a

Voronoi diagram in Fig. 2.8.

The stochastic geometry based approach conceived for cellular network BS modelling has been

considered as early as 1997 [68], where two independent Poisson processes representing the MTs

and the BSs were considered. However, the key metric constituted by coverage has not been in-

vestigated. Subsequently, the PPP based abstraction modelwas also advocated in [69], and it was

shown that the PPP model results in lower bounds of the attainable cellular performance, while

the traditional hexagonal systems provide an upper performance bound. The PPP model of the BS

positions of the BSs has been attracting more and more attention. In [27], PPP model based cel-
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Year Authors Contributions

1978
Cooper and

Nettleton [48]

Analysed the performance of an uplink frequency-hopped system,

where the total ICI is calculated by integrating the interference

expression considering a continuous and uniform user density over

a circular region.

1991 Gilhousen et al . [50]
Extended the contribution of [48] by considerating the effects of

lognormal shadowing.

1994 Viterbi et al . [56]
Obtained an upper bound for the uplink ICI factor, which denotes

the ratio of ICI to intra-cell interference.

1999 Evans and Everitt [45]

Derived the distribution function of the uplink interference

imposed by a randomly located mobile terminal in a interfering

macrocell. Hence, the effects of random user locations within a cell

were studied.

2001 Ho et al . [55]

Proposed an alternative approach for calculating the ICI, where

only the interference emerging from the most significant

interference area is taken into account.

2002 Staehle et al . [52]
Proposed an iterative method for approximating the uplink ICI

under a power control mechanism.

2003 Elayoubi et al . [51]
Extended the contribution of [50], and the total interference was

approximated by a Gaussian distribution.

Table 2.2: Brief history of the analysis of ICI for cellular networks using grid-based

model: Part I.

lular networks were analysed, where a comprehensive framework was conceived for deriving the

coverage and the average rate of single-tier cellular networks under the assumption that the down-

link channel was subject to Rayleigh fading. Recently, the validation of the PPP model for real

BSs deployments was provided in [70], where the actual locations of the BSs were collected from

Ofcom, the independent regulator and competition authority in the UK. The authors applied the

maximum pseudo-likelihood goodness-of-fit technique to fitthem to show that the PPP model was

as accurate as the regular grid model [71]. Inspired by theseresults, numerous researchers started

to use the PPP-based abstraction model for studying the cellular networks. The authors of [72]

considered the PPP-based cellular networks and the associated handover probability. The effect of

the BS density on the attainable downlink performance of PPP-based cellular networks was investi-

gated in [73]. Later, the authors of [74] extended the contribution of [27] and the outage probability
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Year Authors Contributions

2004 Kolahi et al . [57]
Used the method of [56] and the specific values of the ICI factor

were derived by simulations for diverse scenarios.

2006 Tokgoz and Rao [59]

Analysed the uplink performance of multi-cellular MIMO systems,

where the distribution of the intra-cell interference is

approximated by the Gamma distribution and the inter-cell

interference is calculated by numerical integration.

2007 Kim et al . [60]

Analysed the downlink performance of cellular networks. The path

loss between the serving BS and the target MT which was equal to

the inter-cell interference intensity α.

2007 Kelif et al . [20,63]

Proposed a ’Fluid Model’ for characterizing the ICI in the

downlink cellular, where the discrete BSs of the cellular networks

were replacing by an equivalent continuum of BSs.

2008 Kelif et al . [64]

Extended the ’Fluid Model’ to sectored wireless networks, where

the outage probability was validated by the Monte Carlo

simulations.

2009 Kelif et al . [66]
Evaluated the effects of log-normal distributed shadowing relied on

’Fluid Model’.

2011 Moon et al . [61]
Extended the approach of [60] for analysing the downlink ICI in

multiple-antenna broadcast channels.

Table 2.3: Brief history of the analysis of ICI for cellular networks using grid-based

model: Part II.

was derived under the consideration of the user density. In order to mitigate the ICI, the authors

of [75,76] studied the benifit of interference coordinationin PPP-based cellular networks, where a

random clustering model was proposed and each cluster exploited the intercell interference nulling

technique. More recently, the authors of [77] considered MIMO-aided cellular networks, where

the macrocells were subject to the PPP model. The average error probability of PPP based cellular

networks was analysed therein. Turning our attention to theuplink, the coverage probability was

derived for a randomly chosen mobile user relying on power control in [78]. The brief history of

the PPP model used in analysing cellular networks is summarized in Table 2.4.

Although the interference statistics can not be readily obtained, the exact distribution of SIRi,j

is obtainable, upon assuming the presence of Rayleigh fading on the downlink. Then we will

present the technique of analysing the cellular network performance, relying on PPP-based ab-
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Year Authors Contributions

1997 Baccelli et al . [68]

Proposed the stochastic geometry based approach for cellular

network modelling, where the MTs and BSs were modelled as two

independent Poisson processes.

2000 Brown [69] Proposed the PPP based abstraction model.

2011 Andrews et al . [27]

Analysed the downlink PPP model based cellular networks, where

the coverage and the average rate of downlink cellular networks

was derived.

2012 Vu et al . [72]
Evaluated the handover probability of PPP model based cellular

networks.

2012 Lee et al . [73]

Analysed the optimal tradeoff between the performance gain by

increasing the BS density and the resultant network cost

accounting for energy consumption, BS hardware and backhaul

cables.

2013 Yu and Kim [74]
Extended the contribution of [27] by considering thes effect of user

density.

2013 Akoum and Heath [76]

Investigated the interference coordination in PPP-based cellular

networks, where a random clustering model was proposed and

each cluster exploited intercell interference nulling technique.

2013 Renzo and Guan [77]

Analysed the downlink performance of the multi-cellular MIMO

systems, where the average error probability of PPP based cellular

networks is derived.

2013 Novlan et al . [78]
Derived the uplink coverage probability for a randomly chosen MT

with power control in PPP model based cellular networks.

Table 2.4: Brief history of the PPP model used in analysing cellular networks.
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Figure 2.8: PPP based network in a 20km×20km region with intensity 0.2

point/km2. The macrocell BSs are denoted by the dots and the cell boundaries

are constituted by a Voronoi diagram.

straction model.

Consider the cellular network model illustrated in Fig. 2.8, where the BSs are arranged accord-

ing to a PPPΥ of intensityλ, while each of the MTs is associated with the closest base station. We

assume that the cellular BS set is denoted asΦ. The downlink channel is subjected to uncorrelated

Rayleigh fading having a unity average power and the path-loss. Then the powerPr received at a

MT at a distance ofr from its BS isPtAhr−γ , where the random variableh follows an exponential

distribution with unity mean. The SIR of the target MTi served by BSj is formulated as:

SIRi,j =
hi,jr

−γ
i,j

∑

k∈Φ/j h
2
i,kr

−γ
i,k

. (2.11)

Then, the cumulative distribution function (CDF) of SIRi,j may be written as:

FSIRi,j (θ) = P (SIRi,j ≤ θ)

= P

(

hi,jr
−γ
i,j

∑

k∈Φ/j hi,kr
−γ
i,k

≤ θ
)

= P



hi,j ≤ θrγi,j





∑

k∈Φ/j

hi,kr
−γ
i,k







 .

(2.12)

We assume thatI =
∑

k∈Φ/j hi,kr
−γ
i,k . Exploiting the fact thath follows an exponential distribution
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with unity mean, as a result, Eq.(2.12) may be rewritten as:

FSIRi,j (θ) = P

(

hi,j ≤ θrγi,jI
)

= 1− P

(

hi,j ≤ θrγi,jI
)

= 1−
∫ ∞

−∞
P

(

hi,j ≤ θrγi,jI | I
)

fI (I) dI

= 1− EI

[

P

(

hi,j ≤ θrγi,jI | I
)]

= 1− EI

[

exp
(

−θrγi,jI
)]

= 1− LI
(

−θrγi,j
)

,

(2.13)

wherefI(I) denotes the Probability Density Function (PDF) of the variable I, andLI represents

the Laplace transform of the variableI, which may be expressed as:

LI
(

−θrγi,j
)

= EI

[

exp
(

−θrγi,jI
)]

= EΦ,|hi,k|2



exp



−θrγi,j
∑

k∈Φ/j

hi,kr
−γ
i,k









= EΦ,hi,k

∏

k∈Φ/j

exp
(

−θrγi,jhi,kr
−γ
i,k

)

a
= EΦ

∏

k∈Φ/j

Eh

[

exp
(

−θrγi,jhr
−γ
i,k

)]

b
= exp

[

−λ
∫∫

R

(

1− Eh

[

exp
(

−θrγi,jhr−γ
)]

rdr
)

]

,

(2.14)

where the equality of (a) follows from the i.i.d. distribution of |hi,k|2 and from its further in-

dependence of the point processΦ. The equality of (b) follows from the Probability Generating

Functional (PGFL) [79] of the PPP and the integration regionR denotes the interfering region.

Then the Laplace transform of the variableI may be rewritten as:

LI
(

−θrγi,j
)

= exp

[

−2πλ

∫ ∞

0

(

1−
∫ ∞

0
exp

(

−θrγi,jr−γx
)

exp (−x) dx
)

rdr

]

= exp

[

−2πλ

∫ ∞

0

(

1− 1

1 + θrγi,jr
−γ

)

rdr

]

= exp
[

−πλCγr2i,jθ
2
γ

]

,

(2.15)

where we haveCγ =
∫∞
0

1

1+s
γ
2
ds. As a result, the CDF of SIRi,j is given by:

FSIRi,j (θ) = 1− exp
[

−πλCγr2i,jθ
2
γ

]

. (2.16)

Recall from Eq.(2.16) that the CDF of a MT’s SIR, assuming a distanceri,j from the serving BS,

is subject to the BS density of PPP based abstraction model and the outdoor PLE.

Having introduced the above three modelling methods of traditional cellular networks, we will

then shift our attention to the emerging subject of small-cell techniques, which have shorter trans-

mission link, lower transmission power and hence tend to provide higher network capacity.
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2.2 Introduction of Femtocell

Both the topology and architecture of cellular networks areundergoing a major paradigm shift

from being voice-centric, circuit switched and centrally optimized for coverage towards becoming

data-centric, packet switched and capacity-oriented [80]. The traditional methods of increasing the

amount of spectrum or deploying more macro base stations mayfail to keep pace with the data

explosion. One of the effective techniques of improving thecoverage and enhancing the capacity

and data rate in cellular wireless networks is to reduce the cell size and hence the transmission

distance. In recent years, enormous gains have been reaped from the efficient spatial reuse of the

spectrum by increasing the higher area spectral efficiency.As a result, one of most logical trends

emerging from the cellular evolution are constituted by femtocells [81, 82]. Femtocells are small

and they are covered by inexpensive, low-power base stations that are generally consumer-deployed

and connected to the operators, core network through the users’ Digital Subscriber Line (DSL),

optical fibre or cable broadband internet connection [80,81,83]. A typical femtocell is shown in Fig.

2.9, where different femtocell subscribed MTs are capable of connecting to the femtocell access

point for both uplink and downlink service provision. In thefollowing, we will firstly introduce the

brief history of femtocells, then the modelling methods forfemtocells are highlighted, followed by

the technical challenges and existing solutions.

Mobile operator’s
  core networkDSL Modem Router

Femtocell

Figure 2.9: A typical femtocell

2.2.1 Brief History of Femtocells

The concept of femtocells evolved from the idea of small cells, where a macrocell would be split

into a number of smaller cells having a reduced transmit power and a radius of perhaps a few hun-

dred meters [84]. The birth of contemporary femtocells emerged in the early 1990s, when South-
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west Bell and Panasonic developed an indoor femtocell solution that reuses the same spectrum as

the macrocells [85]. Later, Alcatel announced a Global System for Mobile Communications (GSM)

based home base station to be brought to the market in 2000 [86]. In recent years, different types

of femtocells have been developed and promoted based on various air interface technologies, ser-

vices, standards and access control strategies. For example, 3G femtocells use the Wideband Code

Division Multiple Access (WCDMA) based air interface of Universal Mobile Telecommunication

System (UMTS), which is also referred to as the UMTS Terrestrial Radio Access (UTRA). These

femtocells are capable of communicating through IP based networks, which make it more applica-

ble to femtocells. More recently, the Worldwide Interoperability for Microwave Access (WiMAX)

and Long Term Evolution (LTE) femtocells opted for OFDMA as their physical layer technology.

These femtocell are capable of providing a variety of high data rate services for the MTs [87] and

the LTE femtocells are referred to as Home evolved Node BSs (HeNBs) [88]. In 2007, the Femto

Forum (now called Small cell Forum) [89] was formed in order to promote the standardisation

and wide scale deployment of femtocells all around the world. It accelerates small cell (femtocell)

adoption in order to change the shape of mobile networks and to maximise the potential of mobile

services. It is predicted that the future LTE and LTE-A networks would rely on femtocells for the

provision of high-quality indoor cellular coverage. As a result, femtocells are likely to be deployed

on a large scale in the near future.

2.2.2 Femtocell Network Modeling

The femtocells are overlaid onto the traditional cellular macrocells, hence, forming a two-tier cel-

lular network. The addition of femtocells requires an evolution of the traditional cellular model.

Generally, four two-tier cellular network modelling approaches have been deployed [80]. We will

then briefly introduce these approaches.

The first model simply consider all the channel gains (including those of the interfering chan-

nels), without specifying the precise spatial model for thevarious BSs [90–93]. This model simpli-

fies the channel model of the two-tier cellular network and may invoke game theory, power control

and resource allocation. In some studies [90, 91], these channel gains obey Rayleigh distribution

and to a first order they are determined by the locations of thetransmitting sources. However, this

model is inaccurate for system performance analysis, sincethe path-loss is inaccurately modelled.

The second approach assumes that a single femtocell is dropped in a single macrocell [94–96],

which leads to a fairly sparse femtocell deployment, as seenin Fig. 2.10. In the downlink, the inter-

ference imposed on the femtocell MTs is assumed to be arriving only from the traditional macrocell

BSs, while the interference between the femtocells is neglected. In the uplink, the interference is

bound to come impinge neighbouring MTs transmitting to the macrocell BSs. The main limitation

of this model is that the performance of macrocell MTs may notbe accurately characterized, be-

cause both the femtocell interference and the inter-cell interference imposed by other macrocells is
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Figure 2.10: A single femtocell BS is ’dropped’ in a single hexagonal macrocell,

where the radius of the macrocell is 1km. The macrocell BS and the femtocell BS

are denoted by the dot and the cross, respectively.

ignored, even though in practice the macrocell MTs’ performance is significantly affected by the

interference generated by the femtocell.

Another approach is to assume the regular grid model for macrocell BSs, and assume that the

femtocells are randomly placed within the macrocells [97–103], as shown in the Fig. 2.11. In

the downlink, the interference imposed on the femtocell MTsemerges from both the macrocells

and the neighbouring femtocells. The interference inflected upon the macrocell MTs emerges from

both the neighbouring macrocells and the neighbouring femtocells. Similarly, in the uplink, the

interference measured at the femtocell BSs arrives from both the neighbouring marcocell MTs and

the neighbouring femtocell MTs. This model is capable of characterizing the interference of this

two-tier cellular network.

The fourth model assumes that both the macrocells and femtocells are randomly placed. More

specifically, both the macrocell BSs and the femtocells are assumed to be PPP based [104–108].

Fig. 2.12 illustrates this model. An appealing aspect of this approach is that the random locations

of the femtocells actually allows significantly improved mathematical tractability and the SINR

distribution can be found explicitly [80]. This may allow the fundamental impact of different PHY

and MAC designs to be theoretically evaluated in the future.

2.2.3 Technical Challenges in Femtocells

The deployment of femtocells will economically benefit bothend-users and network operators. On

the one hand, the end users accessing femtocells can achievean improved signal quality owing to
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Figure 2.11: The PPP model based femtocell BSs are randomly distributed across

the regular hexagonal macrocell BS grid in a 20km × 20 km region, where the

intensity of the femtocell BS deployment is 0.6 point/km2. The macrocell BSs and

the femtocell BSs are denoted by the dots and the crosses, respectively.

the reduced transmit-receive distance. On the other hand, from the operators’ point of view, femto-

cells will improve the indoor coverage, hence conveying a large amount of indoor traffic. Having

good channel conditions enables the femtocells to provide high data rate services for the users by

using higher-throughput modulation and coding schemes. Furthermore, a femtocell usually serves

a small number of users compared to a macrocell. Hence this enables the femtocells to provide a

better QoS for their users, compared to the macrocells. Froma business perspective, femtocells

can provide an excellent platform for the operators to maximise their revenue and to increase their

network capacity without any further investment in macro-cellular network upgrades. Furthermore,

there would be no need to lease land for new BS sites and the electricity cost no longer affects the

operators. These savings reduce the overall network costs.

However, femtocells also pose a number of design challengesrelated to the choice of access

modes, mobility management, handovers, self-organisation, security and interference management,

as depicted in Fig. 2.13. These challenges will be more important when the deployments of femto-

cells becomes denser in urban environments. In this section, we briefly discuss the above technical

challenges.
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Figure 2.12: The PPP model based femtocell BSs are randomly distributed across

the PPP model based macrocell BSs in a 20km × 20km region, where the intensity

of the macrocell BSs and the femtocell BSs is 0.2 and 0.6 point/km2, respectively.

The macrocell BSs and the femtocell BSs are denoted by the dots and the crosses,

respectively.

Figure 2.13: The key technical challenges in Femtocell systems.
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2.2.3.1 Femtocell Access Control Mode

Femtocells are capable of supporting several MTs, and henceone of their important issue is the

design of femtocell access control. Three popular access control modes have been defined in [81]:

Open Access mode, Closed Access mode and Hybrid Access mode,which are described below:

• Open Access mode: In this mode, the MTs may unconditionally access the femtocell and all

MTs are treated equally from a camping perspective and also from a charging perspective.

• Closed Access mode: This access control mode allows femtocell access to a restricted set

of MTs, which is referred to as a Closed Subscriber Group (CSG). Normal service is only

expected for the set of MTs belonging to the CSG.

• Hybrid Access mode: This access control mode only allows a limited amount of thefemtocell

resources to be assigned to all MTs. However, the MTs who are subscribed to the femtocell

may be able to get preferential charging in comparison to users who are not subscribed to the

cell.

In general, the choice of access modes has a direct impact on the interference in the system.

The open access mode constitutes a superior approach from a network capacity point of view, and

it provides the potential solution for sophisticated interference coordination.It was shown in [109]

that the open access induced improves the overall capacity of the network, mainly because the

macrocell users are capable of connecting to nearby femtocells, when its performance under the

macrocell is deficient. However, this mode may complicate the handoff and security issues. More-

over, from the femtocell end users’ view, the owner who purchased the femtocell access point and

pays both for the back-haul and electricity, might not want its femtocell resources to be shared with

everyone. As a result, the closed access mode is more likely to be deployed in the home environ-

ment. In this treatise, we assume that the indoor femtocellsrely on the closed access mode, hence,

only the subscribed MTs are capable of accessing their serving femtocell. Hybrid approaches allow

the connectivity of non-subscribers with the explicit permission of femtocell subscribers, while re-

stricting the amount of available resource. The femtocellsmay reserve part of the capacity for their

subscribers. It has been shown in [110,111] that the hybrid access mode is capable of providing an

improved overall network performance while maintaining the QoS of the femtocell users. The com-

parison of these access modes was provided in [94,112] for the uplink and downlink, respectively.

More details on the access modes and on their impact were given in [113,114].

2.2.3.2 Mobility Management and Handover

Since the coverage area of an individual femtocell is small and the deployment of femtocells may

be unplanned, it would be impossible for a femtocell to keep track of its neighbours for supporting

handovers. Hence, the provision of mobility management is one of the most challenging issues.
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Handover scenarios may include femtocell-to-macrocell, macrocell-to-femtocell and femtocell to

femtocell handovers. Although femtocells may rely on existing mobility procedures, a number

of unique challenges arise that require special consideration. One of the most difficult aspect of

femtocell mobility is that they are typically not directly connected into the core networks where

the mobility procedures are usually coordinated. The lack of a low-delay connection to the core

network may result in significant handover signalling delays.

The available literature studied various handover decision algorithms for the two-tier macrocell-

femtocell network [115–123]. More specificity, the handover mechanisms between macrocells and

femtocells based on the signal strength were proposed in [115–117, 120]. The handover decision

algorithms were adjusted according to the traffic-type criteria in [118,119]. Furthermore, handover

algorithms based on the velocity of MTs were conceived in [121–123]. A summary of mobility

management and handover solutions is provided in [124].

2.2.3.3 Self Organisation

Since femtocells are installed by end users or private enterprises often in anad hocmanner and the

locations of femtocells can with vary time, this makes the traditional network planning and tools

designed for configuring and optimising a femtocell networkunusable. As a result, the femtocells

have to be able to self-configure and optimise without importing a substantial impact on the existing

cellular system. Due to these features, femtocells are alsoreferred to as a specific type of Self-

Organised Network (SON) [82].

Numerous efficient self-organization techniques have beendesigned for femtocell networks.

In [125] a coverage adaptation technique was proposed for femtocell deployments in UMTS net-

works that exploited the knowledge of mobility events of indoor users for optimizing the femtocell

coverage. Each femtocell sets its transmission power to a value that on average minimizes the total

number of attempts of roaming users to connect to such a femtocell. The results illustrated that the

self-optimization technique was capable of improving the indoor coverage for femtocells and re-

sulted in a reduced number of ’mobility events’ in the core network. An efficient self-organisation

approach was proposed in [126] for OFDMA femtocell networks, where the femtocells were ca-

pable of dynamically sensing the air interface and of tuningthe sub-channel allocation. This ap-

proach provides a good solution for the sub-channel assignment problem. Similarly, the related

power control and channel assignment allocation problems were considered and solved based on

self-organisation approaches in [106, 127–129]. The authors of [130] investigated the benefits of

femtocell placement optimization. A range of researchers also considered the benefits of having

cognitive capabilities for the femtocells that were able todynamically sense the prevalent spectrum

usage by the macrocell and carefully adapt their transmissions for optimizing the overall usage

of the spectrum [96, 131, 132]. However, purely cognitive approaches are known to exhibit low

convergence speeds and precision [80]. As the number of femtocells increases, the problem of
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self-organisation would become more challenging and hencethe community needs more research

in this area.

2.2.3.4 Interference Management

Perhaps one of the most significant challenges imposed by thedense deployment of femtocells is

the possibility of stronger, and less predictable interference. Basically, there are two main modes of

femtocell deployment: the orthogonal channel deployment and the co-channel deployment [133].

In the orthogonal channel deployment, a unique channel is allocated for the femtocells, which is

a dedicated channel and hence it is not used by the macrocell MTs. However, in the co-channel

deployment, the femtocells may reuse the same spectrum as the macrocells. Due to the high cost

of licensed spectrum, the co-channel deployment is much favoured by the operators. As a result,

there is a risk that the macrocell and femtocell MTs impose interference on each other. Fig. 2.14

illustrates the interference scenario in a two-tier macro-femto network for the uplink and downlink,

where the solid lines denote the desired signal, while the dashed lines represent the interference.
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Figure 2.14: Interference scenarios in the macro-femto two-tier networks for the

uplink and downlink.

As shown in Fig. 2.14, two different types of interference are defined in this two-tier network

architecture:

• Co-tier interference: This type of interference occurs among network elements that belong

to the same tier in the network. As depicted in Fig. 2.14, the cross-tier interference occurs

between neighbouring femtocells. To be more explicit, a femtocell MT may cause uplink
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co-tier interference to the neighbouring femtocell BSs. Onthe other hand, a femtocell MT

may also suffer from the downlink interference from the neighbouring femtocell BSs.

• Cross-tier interference: This type of interference occursamong network elements that belong

to different tiers in the network. As depicted in Fig. 2.14, the co-tier interference occurs

between femtocells and macrocells. To be more explicit, a femtocell MT may impose uplink

co-tier interference to

on the macrocell BSs. On the other hand, a macrocell MT may also suffer from the downlink

interference arriving from the neighbouring femtocell BSs.

Unlike the macrocells, which are designed for predetermined geographic locations and are typ-

ically modelled as a regular tessellated hexagonal lattice, femtocells are dispersed rather randomly.

Owing to the femtocells’ unplanned deployment, some femtocells may be situated close to a MBS

and hence the Femtocell Base Station (FBS) subscribers might suffer from a high cross-tier inter-

ference from the MBS. The opposite also happens, when macrocell users roam in the vicinity of a

FBS and these MBS subscribers will suffer from a high cross-tier interference imposed by the FBS.

The former problem is referred to in the literature as the Cell-Centre Region (CCR) problem, while

the latter is termed as the Cell-Edge Region (CER) problem. We collectively refer to them as the

classical near-far problem [134].

Recognizing these challenges, sophisticated techniques have been proposed for mitigating the

interference in two-tier networks, which are summarized inFig. 2.15.

Figure 2.15: The summary of interference management techniques conceived for

femtocells.

Two popular interference management approaches have been defined in [81], as seen in Fig. 2.15.

Interference cancellation techniques allows the receivers subtract the interference with the aid of

jointly signal processing between multiple cells. However, the interference is avoided/reduced

when the system relying on interference avoidance techniques.
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Different types of IC techniques have been adopt to cope withthe interference encountered

in two-tier macro-femto networks [135–142]. The authors of[135] considered a dense femtocell

scenario and proposed a successive interference cancellation (SIC) method in order to cope with

the uplink co-tier interference, where the femtocells cooperated through the joint processing of all

the femtocells’ signal using the same frequency band. The simulation results illustrated that the bit

error rate (BER) of the system improved significantly with the aid of the cooperative interference

cancellation technique. A similar SIC method was used in [136] to cope with the downlink co-tier

interference. By contrast, SIC method was used in [137, 138]for mitigating the uplink cross-tier

interference, while the downlink cross interference was cancelled by SIC in [139, 142]. These

simulation results illustrated that the SIC techniques were capable of improving the performance

of the two-tier network. Both the SIC and parallel interference cancellation (PIC) methods were

investigated for coping with the cross-tier interference in [143]. The majority of the IC techniques

require some knowledge of the interference characteristics. As a result, these algorithms can be

complex and hence may be more suitable for BSs, which suggests their employment for uplink

interference management [83]. We summarize the key contributions of IC techniques in Tables. 2.5

Year Authors Contributions

2010 Branco et al . [142]
Deployed both the SIC and PIC methods for the sake of

mitigating the downlink cross-tier interference.

2010 Alade et al . [135]
Proposed the SIC method for mitigating the downlink co-tier

interference, where the femtocells cooperated through joint

processing for all the femtocells’ signals using the same frequency

band.
2011 Hu and Mao [136]

2011 Kaufman et al . [137]
Proposed the SIC method in order to cope with the uplink

cross-tier interference.

2013 Ghani et al . [143]
Used the IC techniques in the MIMO based macro femto two-tier

networks.

Table 2.5: Key contributions of interference cancellation techniques.

In addition to IC, interference avoidance compose an important interference mitigation ap-

proach. Power control constitutes a key technique in interference avoidance by carefully adjusting

the transmission power of femtocells. Dynamic power adjustment setting can be performed either

in an open loop power setting (OLPS) or closed loop power setting (CLPS) mode. In the OLPS

mode, a transmitter adjusts its transmission power based onits measurement results or predeter-

mined system parameters. In the CLPS mode, the femtocell adjusts its transmission power based

on its coordination with the macrocell.
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For the downlink scenario, if the power of a FBS is controlledand optimised, the nearby macro-

cell MT can be sufficiently protected well. The authors of [144,145] used this idea for reducing the

downlink cross-tier interference, where the transmissionpower of a FBS was set according to its

position. To be more specific, the FBSs placed near a MBS may transmit at a higher power, while

those far away from a MBS may assign a lower transmission power. This approach only relies

on topological/positional information. There are also some power control approaches adjust the

transmission FBS power relying on the QoS requirements of their MTs, such as the SINR require-

ment [146, 147] and the outage probability (OP) requirement[148]. However, these contributions

only focused on single femtocell configurations and did not consider any cooperation between the

femtocells and macrocells.

In order to characterize this interaction, game theoretic models were used for designing the

power control in the downlink of two-tier macro-femto networks [149–154]. The broad cate-

gories of game theoretic models are the non-cooperative andcooperative game models. In a non-

cooperative game, every BS (both FBS and MBS) selfishly maximizes its own utility function.

Hence, solving a non-cooperative game constitute a OLPS approach. By contrast, the MBS acts

as a leader, while the FBSs act as followers in a cooperative game and this represent a CLPS ap-

proach. In [149, 150], the downlink power control problem oftwo-tier networks was modelled by

a so-called Stackelberg game, which is a cooperative game. The game was formulated as a math-

ematical program relying on equilibrium constraints, and the best response constituted for a single

leader-multiple follower game was derived. In [151], both non-cooperative and cooperative games

(Stackelberg game) were proposed for solving the resultantdistributed power control problem. It

was shown that there exists an optimal number of FBSs to be deployed in the network covering a

fixed area. Later, the author of [152] suggested the idea of a non-cooperative game and modeled

the power control problem by using a utility function, wheredifferentiated classes of MTs hav-

ing distinct access priorities and design requirements were considered and modelled. Similarly,

each femtocell maximized its utility function under the consideration of the associated queue sta-

bility constraints in [153], and a distributed algorithm was proposed for femtocells to decide their

downlink transmission power.

Apart from game theory techniques, Reinforcement Learning(RL) was also used to solve the

power control problem. In [154], the authors proposed a distributed power management based on

a specific form of multi-agent RL, which was also known as distributed Q-learning. The decisions

about power allocation were made in a distributed manner, based on the paradigm of independent

learning, where the agents were unaware of the other agents’actions.

Turning to the uplink, power control techniques are also capable of optimising the transmis-

sion power of MTs for the sake of mitigating the co-tier and cross-tier interference. Similar to

the ideas in [146], in [155], the MTs of each femtocell estimated the interference imposed on the

neighbouring MBSs and adjusted their transmission power sothat the estimated interference did

not exceed a pre-defined threshold. Game theory techniques have also been used for solving the
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uplink power control issues. The authors of [156] assumed that the macrocell and femtocell MTs

participated in a non-cooperative power control game and modeled the utility function evaluated for

the femtocell MTs as a reward function plus a penalty function. By solving the maximization prob-

lem, the paper derived a relationship which finds the highestfeasible cellular SINR values for the

femtocells. However, instead of implementing interference power constraints at the femtocell MT,

in [95], the authors assumed that such constraints were imposed by the MBS, which controlled the

interference received from the femtocell MTs through pricing the interference. Then a distributed

interference-price bargaining algorithm was proposed forthis Stackelberg game. Furthermore, the

utility function was modified by taking ito consideration the MT’s QoS requirements in [157], and

an iterative algorithm was proposed for deriving the optimal power for both the femtocell MTs and

macrocell MTs. We summarize the key contributions of power control in Tables. 2.6

Year Authors Contributions

2007 Claussen [144]

Proposed an OLPS mode to control the transmission power of

femtocells, where the power was adjusted according to their

positions.

2009
Chandrasekhar

et al . [156]

Proposed a non-cooperative power control game and model the

utility function as a reward function plus a penalty function,

where the uplink cross-tier interference issue was solved.

2010
Galindo-Serrano

et al . [154]

Proposed a distributed power management method based on a

form of multi-agent RL, where the decisions were made based on

the paradigm of independent learning.

2011 Bennis and Perlaza [149] Modelled the downlink power control problem as a cooperative

Stackelberg game, and the best response for this one

leader-multiple follower game was derived.2013 Guruacharya [150]

2012 Ngo [152]

Induced the idea of non-cooperative game for solving the downlink

cross-tier interference issue, where differentiated classed of users

design requirements were considered.

2012 Kang et al . [95]

Assumed the interference power constraints were imposed by the

MBS, which controls the received interference through pricing

processes. A distributed interference price bargaining algorithm

was proposed.

Table 2.6: Key contributions of power control techniques.
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Apart from power control, frequency band planning is also animportant interference avoidance

technique in two-tier networks. This approach is basicallyused when the macrocells also rely on

some frequency reuse techniques. The basic mechanism of this method divides the entire frequency

band into several sub-bands, which may be assigned to the macrocells and femtocells so that the

interference can be reduced. In [158, 159], the authors defined a so-called interference-limited

coverage area, where orthogonal channel deployment was operated. By contrast, co-channel de-

ployment was used beyond this area. As a result, the uplink/downlink interference arriving from

the MBS at the femtocell MTs was reduced. However, the cell edge macrocell MTs were not pro-

tected in this approach. The authors of [160] extended this idea for the sake of mitigating the uplink

interference in OFDMA femtocell networks. The cross-tier interference was reduced by forcing the

macrocell MTs interfering with the femtocell to use only some dedicated subcarriers. Furthermore,

the co-tier interference was mitigated by an auction algorithm.

Frequency band planning techniques have become more sophisticated and their design is more

challenging, when the femtocells deploy multi-carrier techniques. The authors of [161] considered

having a 100 MHz LTE-Advanced bandwidth consisting of five carriers, where an autonomous

carrier selection scheme was proposed. Each femtocell firstly chose one and only one primary

component carrier. The allocation of an additional secondary component carrier was possible, if

and only if its performance impact on the neighbouring cellswas estimated to be acceptable. This

approach relied on existing MT measurement reports, hence the MTs have to be capable of spec-

trum sensing. Similar MT measurement reports were exploited for dynamic frequency planning in

OFDMA based two-tier macro-femto networks in [161–163].

Clustering algorithms were recently used in coping with theco-tier interference by assigning

different subcarriers to the neighbouring femtocells. Theauthors of [164, 165] proposed a cluster-

based resource allocation scheme, where the clusters were determined by the topology-related in-

formation on the femtocells. In each cluster, a specific femtocell was elected to act as the cluster

head according to the MT measurement reports, while the other femtocells in this cluster were clus-

ter members. The cluster head carried out the subcarrier allocation in its cluster. Graph-colouring

algorithms were also used for mitigating the co-tier interference, while minimizing the number

of colours, under the assumption that the number of subcarriers was larger than the number of

femtocells [166,167]. We summarize the key contributions of frequency planning in Tables. 2.7

In OFDMA systems, the researchers always combine the dynamic frequency planning with

power control schemes in order to further mitigate the interference. In [169], a fixed transmission

power was assumed and the optimal subcarrier assignment wasderived. Then, given the optimal

subcarrier assignment, the optimal transmission power wasderived subsequently. After several

iterations between optimizing these objective functions both, the optimal power allocation and

subcarrier assignment were derived. The authors of [170–172] carried out the subcarrier assignment

and power allocation separately, where cluster-based algorithms were proposed for solving the

subcarrier assignment problem and the resultant transmission power was then adjusted in order to
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Key frequency planning techniques

Year Authors Contributions

2008 Kim and Lee [168]

Proposed a frequency reuse approach for macrocell, where the

femtocells used the frequency band that are orthogonal to the

overlaid macrocells.

2009 Bai et al . [159]
Defined a interference-limited coverage area, where orthogonal

channel deployment was employed in this area.

2009 Garcia et al . [161]

Proposed an autonomous component carrier scheme, where each

femtocell chose one primary component carrier. The allocation of

the secondary component carriers was based on the performance

impact on neighbouring cells.

2012 Liang et al . [167]
Proposed the graph-colouring algorithm by minimizing the

number of total colors.

2014 Hatoum et al . [165]

Proposed a cluster-based resource allocation scheme, where the

clusters are determined by the femtocells’ position. One femtocell

was elected to be as cluster head and this femtocell applied

subcarrier allocation within each cluster.

Table 2.7: Key contributions of frequency planning techniques.

guarantee the QoS constraint. A cognitive approach was pursued for femtocells in [131] and [173]

in order to sense the unused subcarriers. Then, opportunistic subcarrier selection algorithms were

proposed. The femtocells relies on a sophisticated power control approach designed for fulfilling

the QoS constraints. We summarize the key contributions of frequency planning in Tables. 2.8

Apart from the power control and frequency planning solutions, some researchers proposed

MIMO-aided two-tier macro-femto networks and used the MIMOtransmission techniques as a

interference avoidance solution. For example, a beam selection algorithm was proposed in [174],

where the cross-tier interference was reduced by adaptively reducing the number of transmission

beams. The technique of interference alignment was employed in [175] and [176] in order to cope

with both the cross-tier and co-tier interference both withand without considering use-selection,

respectively. The authors of [177] relied on the CoMP concept and proposed downlink MIMO-

aided transmit pre-coding cooperation between macrocell and femtocells.

There are also a range of other interference avoidance techniques used in literatures. For ex-

ample, the authors of [98] proposed a time-hopped CDMA-based physical layer and sectored an-

tenna techniques for CDMA femtocell networks for reducing outage probability. Cross polarization
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Year Authors Contributions

2010 Lien et al . [173]

Used the cognitive approach for femtocells for sensing the spare

subcarriers and an opportunistic subcarrier selection algorithm

was proposed. The femtocells further operate power control

approach to fulfil the QoS constraints.

2014 Ngo et al . [169]

Proposed an iteration algorithm, where optimal subcarrier

assignment was derived with the fixed power assumption, and then

the optimal power was determined with the derived subcarrier

allocation. After several iteration the jointly optimal resource

allocation was presented.

2014 Abdelnasser et al . [171]

Proposed a joint resource allocation algorithm, where

cluster-based algorithms were proposed to solve the subcarrier

assignment problem and the transmission power was adjusted

according to the QoS constraint.

Table 2.8: Key contributions of combined power control and frequency planning

techniques.

aided techniques were used in [178], where the femtocells rely on right-hand circular polarization

(RHCP), and macrocell make use of left-hand circular polarization (LHCP). The results illustrated

that the employment of cross-polarized assisted transmission was capable of increasing the attain-

able system capacity. We summarize other key interference management techniques in Tables. 2.9.

Albeit there are numerous open challenges, femtocells constitute an efficient approach in im-

proving the indoor coverage and providing high-data-rate services [88]. Having introduced the

rudimentary concepts of femtocells, let us now turn our attention in the next section to a less well-

explored area of wireless communications, namely to VLC systems.
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Year Authors Contributions

2009
Chandrasekhar and

Andrews [98]

Proposed a time-hopped CDMA aided physical layer and

sectorized antenna techniques for CDMA femtocell networks.

2013 Jacob et al . [178]
Used cross polarized techniques, where femtocells rely on RHCP

and macrocell makes use of LHCP.

2014
Guler and Yener

et al . [176]

Considered MIMO based two-tier networks and used the technique

of interference alignment for the sake of mitigating both cross-tier

and co-tier interference.

2014 Elsherif et al . [177]
Induced the concept of CoMP and proposed a downlink MIMO

pre-coding cooperation between macrocell and femtocells

Table 2.9: Other key interference management techniques.

2.3 The Visible Light Communication Systems

In the time of writing, there is an increasing requirement for increased data transmission rates.

Wireless access networks constitute a key element of achieving this goal. However, the availability

of RF bandwidth at frequencies which support a reasonable spatial coverage is a limiting factor. As

a result, alternative wireless transmission techniques have to be explored. The increasing interest

in the VLC system is justified by its significantly wider spectrum, compared to the rather congested

RF spectrum used by state-of-the-art wireless communications systems [179]. As depicted in Fig.

2.16, the available optical bandwidth is about 10 000 times higher than the entire RF spectrum.

Furthermore, the optical frequency band is unlicensed and hence free, which may further reduce

the service-provision costs of the operators. As a result, optical wireless communications systems

have been one of the technologies complementary to the traditional RF systems.

Figure 2.16: The electromagnetic spectrum [179].
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The idea of using optical signals for communication may go back to 1880, when Bell proposed

the idea of a ”photophone” [180], which allowed for the transmission of sound via optical signals

between two buildings. However this idea only became more practical after 1966, when Kao and

Hockham demonstrated that glass fibres ’may’ be used as transmission lines for light, akin to coax-

ial cables used for electronic signals [181]. Later, Gfeller and Bapst [182] motivated contemporary

optical wireless communications research in 1979, with thepromise of gaining access to thousands

of Terahertz of bandwidth.

A typical optical communication system consists of a transmitter, which encodes a message into

an optical signal, a channel, which carriers the signal and areceiver, which decodes the message

from the received optical signal [183]. The most commonly used components of optical wireless

communication transmitters are laser diodes and Light Emitting Diodes (LED). Compared to LDs,

LEDs are cheaper and they have a longer lifetime. Furthermore, the high optical output power of

LDs poses potential risks for human eyes. As a result, LED lights based VLC systems attracted

substantial attentions and may more feasibly be operated inindoor scenarios. For VLC, typically

high-power white light sources are used, which is generatedby yellow and blue lights. The yellow

emission has a slow time constant compared to the direct modulation of the blue emitter drive

current, hence only the blue ”channel” is used for communications. At the receiver side, typically

a filter is used to pass only the blue light from the LED’s emission. The lights is then focussed

onto a photodetector using some optical components. Then the photodetector converts the wireless

optical power to a current. This current is finally convertedto a voltage, which is then amplified

before data recovery.
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Figure 2.17: A stylized VLC system architecture.
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Since white LED lights are capable of providing high-brightness illumination, the associated

VLC systems may have a wide area of applications in indoor scenarios. In this treatise, we will

focus our attention on indoor VLC systems. An indoor VLC channel can be characterized by the

optical wireless channel discussed in [184]. The channel gain of the VLC channel consists of

lines of sight (LOS) from the LED chips as well as of the reflections of the walls or objects in the

room [185, 186]. The multiple copies of the transmitted signal impinging at the receiver will have

different propagation delays and the power in each of them will be summed by the photodetector at

the receiver. These delays may cause Inter-Symbol Interference (ISI). The amount of ISI depends

on the transmission scenario influenced by the room properties, distribution of LED lights and

LED properties. For example, it was assumed in [186] that allsignals arriving at the receiver with

a delay of more than half of the symbol period after the first signal contribute to ISI. Hence, if the

bandwidth of the transmitted signal is limited to 20 MHz, theNyquist symbol period is limited to

25 ns. As a result, ISI will occur, only if the transmitted data symbols experience delays larger than

12.5 ns.

A stylized VLC system architecture is illustrated in Fig. 2.17, where the transmitter consists of

a conventional wireless communication system and an additional optical driver, while the receiver

uses photodetectors in order to convert the optical signal to current. In practice, the transmitter is

an LED array, which is mounted on the ceiling of a room, as depicted in Fig. 2.18, for example,

and the receiver is a VLC enabled device.

Figure 2.18: Example of a indoor LED light based VLC system.

We summarise the advantages of LED based VLC systems over RF communication systems as

follows [187]:

• The virtually unlimited bandwidth of over 350 THz.

• Unregulated spectrum available for immediate exploitation.

• White LED lights currently penetrate many areas of our dailylife. They are replacing the
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incandescent light bulbs.

• The existing power line communication system can be potentially used as its backbone.

• Since the wall-penetration of light waves can be ignored, itis inherently secure.

• Transmitters and receivers are of low cost.

• Visible light with limited intensity is free of any health concerns. As a result, VLC can be

used in hospitals, private homes, etc.

• No interference with RF based operational systems.

Although VLC systems exhibit several advantages over the traditional RF systems in indoor

scenarios, a range of future challenging tasks have to be resolved. Firstly, VLC using illumination

sources is naturally suited to broadcast applications, butsupporting an uplink transmissions might

be problematic [2]. Secondly, it has been shown that the predominately line-of-sight (LOS) optical

wireless systems exhibit a poor performance in the presenceof obstructing objects. Thirdly, the

coverage of each optical access point is limited compared tocellular RF networks.

2.3.1 State-of-the-Art in VLC Technologies

Early research on the LED light based VLC systems focused on the simply simulation of the re-

ceived SNR, which was analysed in [185, 188], but the associated modulation schemes were not

considered. However, modulation constitutes an essentialpart of the physical layer design, since

the signal modulation required for communication directlyaffects the illumination. At the current

state of the off-the-shelf illumuniation components and photodetectors, VLC is readily realizable

as an intensity modulation and direct detection (IM/DD) based scheme [189], where only the sig-

nal intensity is used for conveying information. In [190], the BER performance was characterized

under the consideration of a on-off keying (OOK), where binary 1s and 0s were transmitted as the

presence or absence of light. This meant that the LED was turned on and off constantly. More

sophisticated modulation techniques were explored for VLCsystems later [186, 191, 192]. Pulse-

Amplitude Modulation (PAM) was invoked for baseband transmission in [186], where the received

SNR and the achievable transmission rate were also evaluated. Furthermore, Colour Shift Key-

ing (CSK) was standardised in the IEEE 802.15.7 [191] and might be an important potential future

modulation scheme in VLC systems. The performance of the IEEE 802.15.7 CSK physical layer

was evaluated in [192]. More recently, Jiang, Zhang and Hanzo studied an uncodedM-CSK scheme

relying on a joint Maximum Likelihood (ML) Hard-Detection (HD) based VLC system, where both

simulation-based and anlytical BER results were derived [193]. Pulse Position Modulation (PPM)

is another option proposed for indoor VLC systems [184], where the modulating signal is encoded

into 2M legitimate time-slots forM−array PPM. Furthermore, a generalized form of PPM termed

expurgated PPM (EPPM) was introduced into a VLC system [194].
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In order to provide higher data transmission rates, multiple-carrier techniques have also been

used in VLC systems. In [186], quadrature-amplitude-modulation (QAM) based discrete multi-

tone (DMT) transmissions were developed and the BER performance was evaluated. OFDM has

also been extensively studied, which was shown to achieve data rates exceeding 500 Mb/s using a

single LED [195]. There are two popular types of IM/DD aided optical OFDM (OOFDM) systems,

namely the Direct Current-biased Optical OFDM (DCO-OFDM) [196] and ACO-OFDM [197].

Later, ACO-OFDM and DCO-OFDM were compared in [198]. Higherorder phase shift keying

(PSK) and QAM have also been considered in OOFDM aided VLC systems. The attainable BER

performance was evaluated for quadrature phase shift keying (QPSK) based OOFDM VLC systems

in [187], where realistic channel estimation, time synchronisation and forward error correction

(FEC) coding was used. Recently, Zhang and Hanzo conceived multi-layer modulation (MLM)-

aided OOFDM, where a double turbo receiver was proposed for jointly detecting the MLM signal

and a genetic-algorithm-aided weight optimization was pursued for seeking an increased MLM bits

per symbol throughput [199].

Apart from the physical-layer studies, the realization of amobile communication system re-

quires efficient networking solutions. Optical propagation naturally creates confined ”cells” of

which are either limited by the beamshape or the walls and partitions within buildings. The early

study in [185] simply assumed that all LEDs in the room constitute a single transmission cell and

they active only a single LED light for transmission according to the MTs’s position. As a re-

sult, the exploitation of the LED lights is inefficient, since only a single MT is scheduled for each

transmission slot. Alternatively, the same information may be sent in the downlink from all LEDs.

A straightforward way of improving the exploitation of LED lights is to simply transmit a differ-

ent signal simultaneously from every LED light. Hence, these LED lights formulated as a single

transmission ”cell”. This idea was employed in [200] and theauthors referred to the VLC solution

based network as a Light Fidelity (Li-Fi) network. However,a major problem of this cell formula-

tion is the interference amongst the neighbouring LED lights. In order to cope with this issue, more

sophisticated cell formulation schemes should be employed.

There is a paucity of studies on the cell formulation of VLC cells. The authors of [200,201] pro-

posed a Fractional Frequency Reuse (FFR) cell formulation for indoor LED based VLC systems.

A key issue of this cell formulation approach is the handover, since switching between frequencies

every few meters during the MT’s movement degrades the user’s experience. Another approach

appeared recently, which employs the idea of Coordinated Multi-Point (CoMP) of RF wireless sys-

tems. Chenet al. proposed a joint transmission scheme, where the same frequency was employed

to all regions [202], and a MT was served by multiple nearby LED lights. Later, Liet al. em-

ployed Zero-Forcing Beamforming in an indoor VLC system in order to reduce the interference

imposed [203].

Another important issue in indoor VLC architectures is its resource management mechanism.

When multiple MTs are under the coverage of a given VLC system, RA has to be carefully per-
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formed based on prevalent QoS requirements. The RA problem was discussed in [204], where

multiple-carrier techniques were employed and the simple transmission model of [185] was used.

In Chapter 5, we will investigate the RA issues when the indoor LED based VLC system relies on

various transmission models, including the radical UFR transmission, Frequency Reuse transmis-

sion and the more sophisticated cell coordination transmission.

Furthermore, it is of paramount importance to develop cooperative techniques, which can be

combined with optical systems for providing a seamless dataservice. The early study of [205]

mentioned the potential cooperation of VLC and RF systems, while the benefits of cooperative

optical communications were studied in terms of various technical aspects in [203,206–211]. Hou

and O’Brien proposed a fuzzy-logic (FL)-based decision-making algorithm for vertical handovers

in an integrated optical wireless and RF systems [206]. Thenthe authors of [207] used the RF signal

for the localization of MTs. Later, the widely used WirelessFidelity (WiFi) network was considered

to be a complementary element of VLC system in [208], where a simplified vertical handover

mechanism was proposed. Similarly, Chowdhury and Katz [209] considered a hybrid VLC and

WiFi scheme in an indoor scenario, where the mobility issuesof MTs were investigated. Later, the

authors of [211] proposed a protocol supporting both horizontal and vertical handover mechanisms

for the MTs. The associated load balancing and cell formulation issues were investigated in [203].

In Chapter 4, we will investigate the relevant RA issues under delay-guarantee constraints in a

hybrid VLC and femtocell system. We summarize the key contributions on VLC techniques in

Tables 2.10-2.12.

Early exploration of VLC techniques

Year Authors Contributions

1880 Bell [180]
Proposed the idea of ”photophone”, which allowed for the

transmission of sound via optical signal.

1966 Kao and Hockham [181]
Demonstrated that glass fibres would be used as transmission lines

for light akin to coaxial cables for electrical signals.

1979 Gfeller and Bapst [182]

Motivated contemporary optical wireless communications research

with the promise of gaining access to thousands of terahertz of

bandwidth.

1997 Kahn and Barry [184]
Presented the advantages and drawbacks of the infrared medium,

comparing to those of radio and microwave media.

Table 2.10: Key contributions of VLC techniques: Part I.
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Key contributions in VLC system

Year Authors Contributions

1996
Carruthers and

Kahn [196]

Proposed the Direct Current-biased Optical OFDM scheme for

VLC system.

2001 Tanakat et al . [190]
Characterized the BER performance under the OOK modulation

scheme for VLC system.

2004
Komine and

Nakagawa [185,188]

Evaluated the received SNR and illumination without the

consideration of modulation schemes at the network level.

2007 Elgala et al . [187]
Demonstrated the BER performance for QPSK based optical

OFDM VLC system.

2008 Grubor et al . [186]
Derived the BER performance for QAM based DMT transmission

aided VLC system.

2009 Liang and Evans [197]
Proposed the asymmetrically clipped optical OFDM scheme for

VLC system.

2010 Vucic et al . [195]
Demonstrated the achievable data rates for optical OFDM based

VLC system.

2011 IEEE standard [191]
The Colour Shift Keying modulation scheme was standardised in

IEEE 802.15.7.

2011 Mesleh et al . [198]

Compared the ACO-OFDM and DCO-OFDM schemes, and it was

shown that ACO-OFDM typically requires a lower average optical

power than DCO-OFDM.

2013 Singh et al . [192]
Evaluated the performance of IEEE 802.15.7 CSK physical layer of

VLC system.

2013 Zhang and Hanzo [199]
Proposed a multi-layer modulation scheme for intensity-modulated

direct-detection optical OFDM aided VLC system.

2014
Noshad and

Brandt-Pearce [194]

Proposed a generalized form of pulse position modulation (PPM)

scheme called expurgated PPM in VLC system.

2015 Jiang et al . [193]
Proposed an uncoded M-CSK scheme relying on the joint

Maximum Likelihood Hard-Detection VLC system.

Table 2.11: Key contributions of VLC techniques: Part II.
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Key contributions in VLC system

Year Authors Contributions

1998 Heatley et al . [205]
Proposed the idea of the potential cooperation of VLC and RF

systems.

2006 Hou and O’Brien [206]

Proposed a fuzzy-logic based decision-making algorithm for

vertical handover in the integrated system of optical wireless and

RF technologies.

2010 Wang et al . [207]
Used the RF signal for the localization of MTs in the hybird VLC

and RF systems.

2011 Rahaim et al . [208]
Proposed a vertical handover mechanism in a hybrid WiFi and

VLC system.

2013 Chen et al . [201]
Proposed a Fractional Frequency Reuse cell formulation scheme

for indoor LED lights based VLC system.
2013 Tsonev et al . [200]

2013 Chen et al . [202]
Proposed a joint transmission scheme for indoor VLC system,

where the same frequency was employed to all conflicting regions.

2013
Chowdhury and

Katz [209]

Investigated the mobility issues of MTs in a hybrid VLC and WiFi

indoor scenario.

2014 Jin et al . [210]

Investigated the resource allocation issues in a hybrid VLC and

femtocell indoor scenario, under the consideration of diverse QoS

requirements.

2014 Bao et al . [211]

Proposed a protocol combined with horizontal, and vertical

handovers mechanisms for MT, under the consideration of the

mobility of MTs.

2015 Li et al . [203]
Investigated the load balancing and cell formulation issues in a

hybrid VLC and WiFi system.

Table 2.12: Key contributions of VLC techniques: Part III.
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2.4 Chapter Summary and Conclusions

A heterogeneous network relies on multiple access techniques, which may contain the existing cel-

lular network and new small-cell technologies, such as femtocells and VLC systems. In this chapter,

we introduced the modelling of these technologies, while the modelling of the traditional cellular

network was developed in Section 2.1, where three differentmodelling methods were discussed.

The Wyner model is a simple model conceived for analysing theperformance of cellular networks

for both the uplink and downlink. The brief history of the Wyner model used in analysing cellular

networks was summarized in Table 2.1. While the Wyner model is widely used in information-

theoretic performance analysis, researchers popularly use the grid-based model for characterizing

a more realistic cellular network scenario. However, a specific drawback of the grid-based model

is that the analysis of ICI is untractable. Early researchers calculated the other cell interference

using integration based approaches. In 2007, Kelifet al. proposed the Fluid Model for deriving a

tractable expression of other cell interference, when using the grid-based cellular network model.

We introduced this method and evaluated its accuracy in Fig.2.7. Since the Fluid Model is capable

of characterizing the grid-based cellular network quite accurately, we use this model in the analy-

sis of two-tier heterogeneous networks in Chapter 3. More recently, the stochastic geometry based

PPP model was proposed for analysing the cellular networks or small cells. The key difference with

respect to the above two models is the random position of the BSs. The advantage of this model

is that analysis of ICI becoming tractable. We also presented the derivation of received SINR by

using the PPP based model.

Compared to the traditional cellular networks, the research of small cells has attract growing

attention. Femtocells constitute an efficient technique ofimproving the throughput of indoor sce-

narios and hence may be seen as an important complement of thetraditional cellular networks. In

Section 2.2, we touched upon several key aspects of femtocells, commencing from the history of

femtocells, their modelling and the technical challenges.There are three popular femtocell network

modelling methods. The layout of these three models are illustrated in Fig. 2.10, Fig. 2.11 and Fig.

2.12, respectively. The proliferation of femtocells may impose further challenges upon the existing

networks and hence requires further research. The technical challenges of femtocell networks and

the associated key contribution were listed in Tables 2.5-2.9. Apart from the RF solutions, the op-

tical wireless techniques also constitute network important small-cell solutions. In Section 2.3 we

briefly introduced the features of LED based VLC systems and provided overview of current VLC

technologies.



Chapter 3
Fractional Frequency Reuse Aided

Two-Tier Femtocell Networks: Analysis,

Design and Optimization

3.1 Introduction

In Chapter 2, we introduced several key elements of heterogeneous networks, including the topol-

ogy and the modelling of macrocell networks, femtocells andVLC systems. These wireless com-

munication systems may provide overlapping coverage in some areas, hence forming a heteroge-

neous network. In this chapter, we consider an RF heterogeneous network scenario, where the

femtocells are overlaid onto the traditional macrocells. Furthermore, we consider an advanced

frequency planning arrangement technique, where the macrocells rely on the FFR.

The main limitation of cellular networks is the ubiquitous ICI, which is particularly damaging

in the CER of systems employing the radical UFR, which the research community aspires to in

the context of both the UMTS and in its LTE. In the open literature, several solutions have been

proposed to cope with ICI, such as time-domain techniques. The so called, Almost Blank Subframe

(ABSF), is one of the proposed time-domain techniques. Naturally, it is a straightforward practical

solution for avoiding the strong ICI is to allocate orthogonal frequency bands within adacent cells

and reuse them in a certain pattern, leading to traditional FR. A more sophisticated technique of

exploiting the available frequency band is constituted by the FFR, where each macrocell is divided

into a CCR having acess to the cell-centre’s frequency bandFc and the CER having access to the

cell-edge’s frequency bandFe. A typical FFR frequency allocation structure is depicted in Fig.



3.1. Introduction 51

3.1, where the entire frequency band is divided into four frequency bands. Since the FFR scheme

is capable of significantly reducing the ICI for the CER, FFR has been adopted in the 3GPP LTE

initiative [212] and in the WiMax [213] system.

P

f

F1 F2 F3Fc

Figure 3.1: The spectrum partition for FFR scheme, where the whole frequency

band is divided into four frequency bands. The CCR has access to the frequency

band Fc, and the CER has access to the frequency bands F1, F2 or F3.

As we stated in Chapter 2, femtocells, which constitute an economical solution conceived for

improving the indoor coverage, may be overlaid onto the traditional cellular, forming a two-tier

cellular networks. In this chapter, we will investigate anddesign our two-tier cellular networks,

when the new incoming femtocells are overlaid on the FFR scheme aided macrocells. Prior re-

search on twin-layer cellular structures characterized both the UpLink and DownLink scenarios.

Some of these contributions [98,134] derived the OP relyingon the shared spectrum access policy

by considering the coverage issues. In contrast to the shared spectrum access policy, several au-

thors [214, 215] considered assigning orthogonal spectralresources to the central macrocells and

to be nomadic femtocells in order to eliminate their cross-layer interference. In addition to the

above-mentioned centralized approaches, the authors of [91, 170] proposed a distributed and self-

organizing femtocell management scheme conceived for OFDMA-based cellular networks. How-

ever, most of the contributions in the literature stipulated the implicit assumption of UFR aided

macrocells. Recently, some of these contributions [78,216,217] considered the FFR aided two-tier

network system. Specifically, the authors of [216] analysedthe cross-layer interference aspects and

proposed a power allocation scheme. However, the inter-macrocell and inter-femtocell interference

effects were not considered. The authors of [78,217] provided valuable analytical results, however

the consideration of cross-layer interference was beyond their scope. In this chapter, we consider

a multi-cell OFDMA network [84], where the femtocells are overlaid onto the static FFR aided

macrocells, rather than focusing on the conventional widely investigated UFR aided macrocell.

The FFR scheme does not have to be time-invariant, it can be implemented statically or dynam-

ically controlled. According to the time-invariant strategy, all parameters are configured in advance
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and are fixed for a certain period. By contrast, for the dynamic FFR scheme, some of the parameters

are adjusted according to the instantaneous channel and traffic information related to the network.

In this chapter, we focus our attention on the static FFR scheme. In the static FFR scheme, the

selection of some critical system parameters, such as the frequency reuse factors and the SINR or

distance threshold used for identifying the CCR and CER, maysignificantly affect the attainable

system performance. Several contributions were focused onthe optimal parameter design issues

of FFR aided cellular networks [218–222]. The contributions [220] and [221] studied the overall

performance of cellular networks relying on the distance threshold based FFR scheme, where the

effect of distance threshold on the average cellular throughput was evaluated. By contrast, the au-

thors of [218] and [222] investigated the overall performance of cellular networks relying on the

SINR threshold based FFR scheme. Again, the effect of the distance threshold on the average cel-

lular throughput was evaluated. These contributions studied the optimization problems by invoking

an exhaustive search. Later, the authors of [219] focused their attention on finding the optimal

distance threshold, where the average cellular throughputwas formulated as a function of the dis-

tance threshold. However, these contributions only discussed the FFR design issues of single-tier

networks or only touched upon the experimental design aspects. To the best of our knowledge,

the performance of FFR aided two-tier femtocell networks has not been analysed and the FFR

parameter design issues of these two-tier networks have notbeen studied.

Against the above background, in this chapter, we consider adownlink multi-cell OFDMA

network [84], where the femtocells are overlaid onto the static FFR aided macrocells, rather than

focusing on the conventional widely investigated UFR aidedmacrocell. A range of important

questions arise in this specific context, such as the interference aspects of the twin-layer network

and the FFR-related design parameters. To answer these questions,

• we employ stochastic geometry [68,79] for modelling the random distribution of femtocells

and derive the approximate per-layer OP in a FFR environment. We also involve the interfer-

ence imposed by other macrocells, which was not considered in [98,134].

• we study the impact of femtocells on the existing FFR aided macrocells, where the per-tier

OP and the per-tier ASE are derived. Furthermore, we optimize the FFR-related parameters

in order to achieve the maximum macrocell ASE with the consideration of our own QoS

constrains.

• In order to reduce the cross-tier interference, we propose aSpectrum Swapping Allocation

(SSA) for the femtocells over-sailed by the FFR aided macrocells for the sake of overcoming

both the adverse near-far effects and the cross-layer interference. Similarly, the correspond-

ing optimal parameter design issues are also investigated and presented.

This chapter is organized as follows. In Section 3.2, we present the review of the classical

static FFR scheme, where the performance of the FFR scheme isillustrated. In Section 3.3, we
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describe our FFR aided two-tier network model. Section 3.4 elaborates on the FFR aided two-tier

network relying on Full Spectrum Access (FSA) and then the corresponding optimization problems

are presented. The proposed SSA will be studied in Section 3.5. Finally, our numerical results are

provided in Section 3.6 and our conclusions are offered in Section 3.6.

3.2 Review of the Classical FFR Scheme

In this section, we will review the classical static FFR scheme, where the topology model, the

downlink OP and the performance of the FFR aided macrocells are investigated.

3.2.1 Cellular Topology
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Figure 3.2: The topology of the FFR aided cellular network, where the radius of

the macrocells is 1km and the macrocell BSs are denoted by the triangles.

We adopt the regular grid-based cellular network model shown in Fig. 2.4 of Chapter 2. The

topology of a FFR aided multicell cellular network is illustrated in Fig. 3.2. For analytical conve-

nience, we model the macrocells as a circle with a radius ofRm and coverage area of|C| = πR2
m,

where the central target macrocell base station (MBS) is surrounded by a single ring of adjacent

MBSs. We denote the MBS set asΦ. In this chapter, we assume that the CCR and CER are iden-
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tified by a predefined distance thresholdD, as depicted in Fig. 3.2. Furthermore, we denote the

distance threshold ratio byω = D
Rm

, which is the ratio of the interior cell centre radius to the cell

radius. The total available bandwidthF is partitioned into four orthogonal frequency bands,Fc,

F1, F2 andF3, obeyingF = Fc + F1 + F2 + F3, whereFc represents the bandwidth of the CCR,

while Fi, i ∈ [1, 2, 3] represents the bandwidth of the CER of one of the three adjacent cells. We

also assume that the same transmission power is assigned to the CCR MTs and to the CER MTs,

where each MBS transmits at its maximum power allowancePm.

As we mentioned in the Chapter 2, we assume that the down link (DL) channel is subject to

uncorrelated Rayleigh fading with a unity average power andpropagation loss, where we adopt the

COST231 model [47] for characterizing the propagation path-loss. Given a MTkm located at a

distance from its serving MBSm, the received signalYkm may be written as:

Ykm =
√

PmLm,kmhm,kmXm,km +
∑

m′∈Im

√

Pm′Lm′,kmhm′,kmXm′,km′ + Zkm , (3.1)

whereLm,km andhm,km denotes the propagation path loss and the uncorrelated Rayleigh fading

channel spanning from the MBSm to the target MTkm, respectively. The pathlossLm,km is

calculated by Eq.(2.5) of Chapter 2. The MTkm may suffer from the interference imposed by

the neighbouring MBSs, where the interfering MBS set is denoted asIm. Furthermore,Xm,km

andZkm denote the signal transmitted from MBSm to MT km and the mutually independent zero-

mean AWGN with varianceσ2. Owing to the power constraint, we may haveE
[

|Xm,km |2
]

= 1.

As a result, the SINRξm,kmof the MTkm served in macrocellm is given by:

ξm,km =
PmLm,km |hm,km |2

Pm′Lm′,km|hm′,km |2 + σ2
. (3.2)

Let us now employ continuous rate adaptation and let̟ be the SINR discrepancy between the SINR

experienced and the SINR required for meeting the target BER, which is given by:̟ = −1.5
log(5BER)

[223]. We opted for BER= 10−5 in this chapter. Then the instantaneous transmission raterm,km

for MT km served by MBSm is written as:

rm,km = log2

(

1 +
ξm,km

̟

)

. (3.3)

3.2.2 Downlink Performance of the FFR Scheme

In this section, we present some downlink performance results for FFR aided macrocell networks.

It is assumed that OFDM is employed so that intra-cell interference is avoided. As we stated in

Subsection 3.2.1, the transmission power of each MBS is fixed. When using the FFR scheme, the

CCR and CER are identified by a predefined distance thresholdD. The main system parameters

adopted in our simulations are summarized in Table 3.1.

Firstly, we characterize the OP of the outdoor MTs. We assumethat an outage occurs, when

the instantaneous received SINR of a transmission falls below a predefined SINR threshold. As
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Table 3.1: Notations and System parameters of the FFR aided two-tier femtocell

networks

Symbol Description Value

fc Carrier frequency 2 GHz

N0 Thermal noise density -174 dBm/Hz

B0 Bandwidth of a subcarrier 15 kHz

Rm Radius of the Macrocell 1000 m

Rf Radius of the Femtocell 20 m

AO Fixed outdoor pathloss f3.326
c

107.986

AI Fixed indoor pathloss 103.7

γ1 Outdoor pathloss exponent 4

γ2 Indoor pathloss exponent 2

WdB Wall penetration loss 5 dB

Pm,dB MBS transmit power 46 dBm

Pf,dB FBS transmit power 13 dBm

illustrated in Fig. 3.3, the OP increases when the distance from the serving MBS is increased,

approaching 0.6, when the MT is located in the cell edge, whenthe networks employ traditional

UFR. In general, employing the FFR scheme enhances the CER MTs’ SINR. As a result, the OP

is reduced for the outdoor CER MTs compared to that of the UFR scheme. In more detail, the OP

recorded for a MT located at 1km from the serving MBS (the boundary of a macrocell) reduces

from 0.6 to 0.12, when the FFR regime is employed in our simulations.

Furthermore, we also compare the downlink long-term throughput of the outdoor MTs in Fig.

3.4. Since we assume that OFDMA is used in our scenario, the variance of the received noiseσ2

equals toBW0N0, whereBW0 andN0 denote the bandwidth of a subcarrier and the thermal noise

density, respectively. Similar to the OP, it is observed that the outdoor MTs benefit to a certain

degree from using the FFR scheme for the CER MTs. In more detail, the long-term throughput of

a MT located at 1km from the serving MBS (the boundry of a macrocell) increases from 0.2 bit/s

to 2 bit/s, when the FFR is employed in our simulations.
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Figure 3.3: The downlink OP of the outdoor MTs, where the SINR threshold is set

to be 0dB. The OP results are characterized by the color, where the distribution

of OP of the UFR aided networks is illustrated on the left and that of FFR aided

networks is illustrated on the right. The simulation parameters are listed in Table

3.1.

3.3 System Model of FFR Aided Two-Tier Femtocell Networks

The topology model of a two-tier multicell OFDMA cellular network using the FFR strategy is

illustrated in Fig. 3.5, where the over-sailing macrocellsare overlaid on top of the femtocells.

Similar with the parameter setting in Sec. 3.2, we model the macrocells as a circle with a radius of

Rm and coverage area of|C| = πR2
m, where the central target MBSBm0 is surrounded by a single

ring of adjacent MBSsBmi , i ∈ [1, ..., 6]. Again, we denote the MBS set asΦ. The FBSs are

represented by the small circles having a radius ofRf in Fig. 3.5, which are randomly distributed

obeying a homogeneous Spatial Poisson Point Process (SPPP)according to an area-density ofλ.

Hence, the average number of femtocells per macrocellNf is λ|C|. We denote the FBS set byψi

which is overlaid onto macrocelli. The union of the FBS set is denoted byΨ. In addition to the

above BS configuration, we assume the outdoor macrocell MTs to be independently and uniformly

distributed in each cell. Similarly, the indoor femtocell MTs are independently and uniformly

distributed in each femtocell coverage. The MBSs and FBSs invoke the classic Round Robin (RR)

scheduling strategy. Furthermore, the MBSs and FBSs will transmit their signals at their maximum

power allowance, which are denoted asPm andPf , respectively.
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Figure 3.4: The downlink long-term throughput of the outdoor MTs. In more

details, the long-term throughput results are characterized by the colour, where

the distribution of downlink long-term throughput of the UFR aided networks is

illustrated on the left and that of FFR aided networks is illustrated on the right.

The simulation parameters are listed in Table 3.1.

Again, We opted for the FFR strategy for the macrocells. The total available bandwidthF is

partitioned into four orthogonal frequency bands,Fc, F1, F2 andF3, obeyingF = Fc +F1 +F2 +

F3, whereFc represents the bandwidth available for the CCR, whileFi, i ∈ [1, 2, 3] represents

the bandwidth available for the CER of one of the three adjacent cells. We assume thatFc =

ρF andFe = F1 = F2 = F3 = 1−ρ
3 F . We also assume that the same transmission power

is assigned to the CCR MTs and to the CER MTs. As we stated in Chapter 2, the co-channel

developed two-tier networks may suffer from serious interference. In this chapter, we consider two

different spectrum access (SA) schemes. In Section 3.4, a straightforward full spectrum access

(FSA) scheme is invoked for this FFR aided two-tier femtocell network, where the femtocells reuse

the entire available frequency bandwidthF . However, in order to reduce the cross-tier interference,

a spectrum swapping access (SSA) scheme is proposed in Section 3.5, where the femtocells use

the specific frequency bands, which are orthogonal to those of the outdoor macrocell MTs. More

explicitly, the femtocells opt for using the frequency bandthat was not assigned in its hosting

macrocell. For the cell-centre region of the macrocell of Fig. 3.5,Fc andF1 are available for

CCR and CER outdoor macrocell MTs, respectively. Then the frequency bandsF2 andF3 become

available for femtocell transmission. The detailed SSA strategy is elaborated in the context of Fig.
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Figure 3.5: The topology of the FFR aided two-tier cellular network, where the

radius of the macrocells and that of the femtocells are 1km and 20m. The MBSs

and femtocells are denoted by the triangles and small circles.

3.6.

In this chapter, we assume that the down link (DL) channel is subject to uncorrelated Rayleigh

fading with a unity average power, as well as to wall-penetration loss and propagation loss. Since

the technique of OFDMA is employed, the effect of noise is negligible comparing to the interfer-

ence. The thermal noise is neglected for analytical simplicity. However, the effects of noise will be

taken into account in presenting the simulation results. Let dOm anddOf denote the distance from an

outdoor macrocell MT to themth MBSBm and to thef th FBSBf , respectively, whiledIm anddIf
denote the distance from an indoor home MT to themth MBSBm and to thef th FBSBf . We also

denote the distance from FBSBf to MBSBm by dfm.

Note that we haveRm ≫ Rf , hence we can make the assumption:dfm ≈ dIm, as depicted in

Fig. 3.7. We can readily derive the relationship:dfm − dIf ≤ dIm ≤ dfm + dIf . Since the radius

of indoor areaRf is relatively small compared to the macrocell size, our assumption holds for

dlf ≪ dIm.

The DL propagation loss between a BS transmitter and a MT is modelled as we stated in

Chapter 2:L = Adγ , whereA is a constant that depends on the carrier frequencyfc, d denotes
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Figure 3.6: An example of the spectrum-swapping scheme.
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Figure 3.7: A femtocell which is denoted by the small circle is overlaid onto a

macrocell denoted by the larger circle. The MBS, FBS and a indoor femtocell MT

are denoted by the triangle, the cross and the square, respectively. The distance

between the FBS and the MBS is dfm, and the distance between the indoor femtocell

MT and the MBS is dIm. Since the radius Rf of the femtocell is much smaller than

the macrocell radius Rm, we may have dfm ≈ dIm.
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the length of this transceiver link, whileγ is the pathloss exponent. Furthermore, we denote the

outdoor and indoor fading constant byAO andAI , respectively. Finally, we denote the outdoor and

indoor pathloss exponent byγ1 andγ2. The detailed channel model parameters are summarized in

Table 3.1.

3.4 FFR aided two-tier femtocell networks with FSA

In this section, we will investigate the FFR aided two-tier network combined with FSA. As we

stated in the Sec. 3.3, femtocells reuse the whole availablefrequency bandwidthF in FSA. The

per-tier OP of both the outdoor macrocell MTs and the indoor femtocell MTs will be derived first,

where an outage occurs, when the instantaneous received SIRof a transmission falls below the

SIR thresholdx. Then the long-term spatially averaged macrocell throughput will be formulated.

Finally, we characterize our optimal network design in terms of the attainable macrocell throughput.

3.4.1 Per-tier Outage Probability

3.4.1.1 Outdoor Macrocell MTs’ OP

The outdoor MTs roaming in the macrocellm suffer from the interference imposed by the inter-

fering MBSsΦ \ Bm, which use the same sub-band, as well as from the interferingFBSsΨ. As

a result, the associated SIRξm of this outdoor macrocell MT located at a distance ofdOm from the

MBSBm, is given by:

ξm =

Pm
AO

(

dOm
)−γ1 hm

∑

m′ 6=m

Pm′
AO

(

dOm′
)−γ1 hi +

∑

f∈Ψ

Pf

AOW

(

dOf

)−γ1
gf

, (3.4)

whereh andg denote the exponentially distributed channel attenuationof unity mean w.r.t. the

MBS and FBS, respectively. HereW denotes the wall-penetration loss. With the aid of Lemma 1,

we can derive the approximated OP of outdoor macrocell MTs inour FFR aided two-tier cellular

network relying on FSA.

Lemma 1. We consider an outdoor macrocell MT, at a distance of dOm = l from the serving

MBS. The OP of this outdoor MT is then approximated as:

Fm1(x|l) = 1− exp
[

−ζ1x− πλCγ1 l2(Kx)
2

γ1

]

, if l ≤ D,

Fm2(x|l) = 1− exp
[

−ζ2x− πλCγ1 l2(Kx)
2

γ1

]

, if l > D,

(3.5)

where we have ζ1 = 2lγ1

(γ1−2)R2
m(2Rm−l)(γ1−2) , ζ2 = 2lγ1

3(γ1−2)R2
m(2

√
3Rm−l)(γ1−2) , Cγ1 =

∫∞
0

1

1+s
γ1
2
ds

and K =
Pf

PmW
, respectively.
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Proof. Recall the Eq. (3.4), we may rewrite the SIR of a outdoor MT as:

ξm =

Pm
AO

(

dOm
)−γ1 hm

∑

m′ 6=m
P ′

m
AO

(

dOm′
)−γ1 hm′ +

∑

f∈Ψ

Pf

AOW

(

dOf

)−γ1
gf

=
h0

I1 + I2
,

(3.6)

where we have I1 =
(

dOm
)γ1 ∑

m′ 6=m
(

dOm′
)−γ1 hm′ and I2 =

(

dOm
)γ1 ∑

f∈Ψ
Pf

PmW

(

dOf

)−γ1
gf .

The Eq. (3.6) holds since we assumed that each MBS transmits equal power.

The OP of an outdoor MT is the probability that its SIR is below a threshold x, given

by:

F (x) = P
[

ξm
(

dOm
)

≤ x
]

= 1− P [hm ≥ x(I1 + I2)]

= 1− EI1+I2 {P [hm ≥ (I1 + I2) |I1 + I2]}

= 1− EI1+I2 [exp (−x (I1 + I2))]

= 1− EI1 [exp (−xI1)] EI2 [exp (−xI2)]

= 1−LI1(x)LI2(x),

(3.7)

where LI1 and LI2 denote the Laplace transform of the variable I1 and I2, respectively. We

will then derive the Laplace transform of I1 and I2, separately. The Laplace transform of

the variable I1 is given by:

LI1(x) = EI1 [exp (−xI1)]

≥ [exp (−xE(I1))]

= exp



−x
(

dOm
)γ1

∑

m′ 6=m

(

dOm′
)−γ1





(3.8)

Recall from the results derived in Chapter 2, the sum received downlink interference is

evaluated by employing ’Fluid Model’ when the cellular macrocells developing UFR, as

stated in Eq. (2.9). As a result, we may have the following equality for CCR MTs (dOm ≤ D):

(

dOm
)γ1

∑

m′ 6=m

(

dOm′
)−γ1

=
(

dOm
)γ1
∫ 2π

0

∫ ∞

2Rm−dO
m

z−γ1ρMBSzdzdθ

=
(

dOm
)γ1 2πρMBS

γ1 − 2

(

2Rm − dOm
)2−γ1

,

(3.9)
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where ρMBS = 1
πR2

m
denotes the density of the grid-based MBSs 1. However, when the

MTs roam to the CER, the density of interfering MBSs is 1
3ρMBS

. As a result, we may have

the following equality of CER MTs (dOm > D):

(

dOm
)γ1

∑

m′ 6=m

(

dOm′
)−γ1

=
(

dOm
)γ1
∫ 2π

0

∫ ∞

2Rm−dO
m

z−γ1
ρMBS

3
zdzdθ

=
(

dOm
)γ1 2πρMBS

3 (γ1 − 2)

(

2Rm − dOm
)2−γ1

.

(3.10)

Substituting the Eq. (3.9) and the Eq. (3.10) into the Eq. (3.8), the Laplace transform

of I1 is given by:

LI1(x) ≥ exp





(

dOm
)γ1

∑

m6=m′

(

dOm′
)−γ1





= exp

[

− 2lγ1x

G(γ1 − 2)R2
m(2
√
GRm − l)(γ1−2)

]

,

(3.11)

where we have G = 1 when dOm ≤ D and G = 3 when dOm > D under the FFR scheme. As a

results, the lower bound of LI1 is derived. In this chapter, we approximate the real LI1 by

its lower bound of LI1 for the sake of deriving the OP. Hence we made the approximation

that: LI1 ≈ exp
[

− 2lγ1x
G(γ1−2)R2

m(2
√
GRm−l)(γ1−2)

]

.

Meanwhile, the Laplace transform of the Poissonian shot-noise process I2 is given by:

LI2 = EI2



exp





(

dOm
)γ1
∑

f∈Ψ

Pf
PmW

(

dOf
)−γ1

gf









= EΨ,gf

∏

f∈Ψ

Egf

[

exp
(

−
(

dOm
)γ1

Kxgf
(

dOf
)−γ1

)]

= EΨ

∏

f∈Ψ







1

1 + (dOm)
γ1 Kx

(

dOf

)−γ1







a
= exp

[

−λ
∫∫

R

(

1− 1

1 + (dOm)
γ1 Kxt−γ1

)

tdt

]

= exp

[

−2πλ

∫ ∞

0

(

1− 1

1 + (dOm)γ1 Kxt−γ1

)

tdt

]

(3.12)

The equalitly of a in Eq. (3.12) follows from the Probability Generating Functional

(PGFL) of the SPPP [224] and R denotes the FBS interference region. Assuming that

1As we stated in Chapter 2, when the hexagonal model is used, we have ρMBS =
√

3
6R2

m

.
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(

dOm
)γ1 Kxt−γ1 = s

γ1
2 , we may futher derive the Laplace transform of I2, which is written

as:

LI2 = exp
[

−πλCγ1
(

dOm
)2

(Kx)
2

γ1

]

, (3.13)

where Cγ1 =
∫∞
0

1

1+s
γ1
2
ds and K =

Pf

PmW
, respectively. Substituting Eq. (3.11) and Eq.

(3.13) into Eq. (3.7), we arrive at Lemma 1.

3.4.1.2 Indoor Femtocell MTs’ OP

The indoor MTs served by the FBSBf suffer from the interference imposed by the surrounding

MBS setΦ and the neighbouring FBS setΨ \ Bf . Owing to the near-far effects, femtocells suffer

from serious interference only in the scenario, when they are located near the over-sailing MBS. As

a result, the MBS’s interference is dominated by the over-sailing macrocell [98]. In this chapter, we

will ignore the MBS interference arriving from the other macrocells. However, the effect of other

MBS’s interference will be considered in the simulations.

Considering the FBSBf at a distance ofdfm from the MBSBm, the SIRξf of the associated

indoor MT located at a distance ofdIf , is given by:

ξf =

Pf

AI

(

dIf

)−γ2
gf

Pm
AO

(

dfm
)−γ1

hm +
∑

f ′ 6=f

Pf

AOW 2

(

dIf ′
)−γ1

gf ′
. (3.14)

We can now derive the OP of the indoor femtocell MTs with the aid of Lemma 2.

Lemma 2. Let us consider an indoor femtocell MT, given the distance of dfm = l from the

reference FBS Bf to the MBS Bm. The OP of the indoor home MT may be expressed as:

Ff (x|l) = 1− 2

R2
f

∫ Rf

0

exp
(

−πλCγ1rγ2/2(Jx)
2

γ1

)

1 + x JK l
−γ1rγ2

rdr, (3.15)

where we have J = AI
AOW 2 . Specifically, assuming outdoor and indoor pathloss exponents

of γ1 = 4 and γ2 = 2 2, respectively, the OP of the indoor home MT is formulated as:

Ff (x|l) = 1− H (x, l)

R2
fz (x, l)

, (3.16)

where z(x, l) = xl−4 J
K , and H (x, l) can be derived from [225], which may be written as:

2Here, γ2 = 2 is assumed in order to derive the closed-form OP. In reality, the indoor path-loss exponent

is larger than 2. We will opt γ2 = 3 for our simulation results.
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H = e
iy(x)√
z(x,l)

[

Ei

(

y(x)Rf −
iy(x)
√

z(x, l)

)

− Ei
(

−iy(x)
√

z(x, l)

)]

+ e
−iy(x)√

z(x,l)

[

Ei

(

y(x)Rf +
iy(x)
√

z(x, l)

)

−Ei
(

iy(x)
√

z(x, l)

)]

,

(3.17)

where Ei is the exponential integral function, with y(x) = −π2

2 λ
√
Jx.

Proof. Let us now consider an indoor femtocell MT. Similarly, given the distance dfm = l,

dIf = r, the SIR ξf

(

dfm, dIf

)

of Eq. (3.14) is rewritten as:

ξf (l, r) =
gf

I3 + I4
, (3.18)

where we have I3 = PmAI
PfAO

l−γ1rγ2hm and I4 = AI
AOW 2 r

γ2
∑

f ′ 6=f d
I
f ′gf ′ . The OP of an indoor

home user is given as:

Ff [x|(l, r)] = 1− P [gf ≥ x(I3 + I4)]

= 1−LI3(x)LI4(x),
(3.19)

where LI3 and LI3 are similarly derived from Eq. (3.11) and Eq. (3.13), yielding:

LI3(x) =
1

1 + x PmAI
PfAOW

l−γ1rγ2
(3.20)

LI4(x) = exp

[

−πCγ1r
γ2
2

(

AI
AOW 2

x

) 2
γ1

]

. (3.21)

Assuming that the femtocell MTs are uniformly distributed, Ff (x|l) is given by:

Ff (x|l) =
2

R2
f

∫ Rf

0
F [x|(l, r)] rdr. (3.22)

Substituting Eq. (3.19), Eq. (3.20) and Eq. (3.21) into the Eq. (3.22), we arrive at Lemma

2.

3.4.2 Long-Term Spatially Averaged Macrocell Throughput

Let us denote the total number of MTs per macrocell byUm and the number of macrocell users

located in the CCR and CER byUm1 as well asUm2 , respectively. Hence, we haveUm = Um1 +

Um2 . Since we assumed that the macrocell users are uniformly distributed in the circular region

of Fig 3.5, the probability that a user lies in the CCRP (Um1 = 1) or in the CERP (Um2 = 1) is
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given by:ω2 and1 − ω2, while the average number of users located in the CCR and CER is given

by: Um1 = ω2Um andUm2 =
(

1− ω2
)

Um, respectively. As a result, the probability that there

is at least one user in the CCR is given by:
∑Um

k=1 P [Um1 = k] = 1 −
(

1− ω2
)Um . Similarly, the

probability that there is at least one user in the CER is givenby:1 − ω2Um .

We note that the OP corresponding to the distance formulas ofEq. (3.5) is the conditional

cumulative distribution function (CDF) of the users’ SIR. Hence the joint CDF of the SIR and the

distance may be written asF(x, l) = F(x|l)P
(

dOm = l
)

. As a result, the CDF of the spatially

averaged SIR is given by:

Fm1(x, ω) =
[

1−
(

1− ω2
)Um

]

∫ D

0
Fm1(x|l)

2l

D2
dl, if l ≤ D,

Fm2(x, ω) =
(

1− ω2Um
)

∫ Rm

D
Fm2(x|l)

2l

R2
m −D2

dl, if l > D.

(3.23)

Hence, the probability density function (PDF) of the spatially averaged SIR for the CCR and CER

users is directly given by the derivative of the CDF, writtenas:

fm(x) =







fm1(x, ω) =
dFm1 (x,ω)

dx , if l ≤ D,
fm2(x, ω) =

dFm2 (x,ω)
dx , if l > D.

(3.24)

According to the Eq.(3.3) in Section 3.2, the long-term spatially averaged macrocellthrough-

putTm is expressed as:

Tm1(ω) =

∫ ∞

0
log2(1 +

x

̟
)fm1(x, ω)dx. (3.25)

Tm2(ω) =

∫ ∞

0
log2(1 +

x

̟
)fm2(x, ω)dx. (3.26)

In the next subsection, we will move our attentions to discuss the parameter design issues for

the FFR aided two-tier femtocell networks.

3.4.3 Optimal Design of FFR Aided Two-Tier Network Using FSA

We will then focus on the optimal design of the FFR aided two-tier system using FSA. Specifically,

we will optimize the spectrum allocation factorρ and distance threshold factorω. The appropriate

selection of these parameters is expected to significantly affect the performance of the network. We

will determine the parameters in order to achieve the maximum ASESm of macrocell, which may

be formulated as:

Sm(ρ, ω) =
ρTm1(ω) + 1−ρ

3 Tm2(ω)

πR2
m

. (3.27)

3.4.3.1 Area-Proportional Design

The authors of [217,218,221] selected a fixed distance threshold factor and the spectrum allocation

factor was determined by so-called ’area-proportional design ’, where haveρ = ω2, when the
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macrocell users are uniformly distributed in the macrocells. Under this criterion, the spectrum

allocated to the CCR users is proportional to the CCR area. The optimization problem using this

design may be formulated as:

Problem 1:

(ρ∗, ω∗) = arg max
(0≤ρ,ω≤1)

Sm (ρ, ω) (3.28)

subject toρ = ω2. (3.29)

Upon eliminating the constraint of Eq.(3.28), the optimization Problem 1 may be rewritten as:

ω∗ = arg max
(0≤ω≤1)

ω2Tm1(ω) +
1− ω2

3
Tm2(ω). (3.30)

3.4.3.2 QoS-Constrained Design

In addition to the area-proportional design, we also present a QoS-constrained design approach,

where we stipulate a QoS requirementη that the guaranteed long-term spatially averaged CER

throughput per MT is at leastη w.r.t CCR throughput per MT. Hence, the system parameters may

be adjusted to trade the data-rates required by the CCR macrocell users against those of the CER

macrocell users. As a result, the optimization problem using this design approach may be formu-

lated as:

Problem 2:

(ρ∗, ω∗) = arg max
(0≤ρ,ω≤1)

Sm (ρ, ω) (3.31)

subject toTm2,u ≥ ηTm1,u, (3.32)

whereTm1,u =
ρTm1 (ω)

ω2Um
andTm2,u =

(1−ρ)Tm2 (ω)

3(1−ω2)Um
denote the long-term spatially averaged through-

put (bit/s) per subchannel per CCR MT and per CER MT, respectively.

Note that the constraint imposed by Inequality(3.32) is a linear constraint, hence the problem

can be solved by the method of Lagrange multipliers. The optimum ρ∗ is located at the extremal

points of Inequality(3.32), which may be written as:

ρ∗ =

[

1 + 3η

(

1− ω2
)

ω2

Tm1(ω)

Tm2(ω)

]−1

. (3.33)

Upon substituting Eq.(3.33) into Eq.(3.31), the optimization Problem 2 is rewritten as:

ω∗ = arg max
(0≤ω≤1)

ρ∗Tm1(ω) +
1− ρ∗

3
Tm2(ω). (3.34)

Here we note that if we setη =
Tm2 (ω)

3Tm1 (ω) , then we getρ∗ = ω2 from Eq. (3.33). As a result,

our design becomes equivalent to the area-proportional design. Hence we may say that the area-

proportional design is a specific case of our QoS-constrained design.
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3.4.3.3 Solving Problems of Eq. (3.30) and Eq. (3.34)

Since no closed-form equations have been found forTm1 andTm2 , we solve the optimization prob-

lems of Eq. (3.30) and Eq. (3.34) using a Genetic Algorithm (GA), which attempts to mimic

computationally the processes by natural selection operation in order to solve the optimization

problems. Developed by J. Holland in the 1960s and 1970s [226] genetic algorithms provide a

framework for studying the effects of such biologically inspired factors as mate selection, repro-

duction, mutation, and crossover of genetic information [227]. The GA constitutes an attractive

adaptive global search method, where the fitness of every individual within the population of so-

lutions is evaluated, then multiple individuals are randomly selected from the current population

of candidate solutions (based on their fitness), and are appropriately modified (recombined and

possibly randomly mutated) to form a new population. The newpopulation of the next generation

of candidate solutions is then used in the next iteration of the algorithm. The GA process hence

leads to the gradual evolution of the population to better solutions of the problem to be solved than

solutions that they were created from, just as in natural evolution. The basic framework of a genetic

algorithm is adpted from M. Mitchell [228] in her interesting book as follows:

• Step 0: Initialization. Assuming that the data are encoded in bit strings. Specify a crossover

probability or crossover rate, and a mutation probability or mutation rate.

• Step 1: The population is chosen, consisting of a set of chromosomes.

• Step 2: The fitness function is calculated for each chromosome in the population.

• Step 3: Iterate through the following steps until reaching the maximum allowance.

– Step 3a: Selection. Using the values from the fitness function from step 2, assign a

probability of selection to each chromosome, with higher fitness providing a higher

probability of selection.

– Step 3b: Crossover. Select a randomly chosen crossover point for where to perform the

crossover with the crossover probablility. Then perform crossover with the parents se-

lected in Step 3a, thereby forming two new offspring. If the crossover is not performed,

clone two exact copies of the parents to be passed on to the newgeneration,

– Step 3c: Mutation. With the predefined mutation probability, perform mutation on each

of the two offspring at each crossover point. The chromosomes then take their place in

the new population.

• Step 4: The new population of chromosomes replaces the current population.

• Step5: Check whether termination criteria have been met. If convergence is achieved, stop

the iterations and report results; otherwise, go to Step 2.
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We will then use such framework of the GA to solve our problemsof Eq. (3.30) and Eq.(3.34).

The optimization process using the GA is briefly summarized as follows:

1. Initialization. The GA randomly generates a number of potential solutions, hosted by a so-

called population, which may be composed ofNind number ofL-bit (candidate solutions)

chromosomes and each chromosome represents an individual distance thresholdω. In the

simulations, we usedNind = 40 andL = 12.

2. Calculate the fitness functionF (ω) of each chromosomeω in the population. The individ-

ual fitnessF (ωi) is computed as the individual’s performance relative to that of the entire

population, which may be formulated as:

F (ωi) =
ρ∗(ωi)Tm1(ωi) + 1−ρ∗(ωi)

3 Tm2(ωi)
∑Nind

i=1

[

ρ∗(ωi)Tm1(ωi) + 1−ρ∗(ωi)
3 Tm2(ωi)

] , (3.35)

whereTc1 andTc2 are given by Eq.(3.25) and Eq.(3.26) for FSA, respectively. If we opt

for the ’area-proportional design’,ρ∗ satisfies Eq.(3.29). If we opt for the ’QoS-constrained

design’,ρ∗ satisfies Eq.(3.33)

3. Repeat the steps (a)-(c) below, untilN offspring have been created:

(a) Select a pair of parent chromosomes from the current population, with the probability

of selection being an increasing function of fitness.

(b) With probabilitypc, arrange for the cross-over of the pair at a randomly chosen point

to form two offspring for the two ’parent’ individuals. We set the so-called cross-over

probability topc = 0.7 in our simulations.

(c) Mutate i.e. ’deliberately perturb’ the two offspring with a probability ofpm, and then

place the resultant chromosomes in the new population. We used a mutation probability

of pm = 0.05 for avoiding premature convergence to a suboptimum value.

4. Replace the current population with the new population.

5. Go to step 2.

3.5 FFR Aided Two-Tier Network with SSA

To mitigate the cross-layer interference, SSA scheme, which is described in Section 3.3, is proposed

in the FFR aided two-tier femtocell networks. The OP arrivedat with the aid of our solution will

be then derived. The corresponding optimal network design will also be presented.
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3.5.1 Spectrum Swapping Access

As we discussed in Section 3.3, both the outdoor and indoor MTs may suffer from cross-layer in-

terference in conjunction with FSA. In the SSA, the femtocells will reuse the specific frequency

bands, which are orthogonal to the over-sailing macrocells. For example, for the center macro-

cell seen in Fig. 3.5, the MBS may assignFc andF1 to the outdoor CCR MTs. To avoid the

cross-layer interference emanating from over-sailing macrocells, the femtocells in macrocell 0 may

access frequency bandsF2 andF3. With the aid of our SSA, the cross-layer interference is substan-

tially reduced. Specifically, the cross-layer interference is avoided for the outdoor CCR macrocell

MTs. The outdoor CER macrocell MTs only suffer from the interference arriving from the femto-

cells located within other macrocells. For the indoor femtocell MTs, the cross-layer interference

emanating from the over-sailing MBS is avoided.

3.5.2 Per-Layer Outage Probability

3.5.2.1 Outdoor Macrocell MTs’ OP

When employing the proposed SSA strategy, the outdoor macrocell MTs roaming in the CCR of

macrocellm suffers from the interference imposed by the neighboring MBS setm′ 6= m, m′ ∈ Im.

Hence, the SIRξm of a CCR MT located at a distance ofdOm from the MBSBm is given by:

ξm =

Pm
AO

(

dOm
)−γ1 hm

∑

m′∈Im

Pm
AO

(

dOm′
)−γ1 hm′

. (3.36)

The outdoor macrocell MTs roaming in the CER may suffer from the interference imposed by the

interfering MBS setIm, which share the same frequency band within the CER MTs, and by the

FBS set located within the other macrocellsIf . Hence we may formulate the SIRγm of a CER

MT located at a distance ofdOm from the MBSBm as:

ξm =

Pm
AO

(

dOm
)−γ1 hm

∑

m′∈Im

Pm
AO

(dOm)−γ1 hm′ +
∑

f∈If

Pf

AOW

(

dOf

)−γ1
gf

. (3.37)

The OP of the outdoor macrocell MTs is formulated in Lemma 3 for our proposed solution.

Lemma 3. Given the distance of dOm = l from the MBS Bm, the OP of this outdoor user

for our proposed spectrum-swapping solution is written as:

Fpm1
(x|l) = 1− exp (−ζ1x) , if l ≤ D,

Fpm2
(x|l) = 1− exp

(

−ζ2x− λl2
√
KxS

)

, if l > D,

(3.38)

where we have S =

(

π2

2 −
∫ π
0 arctan

“√
R2

m−l2 sin2 θ−l cos θ
”2

d2
√
Kx

dθ

)

, assuming γ1 = 4.
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l

Figure 3.8: The topology of the FBS interference analysis when the outdoor MT

marked by ’A’ is roaming towards the CER, where the interfering FBS region is

denoted as R
′.

Proof. We first consider an outdoor macrocell MT. Comparing Eq. (3.36) to Eq. (3.4), the

OP of an outdoor macrocell MT located in the CCR is simply derived by removing LI2 of

Eq. (3.7).

However, as for the CER users, they suffer from the FBS interference imposed by the

FBSs located upon the neighbouring macrocells. Here we denote the FBS interference

region R
′. Similarly to I2, we assume I5 =

∑

j∈Ψ\ψ0

Pf

PmW

(

dOfj

)−α1

gj , and the Laplace

transform of I5 is given by:

LI5 = exp

[

−λ
∫∫

R′

(

1− 1

1 +
(

dOm0

)α1 Kxt−α1

)

tdtdθ

]

. (3.39)

Let us now discuss the integral interval R
′. If a CER MT roams at a distance l from the

MBS, as shown in Fig. 3.8, given the angle ∠BAC = θ, we have AB =
√

R2
m − l2 sin2 θ −

l cos θ, hence the distance from the CER user to the FBSs varies from AB to ∞. As a
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result, LI5 is rewritten as:

LI5 = exp

[

−λ
∫ 2π

0

∫ ∞
√
R2

m−l2 sin2 θ−l cos θ

(

1− 1

1 + (dOm)γ1 Kxt−γ1

)

tdtdθ

]

. (3.40)

Hence, assuming γ1 = 4, the OP of the CER MT is given by Eq. (3.38) and Lemma 3

follows.

3.5.2.2 Indoor Femtocell Users’ OP

Under the SSA scheme, the target femtocell’s indoor home user endures interference from the

nearby FBS set denoted byIf . As a result, when considering the target FBS at a distance of

dfm = l from the target MBS, the SIRξf of the associated indoor home MT located at a distance of

dIf from the target FBSBf may be expressed as:

ξf

(

dfm, d
I
f

)

=

Pf

AI

(

dIf

)−γ2
gf

∑

f ′∈If

Pf

AOW 2

(

dIf ′
)−γ1

gf ′
. (3.41)

As a result. We use the Lemma 4 characterizing the OP of the indoor home MT of the proposed

spectrum-swapping solution in the FFR scenario.

Lemma 4. Given the distance dfm = l from the reference femtocell f to the macrocell f

and the target SIR threshold of x, the OP of the indoor home user involving our spectrum-

swapping in the FFR environment is given by:

Fpf (x) = Fpf (x|l) = 1− 2

R2
f t
A(x)−

2
t Γ

[

2

t
, A(x)Rtf

]

, (3.42)

where we have t = 2γ2
γ1

, A (x) = πλCγ1 (Jx)
2

γ1 , and also J = AI
AOW 2 . Furthermore, Γ(s, x)

is the incomplete gamma function, which is written as:

Γ(s, x) =

∫ x

0
ts−1e−tdt. (3.43)

Proof. Now we consider an indoor femtocell MT located at a distance r from its serving

FBS. Observing that its SIR under our proposed solution is independent of the distance

dfm, Eq. (3.41) may be rewritten as:

ξf (r) =
gf

rγ2JI5
, (3.44)
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where we have dIf = r, I5 =
∑

f ′∈If
dIf ′)

−γ1gf ′ and J = AI

AOW 2 . Then the OP of the indoor

home MT’s SIR under our proposed solution may be expressed as:

Fpf (x|r) = 1− P [γf (r) ≥ x] = 1− LI5 (xrγ2J) , (3.45)

where LI5(·) is similarly given by:

LI5 (xrγ2J) = exp

(

−πλCγ1r
2γ2
γ1 (Jx)

2
γ1

)

. (3.46)

Since we assumed that the indoor home MTs tend to be uniformly distributed in the

coverage region of their FBS, the OP of an indoor home MT benefiting from our proposed

solution may be written as:

Fpf (x) = Er [γf (r) < x|0 ≤ r ≤ Rf ]

= 1− 2

R2
f

∫ Rf

0
r exp

(

−πλCγ1r
2γ2
γ1 (Jx)

2
γ1

)

dr

Assume t =
2γ2

γ1
and A (x) = πλCγ1 (Jx)

2
γ1

= 1− 2

R2
f

∫ Rf

0
re−A(x)rt

dr

= 1− 2

R2
f t
A(− 2

t )Γ

(

2

t
, ARtf

)

,

(3.47)

3.5.3 Long-Term Spatially Averaged Macrocell Throughput with SSA Scheme

3.5.3.1 CCR Throughput

We note that the OP of Eq.(3.38) is the conditional CDF of the CER MTs’ SIR. Similarly the

Section 3.4.2, the long-term spatially averaged throughput is given by:

Tm1(ω) =
[

1−
(

1− ω2
)Um

]

∫ ωRm

0

2l

(ωRm)2

[∫ ∞

0
log2

(

1 +
x

̟

)

fpm1
(x)dx

]

dl. (3.48)

We assume thatT = 2lγ1x
(γ1−2)R2

m(2Rm−l)(γ1−2) , Eq. (3.48) may be rewritten as:

Tm1(ω) =
[

1−
(

1− ω2
)Um

]

∫ ωRm

0

2l

(ωRm)2

[∫ ∞

0
log2

(

1 +
1

V
t

)

e−T dT
]

dl

=
[

1−
(

1− ω2
)Um

]

∫ ωRm

0
− 2l

(ωRm)2 ln2
exp (V )Ei (−V ) dl,

(3.49)
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whereV = 2̟lγ1

(γ1−2)R2
m(2Rm−l)(γ1−2) . The integral(3.49) is difficult to solve. Noting thatV ≪ 1,

we may invoke the approximation thatexp (V ) ≈ 1. The Taylor series of the exponential integral

term in Eq.(3.49) is given by:

Ei (V ) ≈ ǫ+ lnV − V, (3.50)

whereǫ is the Euler-Mascheroni constant [225]. When assumingα = 4, the long-term spatially

averaged CCR throughput under the SSA is approximated as:

Tm1(ω) ≈
[

1−
(

1− ω2
)Um

]

[

2 log2

2− ω
ω2

+
8

ω2
log2

2

2− ω +
ω (1− ǫ)− 4

ω ln 2

− log2̟ +
1

6̟ω4 ln 2
2F1(2, 6, 7,

3

Rm
)

]

,

(3.51)

where2F1 (a, b, c, z) denotes the Gauss hypergeometric function [225]. Furthermore, the ASE of

CCR MTs using SSA regimeSm1 is given by
Tm1
πR2

m
.

3.5.3.2 CER Throughput

We note that the OP of Eq.(3.38) is the conditional CDF of the CER MTs’ SIR. As a result, the

spatially averaged CDF of the SIR for the CER MTs is given by:

Fpm2
(x) =

(

1− ω2Um
)

∫ Rm

D
Fpm2

(x|l) 2l

(R2
m −D2)

dl, (3.52)

whereFpm2(x|l) is given by Eq.(3.38). Similarly to Section 3.4.2, the long-term spatially averaged

macrocell throughput (bit/s/Hz) in the CER is expressed as:

Tm2(ω) =

∫ ∞

0
log2(1 +

x

̟
)fpm2

(x)dx, (3.53)

wherefpm2(x) =
dFp

m2
(x)

dx denotes the PDF of the spatially averaged SIR for the CER MTs.Fur-

thermore, the ASE of CER MTs using SSA regimeSm2 is given by
Tm2

πR2
m

.

3.5.4 Optimal Design of the FFR Aided Two-Tier Network with SSA

In this subsection, we will focus our attention on the optimal design of the FFR aided two-tier

system using SSA. Similar to Section 3.4, we also consider the area-proportional design and the

QoS-constrained design relying on our SSA strategy in orderto achieve the maximum ASE of

macrocell. We also use a GA to solve the above pair of optimization problems, whereTm1 and

Tm2 will be numerically evaluated from Eq.(3.51) and Eq.(3.53), respectively. The optimization

process using the GA is briefly summarized as follows:

1. Initialization. The GA randomly generates a number of potential solutions, hosted by a so-

called population, which may be composed ofNind number ofL-bit (candidate solutions)

chromosomes and each chromosome represents an individual distance thresholdω. In the

simulations, we usedNind = 40 andL = 12.
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2. Calculate the fitness functionF (ω) of each chromosomeω in the population. The individ-

ual fitnessF (ωi) is computed as the individual’s performance relative to that of the entire

population, which may be formulated as:

F (ωi) =
ρ∗(ωi)Tm1(ωi) + 1−ρ∗(ωi)

3 Tm2(ωi)
∑Nind

i=1

[

ρ∗(ωi)Tm1(ωi) + 1−ρ∗(ωi)
3 Tm2(ωi)

] , (3.54)

whereTc1 andTc2 are given by Eq.(3.51) and Eq.(3.53) for SSA, respectively. If we opt

for the ’area-proportional design’,ρ∗ satisfies Eq.(3.29). If we opt for the ’QoS-constrained

design’,ρ∗ satisfies Eq.(3.33)

3. Repeat the steps (a)-(c) below, untilN offspring have been created:

(a) Select a pair of parent chromosomes from the current population, with the probability

of selection being an increasing function of fitness.

(b) With probabilitypc, arrange for the cross-over of the pair at a randomly chosen point

to form two offspring for the two ’parent’ individuals. We set the so-called cross-over

probability topc = 0.7 in our simulations.

(c) Mutate i.e. ’deliberately perturb’ the two offspring with a probability ofpm, and then

place the resultant chromosomes in the new population. We used a mutation probability

of pm = 0.05 for avoiding premature convergence to a sub-optimum value.

4. Replace the current population with the new population.

5. Go to step 2.

3.6 Numerical Results and Discussions

3.6.1 Simulation Assumptions

In this section, the downlink performance of the FFR aided two-tier network is characterized by

simulations. The system topology considered is illustrated in Fig. 3.5, where the macrocells and

femtocells are represented by a circle having a radius ofRm andRf , respectively. Again, it is

assumed that the transmission power of the MBSs and FBSs is fixed to their maximum. As a result,

the power allocation problem is not considered. As we statedin Section 3.3, the effect of the noise

is ignored in the OP analysis, since the noise power is negligible compared to the interference.

However, the effect of noise will be taken into account in oursimulations. The distance threshold

based FFR scheme is considered. Hence the macrocell MTs are located in the CCR, when the

distance from its serving MBS is shorter than the distance threshold. Otherwise, the MTs are

located in the CER. The per-layer OP is investigated first, where the performance of both the UFR

aided two-tier networks, as well as that of the FSA based FFR aided two-tier networks and that of
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the SSA based FFR aided two-tier networks are considered. The SIR threshold for the macrocell

MTs and that for the femtocell MTs is set to be0dB and20dB, respectively. Then the long-term

spatially averaged macrocell throughput formulas of Eq.(3.25), Eq. (3.26), Eq. (3.51) and Eq.

(3.53) are verified by simulations. Later, the optimal parameters are found, where the performance

of both the area-proportional design and that of the QoS-constrained design are presented. The

distance thresholdD is assumed to be spanning from0.05Rm to 0.95Rm. Again, the system

parameters are summarized in Table 3.1.

3.6.2 Per-Layer OP for Both the Outdoor Macrocell MTs and the Indoor Femtocell

MTs
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Figure 3.9: The OP of an outdoor cellular MT versus the normalized distance from

the MBS, for the target SIR threshold of x = 0 dB. The OP performance of UFR

aided two-tier networks, FFR aided two-tier networks using FSA and FFR aided

two-tier networks using SSA are compared. Three scenarios are considered, where

a) no femtocell is overlaid onto the macrocells, b) low density of femtocells are

overlaid onto the macrocells (Nf = 10 per macrocell), as well as c) high density of

femtocells are overlaid onto the macrocells (Nf = 100 per macrocell). All system

parameters were summarized in Table 3.1.
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Fig. 3.9 illustrates the OP for an outdoor macrocell MT as a function of the distance from the

MT to the serving MBSBm, when we set the target SIR threshold to 0dB. Observe from Fig.3.9

that as expected, the OP increases, when the user moves from the CCR to the CER. In general,

employing the FFR scheme enhances the CER MTs’ SIR. As a result, the OP is reduced for the

CER outdoor users compared to the UFR scheme. With the aid of FFR, the interference emanating

from other MBS is reduced. As a result, there is an OP reduction, when the outdoor user moves

from the CCR to the CER. Naturally, introducing femtocells will impose additional interference

on the outdoor macrocell MTs. More explicitly, when the two-tier network employing the FSA

strategy, as an increasing number of femtocells, the advantage of the FFR scheme gradually erodes

for the CER users, especially for the MTs located far from theserving MBS. By contrast, the OP

of an outdoor macrocell MT is significantly reduced in both the CCR and CER with the aid of the

proposed SSA strategy. Additionally, we also verified the formulas of Eq.(3.5) and Eq.(3.38) in

Section 3.4 and Section 3.5, respectively. We demonstratedthat our theoretical results are accurate

for both the FSA and SSA strategies.
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Figure 3.10: The OP of indoor MTs versus the distance from serving FBS to the

MBS, for the target SIR threshold of x = 20dB and Nf = 10. The OP performance

of FFR aided two-tier networks using FSA and FFR aided two-tier networks using

SSA are compared. All system parameters were summarized in Table 3.1.

Fig. 3.10 shows the OP of an indoor femtocell MT as a function of the distance from the FBS

to the central MBSBm, when we set the target SIR threshold to 20dB and the averagednumber

of femtocells per cell to 100. For the FSA, the indoor MTs may suffer from a high OP, when
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their serving FBS is near to the MBS, especially for the distance range (l ≤ 0.1Rm) owing to the

high MBS interference. However, when the FBS is sufficientlyfar away from the MBS, the OP is

rapidly reduced. On the other hand, the OP of the indoor MTs supported by our SSA remains low,

because the interference emanating form the neighbouring FBSs is significantly reduced owing to

the attenuation of walls. It is also observed that the analytical OP formulae accurately predict the

OP, as confirmed by the simulations. It is noted that the SSA results in an constant OP trend for

the femtocell MTs, which is independent of their positions.This is because that the femtocell MTs

using SSA scheme suffer the interference which is domainated by the femtocells overlaided onto

the neighbouring macrocells. As a result, the overall interference suffered by the femtocell MTs

may be independent with the distance from its serving FBS to the underlaided MBS.

3.6.3 Long-Term Spatially Averaged Macrocell Throughput
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Figure 3.11: The long-term spatially averaged macrocell throughput. The per-

formance according to the threshold factor of FFR aided two-tier networks using

FSA and FFR aided two-tier networks using SSA are compared. Two scenarios

are considered, where a) low density of femtocells are overlaid onto the macrocells

(Nf = 10 per macrocell), and b) high density of femtocells are overlaid onto the

macrocells (Nf = 100 per macrocell). All system parameters were summarized in

Table 3.1.

Let us now verify the numerically evaluated macrocell long-term results given in Eq. by simu-
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lations in Fig. 3.11. As expected, the performance in the CCRis consistently higher than that in the

CER for both dense and sparse femtocell deployments for FSA scheme. This is because that the

received SIR of CCR MTs may always much higher than that of CERMTs, which leading higher

throughput for CCR MTs. Since the probability that at least one MT is located in the CCR is low

whenω is small, the throughput will be low along with a lowω. The CCR related curve exhibits

a peak at a point aroundω = 0.15, while the CER related curve is monotonic as a function ofω.

Similar trends are also valid for SSA. The ASE of CCR is independent with the femtocell density.

This is because that CCR macrocell MTs may only suffer the interference from the neigbouring

MBSs as well as the FBSs which are located overlaid onto the neighbouring macrocells, when the

SSA shceme is employed. As a result, the throughput of CCR is independent of the femtocell

density. On the other hand, the difference between the FSA and SSA is that for the FSA, dense

femtocells will result in a higher ASE degradation in comparison to sparse femtocells. By contrast,

the variation of the femtocell density has a less pronouncedeffect. Furthermore, for both the FSA

and the SSA, the numerically evaluated results derived in Section 3.4 and Section 3.5 are quite

accurate, as decipted in Fig. 3.11.

3.6.4 Optimal Design for the Two-Tier Network

In order to highlight the importance of optimal parameter design, the performance of the FFR

aided two-tier network having several different system configurations are compared, based on both

the area-proportional design and on the QoS-constrained design, respectively. More explicitly, the

following system configurations are considered:System 1 (S1): It is assumed that S1 opts for the

FSA strategy and the parametersω of S1 are fixed. Two parameter sets are considered: S1(a):

ω = 1/3 and S1(b):ω = 2/3. System 2 (S2): It is assumed that S2 opts for the FSA strategy.

When the femtocells are overlaid onto existing macrocells,two different approaches are assumed

in handling the femtocells in the context of the area-proportional designS2(a): Femtocell unaware–

In this system, the parameters are optimized assuming that the MBS is unaware of the femtocells.

More explicitly, the optimal parameters are determined assuming that no femtocell is overlaid onto

the macrocells.S2(b): Femtocell awareness–The parameters are optimized according to the number

of femtocells in this system. By contrast, only the femtocell aware scenario is considered in the

context of the QoS-constrained design, sinceω andρ are determined under the constraint of Eq.

(3.32), which requires the system to have the knowledge ofTm1 andTm2 . System 3 (S3): It is

assumed that S3 opts for the SSA strategy and the parameters are optimized in order to achieve the

highest throughput, also assuming that the system is femtocell aware.
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Figure 3.12: The optimal threshold ω in the area-proportional design. The fol-

lowing system configurations are considered:a) S1: The FSA strategy and the

parameters ω are fixed. Two parameter sets are considered: S1(a): ω = 1/3 and

S1(b): ω = 2/3. b) S2: FSA strategy is assumed and two different approaches are

assumed in handling the femtocells in the context of the area-proportional design

S2(a): Femtocell unaware, and S2(b): Femtocell awareness. c) S3: SSA strat-

egy is assumed and Femtocell awareness is employed. All system parameters were

summarized in Table 3.1.

3.6.4.1 Area-Proportional Design

Fig. 3.12 and Fig. 3.13 illustrate the dependence of the system parameters for the three systems

on the number of femtocells. Owing to the system configuration of S1,ρ andω are set to be fixed

and independent with the averaged number of femtocell per cell. Furthermore, it is constrained by

the characterization of area-proportional design andρ = ω2 follows. The system parameters ofρ∗

andω∗ are optimized for S2(a), assuming no femtocells are overlaid. Then the optimal parameters

are derived according to Eq.(3.29) with λ = 0. Since femtocell unaware configuration is assumed

for S2(a), the optimal parameters are independent with the averaged number of femtocell per cell.

On the other hand,ω tends to increase upon increasing the number of femtocells for S2(b) and S3,

which are aware of the number of femtocells. We note that the CCR will extend to the maximum

tolerance level (ω = 0.95), when we haveNf ≥ 40 for the FSA andNf ≥ 70 for the SSA. As
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Figure 3.13: The optimal spectrum allocation ρ in the area-proportional design.

The following system configurations are considered:a) S1: The FSA strategy and

the parameters ω are fixed. Two parameter sets are considered: S1(a): ω = 1/3

and S1(b): ω = 2/3. b) S2: FSA strategy is assumed and two different approaches

are assumed in handling the femtocells in the context of the area-proportional

design S2(a): Femtocell unaware, and S2(b): Femtocell awareness. c) S3: SSA

strategy is assumed and Femtocell awareness is employed. All system parameters

were summarized in Table 3.1.

a result, we may conclude that the optimized system tends towards the UFR aided network in a

dense-femtocell scenario. This is because that the CER performance degrades significantly in the

dense-femtocell scenario. As a result, the system is willing to allocate more resource to the CCR.

Finally, theρ obeys similar trends toω owing to their fixed relationship of Eq.(3.29).

Fig. 3.14 compares the ASE of macrocell for these systems. Itis shown that the specific

selection of system parameters may significantly affect themacrocell’s ASE. For the traditional

single-layer network (Nf = 0), the optimized systems (S2 and S3) attain a higher ASE than the

fixed parameter based system (S1). Hence our GA based optimization is capable of achieving a

high ASE. Similar trends were also noted in [218]. For the two-tier network (Nf > 0), the opti-

mal design which ignores the number of femtocells (S2(a)) will be inefficient and its performance

may even be worse than the fixed parameter based design (S1(b)). By contrast, the optimal design,
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Figure 3.14: The ASE of macrocell in the area-proportional design. The following

system configurations are considered:a) S1: The FSA strategy and the parame-

ters ω are fixed. Two parameter sets are considered: S1(a): ω = 1/3 and S1(b):

ω = 2/3. b) S2: FSA strategy is assumed and two different approaches are as-

sumed in handling the femtocells in the context of the area-proportional design

S2(a): Femtocell unaware, and S2(b): Femtocell awareness. c) S3: SSA strat-

egy is assumed and Femtocell awareness is employed. All system parameters were

summarized in Table 3.1.

which is aware of the number of femtocells (S2(b)) is capableof achieving a higher ASE than the

fixed parameter based design (S1). However, the S2(b) system’s performance may be sensitive to

the number of femtocells, where the ASE reduces significantly upon increasingNf owing to the

high level FBS interference. Hence the effect of femtocellsshould be taken account into the opti-

mization design. On the other hand, our proposed SSA strategy attains the highest ASE among all

of our systems, guaranteeing a high macrocell ASE even in thehigh-density femtocell deployment

scenario ofNf = 100.
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Figure 3.15: The optimal threshold ω in QoS-constrained design. The QoS re-

quirements of η = 0.02 and η = 0.2 are considered, respectively. The following

system configurations are considered:a) S1: The FSA strategy and the parame-

ters ω are fixed. Two parameter sets are considered: S1(a): ω = 1/3 and S1(b):

ω = 2/3. b) S2: FSA strategy and femtocell awareness is assumed. c) S3: SSA

strategy is assumed and Femtocell awareness is employed. All system parameters

were summarized in Table 3.1.

3.6.4.2 QoS-Constrained Design

To model the different data-rates sought by the CCR macrocell MTs relative to the CER macrocell

MTs, the QoS requirements ofη = 0.02 andη = 0.2 are considered, corresponding to either a 50

times higher throughput per CCR macrocell MT than per CER macrocell MT or five times higher,

respectively. Fig. 3.15 and Fig. 3.16 illustrate the systemparametersω andρ versus the number of

femtocells for the above three systems. Apart from the parameter design of S1, the range of CCR

should be extended upon increasing the number of femtocellsin order to achieve the maximum

macrocell throughput, regardless of the specific spectrum access strategy. It is observed that the

optimalω increases slower if a lower QoS requirementη is chosen. As far asρ is concerned, in

general, the denser the femtocells, the lowerρ has to become, with the exception of highη values

in both the S2 and S3 scenarios, where the relationship is notmonotonic. Another feature observed

for S1 is that lowerη values result into requiring higherρ values. By contrast, these trends are
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Figure 3.16: The optimal spectrum allocation ρ in QoS-constrained design. The

QoS requirements of η = 0.02 and η = 0.2 are considered, respectively. The

following system configurations are considered:a) S1: The FSA strategy and the

parameters ω are fixed. Two parameter sets are considered: S1(a): ω = 1/3 and

S1(b): ω = 2/3. b) S2: FSA strategy and femtocell awareness is assumed. c)

S3: SSA strategy is assumed and Femtocell awareness is employed. All system

parameters were summarized in Table 3.1.

reversed for the S2 and S3 system configurations.

Fig. 3.17 compares the ASE of the macrocells for these systems. It is shown that the specific

selection of system parameters may significantly affect themacrocells’ ASE. It is observed that

the macrocells’ ASE is reduced for all the scenarios considered, when the averaged number of

femtocell per cell is increased. Also, the GA based optimized designs are capable of achieving a

higher ASE for bothη = 0.02 andη = 0.2 than the fixed parameter based design. Furthermore,

when considering the effects ofη, the ASE of the macrocell will be reduced for higherη values

(higher data rate per CER user demand), since the CER throughputs is obviously lower than the

CCR throughput. Observe in Fig. 3.17 that our proposed SSA strategy achieved the highest ASE

among all the systems for the QoS-constrained design and it is more resilient against the impact of

femtocells.
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Figure 3.17: The ASE of macrocell in QoS-constrained design. The QoS require-

ments of η = 0.02 and η = 0.2 are considered, respectively. The following system

configurations are considered:a) S1: The FSA strategy and the parameters ω are

fixed. Two parameter sets are considered: S1(a): ω = 1/3 and S1(b): ω = 2/3.

b) S2: FSA strategy and femtocell awareness is assumed. c) S3: SSA strategy

is assumed and Femtocell awareness is employed. All system parameters were

summarized in Table 3.1.

3.6.5 The Impact of the Proposed SSA on the Femtocell Performance

The numerical results of Subsection 3.6.4 demonstrate thatthe macrocell MTs benefit from the

proposed SSA strategy. However, this benefit comes at the expense of partitioning the spectrum

of femtocells. As a result, the femtocell throughput (bit/s) may be degraded under the SSA. Fig.

3.18 compares the long-term femtocell-throughput (bit/s)and femtocell ASE under FSA and SSA,

respectively. Since the femtocells reuse the entire available frequency band for FSA, the femocell-

throughput and ASE obey the same trends, where the femtocells situated in the vicinity of the MBS

(for example forl < 100) tend to suffer from a high MBS interference and hence may exhibit

a poor performance. By contrast, the femtocells situated far away from the MBS may attain a

high throughput. On the other hand, the proposed SSA strategy eliminates the fluctuation of the

femtocell throughput, which hence may become independent of its position. Observe in Fig. 3.18

that the femtocell’s throughput reaches about 6 bit/s for SSA, which is lower than that recorded at
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Figure 3.18: The long-term spatially averaged femtocell throughput and ASE.

The system parameters of ω and ρ for the network employing FSA and SSA are

derived separately by GA, according to the area-proportional design. Furthermore,

the femtocell awareness approach is employed for the area-proportional design. All

system parameters were summarized in Table 3.1.

the distance ofl > 200 for FSA. The ASE of femtocells using SSA is higher than that ofFSA in

the entire cell, as seen in Fig. 3.18. This is because that theASE quantifies the achievable bit rate

per Hz per area. As a result, the ASE of SSA is higher owing to the reduced interference. Hence,

the SSA may be treated as a ASE-oriented femtocell solution,which remains fairly unaffected by

the FFR aided macrocell, albeit at the cost of delivering a limited peak throughput. By contrast, the

FSA may be treated as a throughput-oriented femtocell design, which acts selfishly by disregarding

both the macrocell’s ASE and its own ASE.

3.7 Chapter Summary and Conclusions

In Section 3.2, we reviewed the concept of the classical FFR shceme and characterized the downlink

performance of cellular networks using the classical FFR scheme in comparison to the traditional
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UFR scheme. More specifically, the topology of the FFR aided cellular networks of Fig. 3.2 was

introduced, where the distance based CCR/CER identification was adopted. The downlink OP and

the downlink long-term throughput were investigated and the corresponding simulation results were

portrayed in Fig. 3.3 and Fig. 3.4 of Section 3.2. As expected, the simulation results confirmed

that the FFR scheme is capable of significantly reducing the OP of macrocell MTs. However, the

outdoor MTs benefit from the FFR scheme for the CER MTs, and theperformance of the FFR

recorded both for the CCR MTs is similar to that of the UFR scheme. We have summarized the

downlink performance of the FFR scheme and of the UFR scheme of Fig. 3.3 and Fig. 3.4 in Table

3.2.

Table 3.2: Downlink performance comparison of cellular macrocell MTs for UFR

and FFR

UFR FFR

Distance threshold N/A 0.6Rm

SINR threshold 0dB 0dB

Outage probability 0 ∼ 0.65 0 ∼ 0.12

Throughput 0.18 ∼ 19.7 bit/s/Hz 1.12 ∼ 19.7 bit/s/Hz

In Section 3.3, the system model of FFR aided two-tier femtocell networks was presented,

where the topology of the two-tier networks, the downlink channel model and the associated spec-

trum allocation strategies were introduced. Two differentspectrum allocation strategies were con-

sidered, where the system may employ either the FSA or SSA regimes. The performance of FSA

based two-tier networks was investigated in Section 3.4. The per-tier OP was derived analytically,

followed by finding the optimal parameters for the FSA based two-tier networks. Based on the

simulation results illustrated in Fig. 3.9 and Fig. 3.10, the CER macrocell MTs and the CCR fem-

tocell MTs suffered from the interference inflicted and as a result, the performance significantly

degraded, when the system invoked FSA. In order to mitigate the cross-tier interference, the SSA

scheme of Fig. 3.6 was proposed for this FFR aided two-tier network in Section 3.5. Again, the

per-tier OP was derived analytically, followed by finding the optimal parameters of the SSA based

two-tier networks. Recall the simulation results of Fig. 3.9 and Fig. 3.10, where the SSA scheme is

seen to be capable of reducing the OP of both the macrocell MTsand of the femtocell MTs, whilst

achieving an increased throughput. We have summarized the attainable performance of both the

FSA and SSA of Fig. 3.9, Fig. 3.10 and Fig. 3.11 in Table 3.3, including the macrocell MTs’ OP,

the femtocell MTs’ OP, as well as the spatially averaged CCR throughput of the macrocells and the

spatially averaged CER throughput of macrocells.
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Table 3.3: Downlink performance comparison of FFR aided two-tier femtocell

networks for FSA and SSA

FSA SSA

Nf 10 100 10 100

Macrocell MTs’ OP 0 ∼ 0.21 0 ∼ 0.87 0 ∼ 0.12 0 ∼ 0.68

Femtocell MTs’ OP 0.01 ∼ 0.87 0.01

CCR throughput (bit/s/Hz) 1.98 ∼ 10 0.8 ∼ 6.2 1.99 ∼ 10.6 1.99 ∼ 10.6

CER throughput (bit/s/Hz) 0.7 ∼ 2.6 0 ∼ 0.6 1.1 ∼ 3.9 0.1 ∼ 3.5

In order to improve the performance of the system, the choiceof the optimal system parameters

was discussed in Section 3.4 for FSA based two-tier networks, while in Section 3.5 for SSA based

two-tier networks. In Section 3.6.4, the so-called area-proportional design and QoS-constrained

design were studied. The optimal distance thresholdω∗ and the optimal spectrum allocationρ∗

were derived with the aid of GA. The optimal system parameters taking into account the average

number of femtocells per cell are illustrated in Fig. 3.12, Fig. 3.13, Fig. 3.16 and Fig. 3.15. The

simulation results of Fig. 3.14 and Fig. 3.17 demonstrated that the GA based optimization process

is capable of achieving an increased ASE of the macrocells. Furthermore, an increased macrocell’s

ASE was achieved by our SSA using a jointly optimized spectrum allocation and distance threshold

policy. However, it is observed from the long-term spatially averaged femtocell throughput simula-

tion results of Fig. 3.18 that the benefit of the SSA scheme is achieved at the expense of partitioning

the spectrum of femtocells. As a result, the femtocell throughput is degraded for the SSA scheme,

as depicted in Fig. 3.18. It is concluded that the SSA may be treated as a ASE femtocell solution,

which remains fairly unaffected by the FFR aided macrocell at the cost of delivering a limited peak

throughput. By contrast, the FSA may be treated as a throughput-oriented femtocell design, which

is a selfish owing to disregarding both the macrocell’s and its own ASE.



Chapter 4
Resource Allocation for Heterogeneous

Visible-Light and RF Femtocell

4.1 Introduction

In Chapter 3, an outdoor heterogeneous network scenario wasinvestigated, where the femtocells

are overlaid onto the traditional macrocells. Apart from the outdoor scenario, indoor cells may

also form part of a HetNet. In this chapter, we consider an indoor scenario, where femtocells and

LED light based VLC are used for providing indoor coverage. The related Resource scheme is

investigated in this Chapter, where diverse QoS requirements, such as the achievable data rate, the

fairness and the statistical delay specifications are considered.

As stated in Chapter 2, optical wireless systems using visible light exhibit several advantages,

including license-free operation, immunity to electro-magnetic interference, network security and

a high bandwidth potential [24]. The optical access point isreferred to as an attocell in [200].

However, the performance of VLC systems is degraded in the absence of line-of-sight (LOS) prop-

agation. Hence we may combine VLC with a complementary network for providing a seamless data

service. An optical attocell not only improves indoor coverage, it is able to enhance the capacity of

the RF wireless networks, since it does not generate any additional interference. Here, we consider

an indoor scenario, where a VLC system is combined with a classic RF femtocell system [229] and

investigate the associated RA problems.

For a HetNet, an important component of the integrated architecture is its Resource Manage-

ment (RM) mechanism. To access the Internet through a HetNet, the terminals such as laptops and

cellphones are usually equipped with multiple wireless access network interfaces. There are two

basic types of terminals. The conventional multi-mode mobile terminals are unable to support IP
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mobility or multi-homing. Hence, these multi-mode terminals typically opt for the specific net-

work providing the best radio-coverage. By contrast, the family of more sophisticated terminals

is equipped with IP-based mobility and multi-homing functionalities, which have the capability

of aggregating radio resources from different networks. Numerous contributions have studied the

RA problem in a HetNet scenario [230–233]. Multi-homing RA mechanisms are studied in [230],

which allocate the radio bandwidth to different tele-traffic types based on the specific utility of the

service supported. However, this required a central resource manager for controlling the RA pro-

cess. On the other hand, the authors of [231–233] proposed a distributed algorithm for solving the

RA problem. However, these contributions only focus on maximizing the data rate, while QoS re-

quirements formulated in terms of the delay requirements ofmobile terminals were not considered

in these contributions. Furthermore, these contributionsconsidered a pure RF HetNet model, while

our paper considered the RA problem of a combined VLC and RF Femtocell HetNet.

Future broadband wireless networks are expected to supporta wide variety of communication

services having diverse QoS requirements. Applications such as voice transmission as well as real-

time lip-synchronized video streaming are delay-sensitive and they require a minimum guaranteed

throughput. On the other hand, applications such as file transfer and email services are relatively

delay-tolerant. As a result, it is important to consider thedelay as a performance metrics in addition

to the classic Physical layer performance metric in cross-layer optimization. Diverse approaches

may be conceived for delay-aware resource control in wireless networks [13–19]. For example,

the average delay-constraint may be converted into an equivalent average rate-constraint using the

large deviation theory approach of [14–18]. In order to satisfy the QoS requirements, we apply the

effective capacity[14] based approach for deriving the optimal RA algorithm, which guarantees

meeting the statistical delay target of HetNets.

4.1.1 Main Contributions

In this chapter, the optimal RA in the DL of a HetNet is addressed, while meeting both the bit

rate and statistical delay targets of delay-sensitive traffic. The contributions of this chapter are

summarized as follows:

• We consider an indoor scenario, where a combined VLC attocell and RF femtocell system

is employed for providing indoor coverage. For a given position of the MT, the received

optical power of a MT is constituted by the sum of the direct LOS optical power and of

the first reflected optical power. Hence the resultant VLC channel has two different rates, a

higher one for the non-blocked LOS channel-scenario, and a reduced rate in the blocked LOS

channel-scenario, when only the reflected ray is received. The RF channel is modelled as a

classic Rayleigh fading channel. We investigate the VLC vs.RF activation and RA problem

in this HetNet scenario.
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• A limited-delay RA problem is formulated for the indoor HetNet considered. In contrast to

the RA solutions of [16, 17, 232, 233], we apply the effectivecapacity approach of [14] for

converting the statistical delay constraints into equivalent average rate constraints. Further-

more, we formulate our fairness-problem as anα-proportional fairness utility function, as

defined in [234–237].

• The RA problem is formulated as a NLP problem for the multi-homing MTs. We show

mathematically that this NLP problem is concave with respect to the RA probability matrix

β, which hence can be solved by convex optimization techniques, such as the barrier method

of [238]. A distributed algorithm using the dual decomposition approach of [22] is proposed

for RA in HetNets. It is demonstrated that this distributed algorithm approaches the optimal

solution within a low number of iterations, where the optimal solution is that found by a

centralized controller.

• We also demonstrate that the RA problem is formulated as a MINLP problem for multi-mode

MTs, which is mathematically intractable. In order to make the problem more tractable, a

relaxation of the integer variables is introduced. Then, weformally prove that the relaxed

problem is concave with respect to both the relaxed network selection matrixx and to the

RA probability matrixβ. Finally, a distributed algorithm is conceived using the dual decom-

position approach for RA in our HetNet for the specific familyof MTs having a multi-mode

capability, but no multi-homing facility.

The chapter is organized as follows. In Section 4.2, the system model of VLC using LED lights

is presented. In Section 4.3, the indoor heterogeneous network is described, where a combined VLC

attocell and RF femtocell system is employed for providing indoor coverage. The formulation of

our RA problems is described in Section 4.4 for both multi-homing MTs and multi-mode MTs.

The proposed distributed algorithms are outlined in Section 4.5. Finally, our numerical results are

provided in Section 4.6 and our conclusions are offered in Section 4.7.

4.2 The System Model of VLC Using LED Lights

As stated in Chapter 2, white LED lights are capable of providing high-brightness illumination,

whilst additionally supporting down-link coverage in indoor scenarios. In this chapter, the link

characteristics of LED light based VLC system is introduced. An example of a three-dimensional

(3D) indoor LED light based VLC system is illustrated in Fig.2.18, where the LED lights are

uniformly distributed on the ceiling of the room, assuming that the length of the room equals to

the width of this room. The crossover of the room is illustrated in Fig. 4.1, where the MTs are

receiving both the LOS rays and the reflected rays. We assume that the set of MTs located or

roaming in the indoor region is denoted byN = {1, ..., n, ...,N}, while the set of LED lights is
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denoted byU = {1, ..., u, ..., U}.

MT

Reflected
link

...
LED 1 LED 2 LED 3 LED 4

Direct link

ψir
2

ψir
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1

Dd

ψin

Dr
1

Dr
2

LED U

Figure 4.1: The crossover of the room using the LED lights based VLC system

considered, where the LED lights are uniformly distributed on the ceilling.

4.2.1 Link Characteristics

The indoor VLC channel can be characterized by the optical channel, where the VLC channel

consists of the line of sight (LOS) path spanning from the LEDlights as well as the reflections

from the walls in the room [185, 186]. It was shown in [185] that the sum power of the reflected

path is dominated by the first-reflection path. Hence, only the first-reflection path is considered in

this thesis.

Let us assume thatψir is the angle of irradiation of the LED lights,ψin is the angle of incidence,

andDd is the distance between the transmitter and receiver. In an optical link the channel’s direct

current (DC) gainHd on the direct LOS path is given by [182]:

Hd =











(q + 1)π̃κO

2π(Dd)
2 G, if ψin ≤ Ψc,

0, if ψin > Ψc,

(4.1)

whereq is the order of Lambertian emission, which is given by the semi-angleφ1/2 at half il-

lumination of an LED asq = ln 2
ln(cosφ1/2)

. Furthermore,π̃ is the physical area of the photo-

detector (PD),O is the gain of the optical filter used, andΨc denotes the width of the field of

view (FOV) at the receiver. Eq.(4.1) indicates that once the angle of irradiation of a receiver

is higher than the Field of View (FOV), the receiver’s LOS would be blocked. We assume that

G = cosq
(

ψir
)

goc(ψin) cos(ψin), wheregoc(ψin) is the gain of an optical concentrator [185],



4.2.1. Link Characteristics 92

which can be characterized as [184]:

goc(ψin) =











q2

sin2 Ψc
, if ψin ≤ Ψc,

0, if ψin > Ψc.

(4.2)

Owing to the obstructions, the LOS propagation path of the VLC system might be blocked.

Here, a random variableκ is used for characterizing the VLC LOS blocking events, which are

assumed to random and unpredictable. In line with [210], we assume that the LOS blocking events

obey theBernoulli distribution, which indicates whether the VLC LOS reception is blocked ornot.

Its probability mass function may be expressed as:

f(κ) =







1− p, if κ = 1

p, if κ = 0
, (4.3)

wherep denotes the VLC LOS blocking probability.

Apart from the VLC LOS reception, the MTs also receive the VLCpath reflected by the wall.

The channel gain owing to the reflection consists of the sum ofall the channel gains of the reflected

path, which may be written as:

Hr =

∫

walls
dHref , (4.4)

wheredHref denotes the first reflection from a small area of the wall, which is given by [185]:

dHref =











(q + 1)AOρ̃

2π2 (Dr
1D

r
2)

2 cos(ψir1 ) cos(ψir2 )GdAwall, if ψin ≤ Ψc,

0, if ψin > Ψc

, (4.5)

whereDr
1 is the distance between an LED light and a reflecting surface,Dr

2 denotes the distance

between a reflective point and a MT receiver,ρ̃ is the reflectance factor, whilstdAwall is a small

reflective area. Furthermore, it is assumed thatψir1 andψir2 denote the angle of irradiance to a

reflective point and the angle of irradiance to a MT’s receiver, respectively.

Based on the above discussions, the VLC channel gainHm,n of the link spanning from themth

LED light to MT n is expressed as:Hm,n = Hd
m,n + Hr

m,n. The VLC channel gain matrixH is

constituted byM ×N elements. Having received the optical radiation, the photodetector converts

the optical signal into electronic current.

The dominant noise contribution is assumed to be the shot noise due to ambient light emanating

from the windows. We also take the thermal noise into account. Hence, the receiver filter’s output

contains Gaussian noise having a total variance ofσ2 given by the sum of contributions from both

the shot noise and the thermal noise, which is expressed as:

(

σV LC
)2

= σ2
shot+ σ2

thermal. (4.6)

According to [185], the variance of shot noiseσ2
shot is given by:

σ2
shot = 2ẽςP V LCr BV LC + 2ẽIbgI1BV LC , (4.7)
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whereẽ is the electronic charge andς is the detector’s responsivity.P V LCr denotes the received

optical power of the VLC system,BV LC is the equivalent noise bandwidth of our VLC system

andIbg is the background current induced by the background light. Furthermore, the variance of

thermal noise is given by [185]:

σ2
thermal =

8πñ1T̃

G̃
η̃π̃I1

(

BV LC
)2

+
16π2̺T̃ ñ2

ñ3
η̃2π̃2I2

(

BV LC
)3
, (4.8)

whereñ1 is the Boltzmann’s constant,̃T is the absolute temperature,̃G is the open-loop voltage

gain, η̃ is the fixed capacitance of the PD per unit area,ñ2 is the FET channel noise factor, and

finally, ñ3 is the FET transconductance. The noise bandwidth factorsI1 andI2 are constant ex-

perimental values. Here, we opt for the typical values used in the literature [184, 185], namely for

I1 = 0.562 andI2 = 0.0868.

4.2.2 Transmission Strategy Assumptions

In this chapter, a Single Cell Multi-point Transmission (SCMT) scheme [185] is assumed, where all

LED lights in the room operate as a single transmission cell,which is referred to as an attocell [200].

The MTs receive the same single from all the LED lights duringtheir DL transmission, as depicted

in Fig. 4.2.

Figure 4.2: The 3-D model of the room using the LED light based VLC system,

where all the LED lights in the room operate as a single transmission cell.

Additionally, it is assumed that ACO-OFDM is employed [197], which eliminates the effects of

the a power multipath propagation in the LED light based VLC system considered. When an ACO-

OFDM scheme is used in our VLC system, the relationship between the transmitted electronic
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powerP V LC,et and the transmitted optical powerP V LC,ot is defined as [239]:

P V LC,et = π
(

P V LC,ot

)2
. (4.9)

As a result, the MTs receive both the desired signal as well asthe noise, and the received SNR

ξV LCn of MT n served by the VLC system is given by:

ξV LCn =
π
(

ςP V LC,ot

∑

uHu,n

)2

(σV LC)
2 , (4.10)

where the VLC channel gainHu,n of the link spanning from theuth LED light to MT n is given

by Eq. (4.1) and Eq.(4.5), while the variance of noiseσ2 is given by Eq.(4.6), Eq. (4.7) and Eq.

(4.8).

In this thesis, we assume that the square Quadrature Amplitude Modulation (QAM) is used in

our ACO-OFDM aided VLC system. As a result the Bit Error Ratio(BER) may be given by [198]:

BERV LCn =

√

MQAM
√

MQAM log2

√

MQAM

erfc

(
√

3ξV LCn

2 (MQAM − 1)

)

, (4.11)

whereMQAM represents the constellation size.

Since ACO-OFDM is capable of processing complex value symbols, according to [240], the

achievable rate of the ACO-OFDM aided VLC system could be characterised by the channel ca-

pacity, which is written as [239]:

RV LCn =
BV LC

4
log2

(

1 + ξV LCn

)

, (4.12)

where the factor four reduction is due to the so-called Hermitian Symmetry property [241]. Then,

the distribution of both the received SNR in dB and that of theachievable rate of the ACO-OFDM

aided VLC system are evaluated.

4.2.3 Downlink Performance of VLC system

Fig. 4.3 illustrates the spatial distribution of the received SNR in dB for the VLC system investi-

gated. We consider three different LED light scenarios, where the main system parameters adopted

in our simulations are summarized in Table 4.1. Observe fromFig. 4.3 that the received SNR is

significantly affected by the number of LED lights. When the number of LED light isU = 2 × 2,

which implies the density of LED lights is 0.01, the VLC system is only capable of covering some

of the indoor area. However, there are still some areas whichsuffer from poor coverage. The MTs

located in these dead zones may be unable to receive the direct link or the reflected links, since

the angle of incidence may be wider than the width of the FOV. However, for the MTs located at

the edge of the room, it is possible to receive the reflected links. As a result, they are still capa-

ble of receiving downlink transmissions from the VLC system, though the received SNR may be
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Table 4.1: Main system parameters of VLC system

Length of room 20 [m]

Width of room 20 [m]

Height of room 3 [m]

Desity of MT 1 per m2

Height of MT 0.85

Height of LED 2.5 [m]

Power of LED 20 [w]

Semi-angle at half power 70 [deg.]

Width of the field of view 120 [deg.]

Detector physical area of a PD 1.0 [cm2]

Refractive index of a lens at a PD 1.5

O/E conversion efficiency 0.53 [A/W]

Available bandwidth for VLC system 10 [MHz]

Reflectance factor 0.8

Electronic charge 1.6 × 10−19 [C]

Background current 5.1× 10−3 [A]

Open-loop voltage gain 10

Fixed capacitance of the PD per unit area 1.12 × 10−6

FET channel noise factor 1.5

FET transconductance 3× 10−2
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Figure 4.3: The received SNR in dB for the VLC system using different number

of LED lights in the room. The simulation parameters are listed in Table 4.1.
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low. When the number of LED lights is increased, the area of the dead zone becomes smaller.

More specifically, all the MTs are covered by the VLC system, when the density of LED lightsU

is higher than0.04, as seen in Fig. 4.3. It is observed however that there are SNRfluctuations,

especially for MTs that are located at the edge of the room, when the number of LED lights is set

to U = 4 × 4. This is because the performance of these MTs is dominated bythe reflected rays.

By contrast, the performance of other MTs may be dominated bythe direct rays arriving from the

LED lights. It is also remarkable that the received SNR becomes near-constant, when the number

of LED lightsU = 8× 8 in our simulations.
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Figure 4.4: The ASE and LSE, with 2× 2 LED lights for 3-D model and 2 LED

lights for 2-D model. The simulation parameters are listed in Table 4.1.

In this thesis, we further simplify the VLC system model using a 2-D indoor model, whereU

LED lights are uniformly distributed on the ceiling. This 2-D model is the crossover of the 3-D

model, as shown in Fig. 4.1. We will then verify the 2-D model by comparing the ASE of our VLC

system. In a 3-D VLC model, the ASE of VLC is typically measured in (bit/s/Hz) per unit area.

Here, we induce a concept of Line Spectrum Efficiency (LSE) for our 2-D VLC system, which is

measured in (bit/s/Hz) per unit length. Then the LSE of the simplified 2-D model aided VLC is

compared with the ASE of the 3-D model aided VLC in Fig. 4.4-4.6, relying on different LED

ligths densities. It is observed that there are some dead-zone areas in the room, if insufficient LED

lights are employed as shown in Fig. 4.4. When the number of LED lights increases, the entire

indoor area is under the coverage of VLC system and the ASE of the indoor MTs becomes more

flat. It is illustrated that the LSE of our 2-D model is 20 timesof that of the crossover of ASE of

3-D model. This is because that we only divide the length of the room in calculating LSE. It is also

verified that the LSE of 2-D model aided VLC has the same trend with the crossover of ASE of 3-D

model aided VLC. Hence, the 2-D model is capable of capturingthe feature of ASE of 3-D model
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Figure 4.5: The ASE and LSE, with 4× 4 LED lights for 3-D model and 4 LED

lights for 2-D model. The simulation parameters are listed in Table 4.1.
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Figure 4.6: The ASE and LSE, with 8× 8 LED lights for 3-D model and 8 LED

lights for 2-D model. The simulation parameters are listed in Table 4.1.
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in the scenarios considered. We will use 2-D VLC model of Fig.4.1 in the following simulations,

owing to its simplicity.

4.3 System Model of Heterogeneous VLC and RF Femtocell

According to the conclusion in [24], the performance of VLC systems is degraded in the absence

of line-of-sight (LOS) propagation. In this chapter, we consider a heterogeneous indoor network,

where a combined VLC and a RF femtocell network are employed in a room, where the 2-D room

is illustrated in Fig. 4.7.
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Figure 4.7: The 2D model of the room using both the VLC system and the RF

femtocell system

.

The network set is denoted as:M = {1, 2}, wherem = 1 andm = 2 represent the ACO-

OFDM aided VLC and the RF femtocell network, respectively. It is assumed that both the VLC

and the RF femtocell system are supported either by an optical fibre or power-line backbone for

exchanging their roaming-related signalling information, which is unproblematic in a indoor sce-

nario.

Similar with the definition in Section 4.2, the set of MTs located or roaming in the indoor region

is denoted byN = {1, · · · , n, · · · , N}. We assume that theN MTs are uniformly distributed in

the room. Each MT forn ∈ N , is capable of accessing both the VLC and the femtocell network

with the same priority. Again, we consider two types of MTs, namely multi-mode MTs and multi-

homing MTs. Again, the multi-mode MTs are assigned to a single network at a time, hence each

multi-mode MT has to appropriately set its network selection indexxm,n, wherexm,n = {1, 0}
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indicates whether the MTn is assigned to the networkm. By contrast, for the multi-homing

MTs, both the VLC and the femtocell provide resource blocks simultaneously. We denote the

instantaneous transmission probability of the networkm transmitting to MTn asβm,n. Hereβm,n

may also be interpreted as the specific fraction of the normalized serving duration, during which

networkm supports MTn. Furthermore, we usex andβ to represent the network assignment

matrix and RA probability matrix, respectively. The achievable throughput of MTn supported by

networkm is expressed as:βm,nrm,n, whererm,n denotes the instantaneous transmission bit rate

in the DL of networkm to MT n. The VLC system has a rather different transceiver model and

channel model than the traditional RF communication networks. We will now briefly introduce the

achievable instantaneous transmission bit rate of both theVLC and of the RF femtocell network.

4.3.1 VLC Using LED lights

The link characteristic of the VLC system is presented in Section 4.2.1, where the VLC channel

gain is constituted by the sum of the direct link gain and the first-reflection link gain. Furthermore,

the received SNR and the achievable bit rate from the ACO-OFDM aided VLC system to the MT

n is given by Eq.(4.10) and Eq.(4.12), respectively.

4.3.2 Channel model of the RF femtocell

Similar with the assumption in Chapter 3, it is assumed that the DL channel of the femtocell to

a MT is subject to uncorrelated Rayleigh fading1 obeying a unity average power constraint and

inverse-gammath power path-loss. As a result, given a MTn located at a distancedFn from the

serving RF femtocell, the received SNRξFn is given by:

ξFn =
PFt AI

(

dFn
)−γ

hFn

(σF )
2 , (4.13)

wherePFt ,AI andγ denote the downlink transmission power of FBS, the indoor path-loss constant

and the indoor path-loss exponent, respectively. The uncorrelated Rayleigh fading is characterized

byhFn , while
(

σF
)2

denote the variance of the noise, which is given by:
(

σF
)2

= BFN0, whereBF

andN0 are denote the available bandwidth of femtocell and the thermal noise density, respectively.

Furthermore, the instantaneous transmission bit rateRFn of MT n served by the RF femtocell is

given by the classical Shannon capacity of:

RFn = BF log2

(

1 +
ξFn
̟

)

, (4.14)

1Since we may not be able to guarantee line of sight transmission for the RF femtocell system, here

we consider the worst-case scenario, where the DL channel of the RF femtocell system is modelled as the

widely used Rayleigh channel.
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where̟ denotes the received SNR discrepancy from the continuous input memoryless channel’s

capacity at the target BER, which is also used in Chapter 3.

4.3.3 Effective Capacity

In next-generation networks, it is essential to consider a range of QoS metrics, such as the achiev-

able data rate, the tolerable delay and the delay-violationprobability. During the early 90’s, sta-

tistical QoS guarantees have been extensively studied in the context of effective bandwidth theory

of [242–244]. The theory states that for a dynamic queueing system having stationary ergodic

arrival and service processes, the probability of exceeding a certain queue length decays exponen-

tially. Inspired by the effective bandwidth theory, the authors of [14] proposed a link-layer metric

termed as the effective capacity, which characterizes the effect of delay on the system. Owing to

its advantages, the effective capacity has been widely adopted [14–18] for studying the steady-state

delay-target violation probability. According to [14], for a dynamic queueing system where the

arrival and service processes are stationary and ergodic, the probability that the queue lengthD(t)

at an instantt of a service exceeds the maximum tolerable delay boundDmax is given by:

P {D(t) ≥ Dmax} ≈ γ(t)e−θDmax , (4.15)

whereγ(t) = Pr{D(t) ≥ 0} is the probability that the transmission queuing buffer is non-empty

at a randomly selected instantt. Note from Eq.(4.15) thatθ ≥ 0 is a crucial parameter, directly

characterizing the exponential decaying rate of the probability that the delay exceedsDmax. As a

result,θ may be referred to as delay-related QoS exponent of a connection.

The effective capacity may also be interpreted as the maximum constant packet-arrival rate

that the system is capable of supporting, without violatinga given delay-related QoS requirement

indicated by the QoS exponentθ. For uncorrelated block fading channels wherein the service

process is uncorrelated, the effective capacity is defined as [14,245]:

∆(θ) = −1

θ
ln E [exp (−θr)] , (4.16)

whereE(·) is the expectation operator andr denotes the throughput.

4.3.3.1 Effective Capacity of VLC

Given the position of a MTn, if the angle of irradiation of a receiver is higher than the FOV, the

effective capacity of VLC∆V LC
n is equal to 0. However, if the angle of irradiation of a receiver is

lower than the FOV, the instantaneous transmission raterV LCn obeys a Bernoulli distribution, with

the probability mass function of:

f(r1,n) =







1− p, if r1,n = RV LC1,n

p, if r1,n = RV LC2,n

, (4.17)
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whereRV LC1,n andRV LC2,n denote the achievable transmission rate from VLC system to MT n with

and without VLC LOS reception, respectively. As a result, the VLC transmission channel is mod-

elled as a two-rates channel.

Based on the above discussions, the VLC system’s effective capacity, which is again the maxi-

mum constant packet-arrival rate that the service is capable of supporting under the statistical delay

limit of the MT n specified byθn, may be expressed as:

∆1,n =











− 1

θn
ln pe−θnβ1,nRV LC

2,n + (1− p)e−θnβ1,nRV LC
1,n , if ψin ≤ Ψc,

0, if ψin > Ψc.

(4.18)

4.3.3.2 Effective Capacity of the RF Femtocell

According to Eq.(4.14), and Eq.(4.16), the effective capacity of the RF femtocell system to MT

n is given by:

∆2,n = − 1

θn
ln

∫ ∞

0
e−θnβ2,nBF log2(1+ξF

n )f
(

ξFn
)

dξFn

= − 1

θn
ln

[

1

Q

∫ ∞

0
(1 + x)−

θnβ2,nBF

ln 2 e−
x
Q dx

]

= − 1

θn
ln

[

Q− θnβ2,nBF

2 ln 2 e
1

2QW
− θnβ2,nBF

2 ln 2
,
ln 2−θnβ2,nBF

2 ln 2

(

1

Q

)]

=
β2,nBF
2 ln 2

lnQ− 1

2θnQ
− 1

θn
lnW

− θnβ2,nBF

2 ln 2
,
ln 2−θnβ2,nBF

2 ln 2

(

1

Q

)

,

(4.19)

whereQ =
PF

t AI(dF
n )

−γ

̟(σF )2
, andW·,·(·) represents the Whittaker functions [225].

Note from the Eq.(4.18) and Eq.(4.19), the effective capacity of the networkm to MT n is

the function ofβm,n. In the following sections, we will use∆m,n to represent∆m,n (βm,n).

4.4 Problem Formulation

In this section, the RA problem formulation is presented forboth multi-homing MTs and multi-

mode MTs in the indoor HetNet considered. Let us now adopt a utility function based perspective,

assuming that the MTn obtains utilityUm,n (βm,n) from networkm.

4.4.1 Utility Function: α-proportional Fairness Approach

In this paper, we consider the RA problem under the consideration of the concept fairness. The

mathematical concept of fairness is formulated as an optimization problems. The fairness opti-

mization problem may be interpreted as a throughput maximization problem [21], as a max-main

fairness problem [21] and as a proportional fairness problem [246]. Here a generic fairness notion
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referred toα-proportional fairness [234–237] is introduced, which embodies a number of fairness

concepts, including the above-mentioned three problems byappropriately adjusting the values of

the parameterα. We define the utilityUm,n (βm,n) as:

Um,n (βm,n) = ϕα (∆m,n) , (4.20)

whereϕα (·) denotes theα-proportional fairness defined in [235], whereϕα (·) is a monotonically

increasing, strictly concave and continuously differentiable function, which may be expressed as:

ϕα(x) =











log(x), if α = 1

x1−α

1− α, if α ≥ 0, α 6= 1.
(4.21)

We note that for different values ofα, maximizing our utility functionUm,n (βm,n) reduces to

several well-known fairness concepts. For example, themaximum effective capacityis achieved

for α = 0 [21], proportional fairnessis achieved forα = 1 [246] andmax-min fairness[21] is

obtained, when we haveα→∞ .

4.4.2 Problem Formulation for Multi-Homing MTs

When the MTs are capable of multi-homing, both the VLC and theRF femtocell networks may

allocate resource blocks for simultaneously supporting the MTs. We set out to maximize the overall

effective capacity of all indoor MTs. As a result, the corresponding RA problem may be formulated

as:

Problem 1: maximize
β

∑

n∈N
ϕα

(

∑

m∈M
∆m,n

)

(4.22)

subject to:
∑

m∈M
∆m,n ≥ Rn, ∀ n ∈ N , (4.23)

∑

n∈N
βm,n ≤ 1, ∀m ∈M, (4.24)

0 ≤ βm,n ≤ 1. (4.25)

The effective capacity∆1,n of the VLC and∆2,n of the femtocell is given by Eq.(4.18) and Eq.

(4.19), respectively. Physically, the constraint(4.23) ensures that the HetNet is capable of satisfy-

ing the bit-rateRn of the MTn, while the constraint(4.24) guarantees that the total transmission

probability for each of the networks should always be less than 1. Finally, the constraint(4.25)

describes the feasible region of the optimization variables.

Lemma 5. The RA problem described by (4.22), (4.23), (4.24) and (4.25) is a concave

optimization problem.

Proof. Firstly, we prove that the effective capacity ∆m,n (βm,n) of the link spanning from

network m to MT n is a concave function of βm,n. The first derivative of the effective
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capacity ∆1,n (β1,n) from the VLC link to MT n is given by:

d∆1,n

dβ1,n
=
RV LC2,n pe−θnRV LC

2,n β1,n +RV LC1,n (1− p) e−θnRV LC
1,n β1,n

pe−θnRV LC
2,n β1,n + (1− p) e−θnRV LC

1,n β1,n
. (4.26)

Then the second derivative of the effective capacity ∆1,n from the VLC link to MT n

is given by:

d2∆1,n

dβ2
1,n

= −
(RV LC1,n −RV LC2,n )2θnp (1− p) e−θnβ1,n(RV LC

1,n +RV LC
2,n )

[

pe−θnRV LC
2,n β1,n + (1− p) e−θnRV LC

1,n β1,n

]2

≤ 0, for θn ≥ 0, 0 ≤ p ≤ 1.

(4.27)

The second derivative of the effective capacity ∆2,n from the RF femtocell link to MT

n is given by:

d2∆2,n (β2,n)

dβ2
2,n

=
θn
(

BF
)2

ln2 2

{

[

∫∞
0 (1 + x)

−θnBF β2,n
ln 2 e

−x
Q ln (1 + x) dx

]2

[

∫∞
0 (1 + x)

−θnBF β2,n
ln 2 e

−x
Q dx

]2

−
∫∞
0 (1 + x)

−θnBF β2,n
ln 2 e

−x
Q ln2 (1 + x) dx

∫∞
0 (1 + x)

−θnBF β2,n
ln 2 e

−x
Q dx

[

∫∞
0 (1 + x)

−θnBF β2,n
ln 2 e

−x
Q dx

]2

}

a
≤ 0,

(4.28)

where inequality a holds, according to the Cauchy-Schwarz inequality property presented

in [247].

Assuming that we have f1 (βm,n) = ϕα

(

∑

m∈M
∆m,n

)

, the second partial derivative of

f1 (βm,n) may be written as:

∂2f1 (βm,n)

∂β2
m,n

=

∆′′
m,n

∑

m∈M
∆m,n (βm,n)− (∆m,n)

2

(

∑

m∈M
∆m,n

)2

≤ 0.

(4.29)

As a result, the objective function (4.22) of Problem 1 is a concave function with respect

to βm,n. The linear transformations of a concave function still constitue a function, hence

the problem described by (4.22), (4.23), (4.24) and (4.25) is a concave problem.
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While the Problem 1 of Eq.(4.22)-(4.25) may be solved in a centralized manner with the aid

of a central resource manager, this is not a viable practicalsolution, when the available networks

are operated by different service providers.

4.4.3 Problem Formulation for Multi-Mode MTs

When multi-mode MTs are considered, only a single network supports the MT at a time. Then,

the RA problem may be formulated as that of maximizing the total utility Um,n (βm,n) under the

constraint of the QoS requirements expressed in terms of each MT’s overall effective capacity,

fairness and delay as follows:

Problem 2: max
x, β

∑

n∈N
ϕα

(

∑

m∈M
xm,n∆m,n

)

(4.30)

subject to:
∑

m∈M
xm,n∆m,n ≥ Rn, ∀ n ∈ N , (4.31)

∑

n∈N
xm,nβm,n ≤ 1, ∀m ∈M, (4.32)

∑

m∈M
xm,n = 1, (4.33)

xm,n = {1, 0} , 0 ≤ βm,n ≤ 1. (4.34)

The effective capacity of VLC∆1,n and femtocell∆2,n is given by Eq. (4.18) and Eq. (4.19),

respectively.

Under this formulation, the variables to be optimized arexm,n andβm,n, ∀m,n. Physically, the

constraint(4.31) ensures that the HetNet is capable of satisfying the bit-rateRn of the MTn, while

the constraint(4.32) guarantees that the total transmission probability for each of the networks

should always be less than 1. Furthermore, the constraint(4.33) guarantees that each MT should

always select only one of the networks for its transmissions. Finally, the constraint(4.34) describes

the feasible region of the optimization variables.

We note that Problem 2 is a MINLP problem that involves both binary variablesxm,n and real-

valued positive variablesβm,n during optimization. In general, MINLP problems are mathemati-

cally intractable. Nonetheless, recently serveral optimization tools have been developed for solving

MINLP problems. The BONMIN solver [248] is for example capable of solving smooth, twice dif-

ferentiable, mixed integer nonlinear programs, which was deployed for providing the upper-bound

benchmark solution.

4.5 Decentralized Sub-optimal Resource Allocation Schemes

Problem 1 and Problem 2 may be solved with the aid of centralized optimization tools. However,

in order to reduce the computational complexity and to make the problem tractable, in this section

we propose decentralized sub-optimal RA schemes.
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4.5.1 Decentralized Solution for Multi-Homing MTs

Since the problem is a concave one, convex duality implies that the optimal solution to this problem

may be found from the Lagrangian formulation [238]. The Lagrangian function for(4.22) under

the constraints of(4.23), (4.24) and(4.25) can be expressed as:

L (β,υ,µ) =
∑

n∈N

[

ϕα

(

∑

m∈M
∆m,n

)

−
∑

m∈M
υmβm,n

+
∑

m∈M
µn∆m,n

]

+
∑

m∈M
υm −

∑

n∈N
µnRn,

(4.35)

where we have0 ≤ β ≤ 1, whileµn andυm are the Lagrange multipliers or prices associated with

thenth inequality constraint(4.23) and with themth inequality constraint(4.24), respectively. The

dual objective functiong (υ,µ) is defined as the maximum value of the Lagrangian overβ, which

is expressed as:

g (υ,µ) = sup
β

L (β,υ,µ) . (4.36)

The dual variables(υ,µ) are dual feasible if we haveυ ≥ 0,µ ≥ 0. The dual function can then be

maximized for finding an upper bound on the optimal value of the original problem(4.22):

min
υ,µ

g (υ,µ)

sub υ ≥ 0,µ ≥ 0,

(4.37)

which is always a convex optimization problem. The difference between the optimal primal objec-

tive and the optimal dual objective is referred to as the duality gap, which is always non-negative. A

central result in convex analysis showed that when the problem is convex, the duality gap reduces

to zero at the optimum [238, 249]. Hence, the primal problem of Eq. (4.22) can be equivalently

solved by solving the dual problem of(4.37). In principle, the dual problem may be readily solved

using standard routines, such as the Newton method and the barrier method [238]. However, these

algorithms generally involve centralized computation andrequire global knowledge of all parame-

ters. Hence, we propose an optimal decentralized RA algorithm for solving the problem using full

dual decomposition [22].

Recall that in Eq.(4.36) we defined a dual objective functiongn (υm, µn) for MT n, which

may be written as:

gn (υm, µn) = ϕα

(

∑

m∈M
∆m,n

)

−
∑

m∈M
υmβm,n +

∑

m∈M
µn∆m,n. (4.38)

Our primal problem described by(4.22),(4.23), (4.24) and(4.25) may be separated into two

levels of optimization. At the lower level, we decouple the problem of Eq.(4.36) intoN subprob-

lems, where thenth subproblem may be written as:

β⋆m,n = argmax
0≤βm,n≤1

gn (υm, µn) , ∀m ∈M. (4.39)
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It may be shown thatgn (υm, µn) is concave with respect to the variableβm,n. Hence the max-

imization of gn (υm, µn) may be achieved by finding the partial derivative ofgn (υm, µn) with

respect toβm,n, which is given by:

∂gn (υm, µn)

∂βm,n
=

∆′
m,n

∑

m∈M
∆m,n

+ µn∆
′
m,n − υm, (4.40)

where∆′
m,n =

d∆m,n

dβm,n
. Furthermore, the second partial derivative ofgn (υm, µn) is given by:

∂2gn (υm, µn)

∂β2
m,n

= µn∆
′′
m,n +

∆′′
m,n

∑

m∈M
∆m,n

(

∑

m∈M
∆m,n

)2 −
(

∆′
m,n

)2

(

∑

m∈M
∆m,n

)2 ≤ 0, (4.41)

∂2gn (υm, µn)

∂βi,n∂βj,n
= −

∆′
i,n∆

′
i,n

(
∑

m∈M ∆m,n

)2 ≤ 0, (4.42)

where we have∆
′′
m,n =

d2∆m,n

dβ2
m,n

. As a result,∂gn(υm,µn)
∂βm,n

is a monotonically decreasing function

with respect toβm,n for all m. If we have
[

∂gn(υm,µn)
∂βm,n

|βm,n = 0
]

≤ 0, then we may haveβ⋆m,n =

0,∀ m. By contrast, if we have
[

∂gn(υm,µn)
∂βm,n

|βm,n = 1
]

≥ 0, then we may haveβ⋆m,n = 1,∀ m.

Otherwise,β⋆m,n may be derived by solving the following Equation for each networkm:

∆′
m,n

∑

m∈M ∆m,n
+ µn∆

′
m,n − υm = 0, (4.43)

which may be solved by the steepest descent method [238].

At the higher level, we have the master dual problem, which may be expressed as:

min
υ,µ

g (υ,µ) , (4.44)

where we haveg (υ,µ) =
∑

m∈M

∑

n∈N
gm,n

(

β⋆m,n, υm, µn
)

+
∑

m∈M
υm−

∑

n∈N
µnRn, andβ⋆m,n denotes

the optimal value derived from the lower level optimizationproblem of Eq. (4.39). Since the

functiong(υ,µ) is concave and differentiable, we can use a gradient method for solving the master

dual problem, as a benefit of its simplicity. Instead of minimizing the function directly with respect

to υ andµ, it can be minimized over a single set of Lagrange multipliers first, and then over the

remaining one, which may be formulated as min
µ≥0

[

min
υ≥0

g(υ,µ)

]

.

Firstly, we solve the minimization problem for a givenµ. Then the derivative ofg(υ,µ) with

respect toυ is written as:
∂g(υ,µ)

∂υ
= 1−

∑

n∈N
β⋆m,n. (4.45)

As a result, the price parameterυ is updated according to:

υm(t+ 1) =

[

υm(t)− ξυ(t)
(

1−
∑

n∈N
β⋆m,n

)]+

, (4.46)

where [·]+ is a projection on the positive orthant to account for the fact that we haveυm ≥ 0.

Furthermore,ξυ(t) denotes the step-size taken in the direction of the negativegradient for the
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price parameterυ at iterationt. In order to guarantee convergence, where we have to satisfy

lim
t→∞

ξυ(t) = 0 and
∑∞

t=0 ξυ(t) = ∞. In this paper, we setξυ(t) = ξt−
1
2
+ǫ, ξ andǫ are positive

constants.

Then, the price parameterµ is similarly updated according to:

µn(t+ 1) =

[

µn(t)− ξµ(t)
(

∑

m∈M
∆m,n −Rn

)]+

. (4.47)

Based on the above discussions, the decentralized optimal RA scheme is constituted by an

iterative algorithm, which determines the optimal transmission probability in the DL of networkm

to MT n based on the update of a pair of price parametersυm andµn, over a number of iterations,

until the optimal solution is found. Each of the networksm is initialized to a feasible price value

υm, while each MTn is initialized to a feasible price valueµn. Each MT broadcasts its price

value to all the available networks. Then each MT calculatesthe optimal transmission probability

based on the price information(υ,µ) and the optimal transmission probability is derived during

the last iteration. Each of the networksm updates its price valueυm based on the newly derived

optimal transmission probabilityβ and then broadcasts the optimal transmission probability to the

MTs. Similarly, each MT updates its price valueµn based on the optimal transmission probability.

The MTs broadcast their new price valuesµ to the networks and the process continues, until the

algorithm converges. The decentralized optimal RA algorithm is formally described in Algorithm

1.

4.5.2 Decentralized Solution for Multi-Mode MTs

Problem 2 of Eq.(4.30) to Eq. (4.34) is formulated as a MINLP and may be computationally

intractable. A potentially straightforward solution may be to derive firstly the optimal resource

block β for a specificx, then to exhaustive search through the entire set of all the possiblex

values. For a system having access toM networks andN MTs, there areMN combinations for the

network selection indicator variablesx. Therefore, a simpler solution may be found by relaxing

the binary constraint imposed on the network selection indicator variablesxm,n, so that they may

assume continuous values from the interval[0, 1]. Naturally, the original problem is not actually

solved by the relaxation of the binary constraint. However,it has been shown in [250] that solving

the dual of the relaxed problem provides solutions that are arbitrarily close to the original, non-

relaxed problem.

Sincexm,n assumes either the values of 0 or 1, there is exactly onexm,n = 1 value for each

MT n. If we denote such a specific network by the indexm′, we haveϕα

(

∑

m∈M
xm,n∆m,n

)

=

ϕα
(

∆m′,n

)

. Thus, the objective function in Eq.(4.30) is equivalent to the following function:

max
x, β

∑

n∈N

∑

m∈M
xm,nϕα (∆m,n) . (4.48)
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Table 4.2: Decentralized algorithm for Problem 1

Algorithm 1

Input

θn: Delay requirement of each MT n ∀n,

Rn: Rate requirement of each MT n ∀n
Initialization

t← 1;

Price value for each network: υ(t) = {υ1(t), ..., υM (t)} = 0

Price value for each MT: µ(t) = {µ1(t), ..., µN (t)} = 0

step size: positive ξ and ǫ

While t does not reach its maximum

Get optimal β

For each MT n ∈ N
Each MT solves the problem presented in Eq. (4.39);

End for

Update price values

For m ∈M
Price value υm updates according to Eq. (4.46)

End for

For n ∈ N
Price value µn updates according to Eq. (4.47)

End for

ξ ← ξt−
1
2
+ǫ

t← t+ 1

End

Output β⋆(t)

The equivalent relaxed optimization problem of Eq.(4.30) to Eq. (4.34) is reformulated as

follows:

Problem 3: max
x, β

∑

m∈M

∑

n∈N
xm,nϕα (∆m,n) (4.49)

subject to:
∑

m∈M
xm,n∆m,n ≥ Rn, ∀ n ∈ N , (4.50)

∑

n∈N
xm,nβm,n ≤ 1, ∀m ∈M, (4.51)

∑

m∈M
xm,n = 1, (4.52)

0 ≤ xm,n ≤ 1, 0 ≤ βm,n ≤ 1. (4.53)

In this formulation, the variables to be optimized arexm,n andβm,n, ∀m,n.

Lemma 6. The RA problem described by (4.49), (4.50), (4.51), (4.52) and (4.53) is a concave
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optimization problem with respect to the variables xm,n and βm,n.

Proof. Firstly, we assume that f2 (xm,n, βm,n) = xm,nϕα (∆m,n). Let us now use the Hessian

matrix for examining the concavity of the function f2 (xm,n, βm,n), which is given by:

H (f2) =







∂2f2
∂β2

m,n

∂2f2
∂βm,n∂xm,n

∂2f2
∂xm,n∂βm,n

∂2f2
∂x2

m,n
,






, (4.54)

where ∂2f1
∂β2

m,n
and ∂2f1

∂x2
m,n

are the principle minors of the Hessian matrix. Recalling the proof

of Lemma 5 in Section 4.4.2, it may be readily seen that the effective capacity of each MT

∆m,n is concave functions with respect to βm,n. As a result, ∂2f2
∂β2

m,n
=

xm,n∆′′
m,n−xm,n(∆′

m,n)
2

(∆m,n)2

is non-positive. Furthermore, we have ∂2f1
∂x2

m,n
= 0. Hence all the principle minors of the

Hessian matrix are non-positive, and therefore the function f2 (xm,n, βm,n) is concave with

respect to the variables xm,n and βm,n.

Similarly, we can readily show that the constraint described by (4.50) is concave with

respect to the variables xm,n and βm,n. The constraints described by (4.51), (4.52) and

(4.53) are linear. As a result, Problem 3 is a concave optimization problem.

Since Problem 3 is also based on a concave function, the optimal solution may be found from

the Lagrangian formulation, which may be written as:

L (x,β,υ,µ) =
∑

m∈M

∑

n∈N

[

xm,nϕα (∆m,n)

− υmβm,n + µnxm,n∆m,n

]

+
∑

m∈M
υm −

∑

n∈N
µnRn,

(4.55)

where we have0 ≤ x ≤ 1, 0 ≤ β ≤ 1 and
∑

m∈M
xm,n = 1. Furthermore,µn andυm are the

Lagrange multipliers or prices associated with thenth inequality constraint of(4.50) and with the

mth inequality constraint of(4.51), respectively. The optimal RA variablesx, β may be obtained

by solving:

min
υ,µ

max
x,β

L (x,β,υ,µ) . (4.56)

Similarly to Section 4.5.1, a decentralized optimal RA algorithm can be proposed for solving the

problem using full dual decomposition.

We define a dual objective functiongn (xm,n, βm,n) for MT n, which may be written as:

gn (xm,n, βm,n) =
∑

m∈M
xm,nϕα (∆m,n)−

∑

m∈M
υmβm,n +

∑

m∈M
µnxm,n∆m,n. (4.57)
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At the lower level, we have the subproblems, one for eachn, which may be written as:

{

x⋆m,n, β
⋆
m,n

}

= argmax
0≤xm,n≤1,0≤βm,n≤1

gn (xm,n, βm,n) . (4.58)

Similarly, gn (xm,n, βm,n) is concave with respect to the variablexm,n andβm,n. Hence the max-

imization of gn (xm,n, βm,n) may be derived by finding the partial derivative ofgn (xm,n, βm,n),

which is given by:
∂gn
∂xm,n

= ϕα (∆m,n) + µn∆m,n − υmβm,n (4.59)

∂gn
∂βm,n

= xm,n

(

∆′

∆m,n
+ µn∆

′
m,n − υm

)

. (4.60)

We will firstly derive the optimal RA probabilityβ⋆m,n according to Eq.(4.60). Since we

relaxed the binary constraint in Ploblem 3, here we will map the relaxedx back to the binary limit.

If we assume thatxm,n = 0, thenβm,n is readily derived asβm,n = 0; If we havexm,n 6= 0,

since the second partial derivative ofgn (xm,n, βm,n) with respect toβm,n is non-positive,β⋆m,n is

derived according to the following criterion:

1. If
∆′

m,n(1)

∆m,m(1) + µn∆
′
m,n(1)− υm ≥ 0, thenβ⋆m,n = 1;

2. If
∆′

m,n(0)

∆m,m(0) + µn∆
′
m,n(0)− υm ≤ 0, thenβ⋆m,n = 0;

3. Else, the optimal RA probabilityβ⋆m,n from networkm and MTn is derived by solving the

equation
∆′

m,n(β⋆
m,n)

∆m,m(β⋆
m,n) + µn∆

′
m,n(β

⋆
m,n)− υm = 0.

The optimal network selection indexx⋆m,n is then determined according to theβ⋆m,n derived.

Each MTn calculates the partial derivative ofgn
(

xm,n, β
⋆
m,n

)

in the direction ofxm,n for all the

networks. Then MTn chooses the specific networkm′ associated with the highest value, which

may be written as:

x⋆m′,n = 1, if m′ = argmax
∀ m

∂gn
(

xm,n, β
⋆
m,n

)

∂xm,n
;

x⋆m,n = 0, if m 6= m′.

(4.61)

At the higher level, we have the master dual problem, which may be expressed as:

min
υ,µ

g (υ,µ) , (4.62)

where we haveg (υ,µ) =
∑

n∈N
gn
(

x⋆m,n, β
⋆
m,n

)

+
∑

m∈M
υm −

∑

n∈N
µnRn, andx⋆m,n, β

⋆
m,n denotes

the optimal value derived from the lower level optimizationproblem Eq. (4.58). Similar to the

solution provided in Section 4.5.1, the price parametersυ andµ are updated according to:

υm(t+ 1) =

[

υm(t)− ξυ(t)
(

1−
∑

n∈N
β⋆m,n

)]+

, (4.63)
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µn(t+ 1) =

[

µn(t)− ξµ(t)
(

x⋆m,n
∑

n∈N
∆m,n

(

β⋆m,n
)

−Rn
)]+

. (4.64)

Similarly, our decentralized optimal RA algorithm is an iterative algorithm, which performs

an optimal network selection and finds the corresponding resource block probability from network

m to MT n based on the update of the price parametersυm andµn, over a number of iterations,

until the optimal solution is reached. Each of the networksm starts with an feasible initial price

valueυm, while each MTn starts with an feasible initial price valueµn. Each MT broadcasts its

price value to all networks. Then each network calculates the optimal network selectionx⋆m,n and

transmission resource block probabilityβ⋆m,n based on the price information(υ,µ). Each network

m updates its price valueυm and then broadcasts the optimal transmission resource block to the

MTs. Similarly, each MT updates its price valuesµn. The MTs broadcast their new price valuesµ

to the networks and the process continues, until the algorithm converges. The decentralized optimal

RA algorithm is formally described in Algorithm 2.

4.6 Results and Discussions

In this section, we present numerical performance results for characterizing the proposed RA algo-

rithms in the context of the indoor HetNet of Fig. 4.7, where the ACO-OFDM aided VLC system

and femtocell are employed in order to provide indoor coverage. Again, it is assumed that the trans-

mission power of the optical VLC system and that of the FBS arefixed to their maximum. Here

we consider a straightforward transmission strategy for the VLC system, where all the LED lights

in the room operate as a single transmission cell and hence nointer-LED interference is generated.

Furthermore, the ’twin-rate’ transmission channel model is used for the VLC system, while the RF

femtocell channel is subjected to uncorrelated Rayleigh fading with a unity average power and to

the ubiquitous propagation loss. We assume thatN = 10 MTs are randomly distributed in the room

and all experience the same delay exponent. Furthermore, the MTs are divided into two groups,

where four guaranteed-rate MTs are in one of the groups, while no guaranteed rate is maintained

for the MTs in the other group. Firstly, the convergence behaviour of the proposed distributed al-

gorithm is verified. Then, we evaluate the effect of the VLC system’s parameters on the overall

effective capacity. In this chapter, two different types ofMTs, namely the multi-homing MTs and

multi-mode MTs defined in Section .4.3 are considered. We will then compare the effective capac-

ity of these two different types of MTs. The effects of the statistical delay and the LOS blocking

probability are also investigated in this Section. The effect of the MTs’ geographic distribution is

also studied, where the MTs are located at the room-centre and room-edge, respectively. Our main

system parameters are summarised in Table 4.4.
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Table 4.3: Decentralized algorithm for Problem 2

Algorithm 2

Input

θn: Delay requirement of each MT n ∀n,

Rn: Rate requirement of each MT n ∀n
Initialization

t← 1;

Price value for each network: υ(t) = {υ1(t), ..., υM (t)} = 0

Price value for each MT: µ(t) = {µ1(t), ..., µN (t)} = 0

step size: positive ξ and ǫ

While t does not reach its maximum

Get optimal β⋆ and x⋆

For each MT n ∈ N
Each MT solves the problem presented in Eq. (4.58);

End for

Update price values

For m ∈M
Price value υm updates according to Eq. (4.63)

End for

For n ∈ N
Price value µn updates according to Eq. (4.64)

End for

ξ ← ξt−
1
2
+ǫ

t← t+ 1

End

Output x⋆(t) and β⋆(t)

4.6.1 Convergence of the Iterative Distributed Algorithm

Fig. 4.8 illustrates the convergence behaviour of our distributed RA algorithm for both the so-

phisticated multi-homing MTs and for the multi-mode MTs defined in Section 4.3 at a zero VLC

blocking probability ofp = 0, in conjunction withθ = 0.01 andα = 1. For comparison, we use

the BONMIN solver [248] in order to derive the optimal solution for our RA problem. As shown

in Fig. 4.8, our distributed RA algorithm converges to the optimal value within 100 iterations for

both the multi-homing MTs and for the multi-mode MTs. This result demonstrates that the dis-

tributed RA algorithm indeed finds the optimal RA probability for multi-homing MTs as well as

the optimal RA probability and network selection for the multi-mode MTs, respectively. Observe

furthermore from Fig. 4.8 that the objective function valueis higher for multi-homing MTs than

that for the multi-mode MTs. This is because the multi-homing MTs are supported by both the
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Table 4.4: Notations and System parameters

2D indoor scenario

Length of room 20m

Height of room 3m

Number of indoor MT 10

Height of MT 0.85m

Number of rate guaranteed MT 4

BER target of MTs 10−5

Guaranteed effective capacity 10/20 (Mbit/s)

Number of iteration 100

VLC System

Height of LED 2.5 [m]

Power of LED 20 [w]

Semi-angle at half power 70 [deg.]

Width of the field of view 60 [deg.]

Detector physical area of a PD 1.0 [cm2]

Refractive index of a lens at a PD 1.5

O/E conversion efficiency 0.53 [A/W]

Available bandwidth for VLC system 10 [MHz]

Reflectance factor 0.8

Electronic charge 1.6 × 10−19 [C]

Background current 5.1 × 10−3 [A]

Open-loop voltage gain 10

Fixed capacitance of the PD per unit area 1.12 × 10−6

FET channel noise factor 1.5

FET transconductance 3× 10−2

Femtocell System

Position of the indoor femtocell (0, 0)

Transmission power of the femtocell BS 0.02 [w]

Indoor path-loss exponent 3

Carrier frequency 2 [GHz]

Indoor path-loss constant 37 [dB]

Available bandwidth for femtocell system 5 [MHz]
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Figure 4.8: Objective function (OF) values versus the total number of iterations for

the proposed decentralized algorithms for both multi-homing MTs and multi-mode

MTs, in conjunction with α = 1, θ = 0.01 and p = 0

.

the VLC system and the femtocell. By contrast, multi-mode MTs are only supported by one of the

avaiable networks. It is also observed that the objective function value converges after 8 iterations,

when the total number of MTs is set to 10. However, the speed ofconvergence becomes slower,

when we increase the number of MTs. The objective function value converges after 60 iterations in

our simulations, when the total number of MTs is set to be 20.

4.6.2 Effective Capacity of MTs: Multi-Homing versus Multi-Mode MTs

Let us now compare the performance of multi-homing MTs and multi-mode MTs for different

values ofα. It is observed that the performance of the multi-homing MTsis better than that of the

multi-mode MTs. Again, this is because the multi-mode transmission may be viewed as a specific

scenario of multi-homing. Hence, the performance of multi-mode MTs may be interpreted as the

lower bound of the maximum achievable capacity of multi-homing MTs. When we setα = 0,

as shown in Fig. 4.9, the RA problem is reformulated as the maximization of the total effective

capacity. Since user 5 and user 6 are located in the middle of the room and are capable of achieving

a better performance for the RF femtocell, the femtocell system is willing to allocate more resources

to these two MTs in the multi-homing scenario.
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Furthermore, owing to the rate constraint, the guaranteed-rate MTs always satisfy the minimum

rate requirement. For the multi-homing scenario, the VLC system and the RF femtocell system may

simultaneously transmit to MT 4 in order to satisfy the rate requirement. However, for the multi-

mode scenario, the femtocell system may allocate the resource to MT 4 in order to satisfy its rate

requirement This is because the VLC system may not be able to simultaneously satisfy all of the

four MTs’ rate requirement. For the non-rate-guranteed MTs, no resource will be allocated, when

α = 0. This is because the VLC system prefers to allocate resources to the guaranteed-rate MTs,

and the femtocell system may allocate resources to the centrally located MTs, in order to achieve

the maximum total effective capacity.
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Figure 4.9: The effective capacity of both multi-homing MTs and multi-mode MTs,

along with α = 0, θ = 0.01 and p = 0.1

.

When we setα = 1, observe in Fig. 4.10 that the RA problems are formulated under the

proportional fairness constraint. It is illustrated that the objective function value for MT-homing

MTs is higher than that for MT-mode MTs. The rate guaranteed MTs have higher priority and their

rate requirements are satisfied for both the multi-homing and the multi-mode scenarios. It may be

observed in Fig. 4.10 that the MTs located in the middle of theroom may achieve a higher effective

capacity for multi-homing MTs. This is because the MTs in themiddle of the room are capable of

achieving a better performance, when communicating with the RF femtocell system. In contrast to

the scenario ofα = 0, the system may allocate resources to the non-guaranteed-rate MTs under the

consideration of fairness to all MTs. Hence MT 7, 8, 9, 10 alsoreceive their signals from the VLC
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system or from the femtocell system. When the MTs are of the multi-mode type, the centre MTs

may choose the RF femtocell system for their transmission, while the VLC system may transmit

to the edge MTs. Furthermore, observe in Fig. 4.11 that when we increase the value ofα, the

differences of effective capacity upon receiving from a specific network between the different MTs

are smaller than that when we setα = 1. As a result, we believe that having a higherα results in a

higher grade of fairness.
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Figure 4.10: The effective capacity of both multi-homing MTs and multi-mode

MTs, with α = 1, θ = 0.01 and p = 0.1

.

4.6.3 Effect of the Delay Statistics

Fig. 4.12 illustrates the effect of the delay exponentθ on the overall effective capacity of the MTs

for the blocking probabilities ofp = 0 andp = 0.1, respectively. Observe from the figure that the

overall effective capacity is reduced upon increasing the delay exponentθ. However, the overall

effective capacity of both the VLC and of the RF femtocell system is fairly insensitive to the delay

exponent, when the exponent is relatively small. This is because when the delay exponent is low,

the resultant delay requirement is loose and the overall effective capacity is close to the Shannon

capacity, which depends on the wireless channel, but is independent of the delay of the packet-

arrival process. However, the overall effective capacity of the RF femtocell decreases substantially,

when the delay exponent is increased. Furthermore, when thedelay exponent is relatively high, the
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overall effective capacity tends to zero. However, it is shown in Fig. 4.12 that the overall effective

capacity of the VLC remains almost unchanged for the entire delay exponent region considered for

p = 0. The DL effective capacity between the VLC LEDs and MTn is expressed as:∆1,n (β1,n) =

β1,nR
V LC
1,n , which is independent of the delay exponentθ. Observe from Fig. 4.12 that the effective

capacity gleaned from the VLC system decreases only slightly, while the effective capacity of the

RF femtocell decreases rapidly. This is because the VLC system increases the amount of resources

allocated to the guaranteed-throughput MTs, at the cost of decreasing the overall effective capacity.

Hence, the VLC system benefiting from a zero blocking probability is more reliable than the RF

femtocell link, when the MTs have to satisfy a certain delay constraint.

When we assume that the blocking probability of the VLC system equals to 0.1, its performance

degrades rapidly forθ ≥ 0.1. Hence naturally, the VLC system is more sensitive to the delay

constraints in the presence of a non-zero blocking probability. As a result, the RF femtocell has to

increase its RA probability, especially to the MTs operating under a strict bit rate guarantee. When

we haveθ > 1, it is observed in Fig. 4.12 that our system fails to fulfil thebit rate requirement.

In this case, no optimal solution can be found. It is also observed in Fig. 4.12 that the attainable

performance is similar for multi-homing MTs and multi-modeMTs, when the delay requirement is

loose.

4.6.4 Effect of the VLC System’s Blocking Probability

Let us now quantify the effect of the VLC system’s blocking probability on the overall effective

capacity of the MTs, when using a delay exponent of1. It is illustrated in Fig. 4.13 that the

VLC system’s effective capacity decreases, when the blocking probability is increased. However,

as seen in Fig. 4.13, the effective capacity of the RF femtocell system is slightly reduced for the

multi-homing MTs. The RF femtocell system should increase the amount of resources allocated to

the MTs, if they have to satisfy a certain guaranteed throughput, which is achieved at the price of

decreasing the overall effective capacity. When the MTs aremulti-mode terminals, we observe that

the overall effective capacity of the VLC system and RF femtocell system substantially decreases

atp = 0.1. This is because when the VLC LOS reception is blocked with a certain probability, the

effective capacity is substantially reduced according to Eq. (4.18) and the first reflected ray may

only contribute to the MTs located near the wall. As a result,the RF femtocell system may have to

allocate resources to the guaranteed-rate MTs, even if their RF channel quality is not particularly

good. When the LOS reception blocking probability increases fromp = 0.1 to p = 1, the overall

effective capacity of the RF femtocell system remains constant. This is because the femtocell

system may allocate most of its resources to the guaranteed-rate MTs. Increasingp results in

decreasing the performance of the VLC system. As a result, the overall effective capacity of the

VLC system keeps on decreasing. Whenp = 1, the LOS ray is blocked, hence the MTs may only

receive a reduced optical power due to the first reflected ray.Hence, it is plausible that when the
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Figure 4.13: The overall effective capacity of MTs versus the blocking probability

of the VLC system p , for α = 1 and θ = 1

.

blocking probability of the VLC system is high, the RF femtocell system becomes more reliable.

4.6.5 Effect of the User Distribution

In the above simulations, we assume that the MTs are randomlylocated in the room. Fig. 4.14

compares the overall effective capacity, when all the MTs are located in the center (center cluster)

or at the edge (edge cluster). Observe that the performance of the RF femtocell system of center-

cluster MTs is better than that of the edge-cluster MTs. Thisis because we assume that the RF

femtocell BS is positioned in the center of the room. As a result, the center-cluster MTs benefit

from a shorter transmission distance and a lower pathloss. We also observe that the overall effective

capacity of the VLC system decreases upon increasing the VLCLOS reception blocking probability

p. When the MTs are center-clustered, the effective capacityof the VLC system is substantially

reduced, asp increases from 0 to 0.1. Then it starts to decay towards 0 for largerp values. The

performance of the VLC system is sensitive to the LOS reception blocking, especially when the

MTs are located in the center of the room. However, when the MTs are edge-clusted, the VLC

system may still be capable of supporting an approximately 30 Mbit/s transmission rate, even if

the VLC LOS blocking probability becomes 1, because the edgeMTs may still benefit from the

reflected optical power.
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Figure 4.14: The overall effective capacity of MTs versus the blocking probability

of p, when the MTs are located at the room-center and room-edge, for α = 1 and

θ = 1

.

4.7 CONCLUSIONS

In Section 4.2, we outlined the model of a VLC system relying on LED lights, where both the link

characteristics and the transmission strategy were presented. More specifically, the topology of the

VLC system is illustrated as Fig. 4.1. The received SNR and the achievable bit rate was formulated

in Eq. (4.10) and Eq.(4.12). The corresponding simulation results were portrayed in Fig. 4.3 and

in Fig. 4.4-4.6 of Section 4.6, where the distribution of theindoor received SNR, and that of the

ASE were illustrated. It was observed that there is a coverage dead-zone, when the number of LED

lights is not sufficient, but the received SNR and ASE becomesnear-constant, when the number of

LED lights is increased.

In Section 4.3, the system model of the indoor heterogeneousnetwork was characterized, where

the effective capacity of VLC system and of the RF femtocell system were expressed in Eq.(4.18)

and Eq.(4.19). Later, the RA problems of both the multi-homing MTs and the multi-mode MTs

were formulated in Section 4.4, where their fairness, statistical delay constraints and their bit rate

requirements were also taken into account. In order to solvethe associated RA problems effi-

ciently, distributed RA algorithms were proposed in Section 4.5. The convergence behaviour of the

distributed algorithms was illustrated in Fig. 4.8, where the performance of the distributed algo-
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rithm was verified by comparing the related simulation results to those of the optimal centralized

solution.

We also compared the performance of multi-homing MTs to thatof the multi-mode MTs, for

different fairness factors, as depicted in Fig. 4.9, Fig. 4.10 and Fig.4.11. Observe in these figures

that the proposed distributed solution is indeed capable ofguaranteeing the associated bit require-

ments. As expected, multi-homing MTs are capable of achieving a better performance than multi-

mode MTs, since multi-homing MTs have access to multiple networks. Furthermore, it is observed

in Fig. 4.9, Fig. 4.10 and Fig. 4.11 that having a higherα results in a higher grade of fairness. In

order to evaluate the effects of statistical delay parameters and that of the LOS blocking probability,

the overall effective capacity was studied in Fig. 4.12 and in Fig. 4.13. We have summarized the

overall effective capacity of MTs extracted from Fig. 4.12 and Fig. 4.13 and summarized them in

Table 4.6 and in Table 4.5, respectively.

Table 4.5: Performance summary of the indoor HetNet of Fig. 4.12, for different

statistical delay exponent θ and for α = 1.

VLC, p = 0 Femtocell,p = 0

MT type Multi-homing Multi-mode Multi-homing Multi-mode

θ = 10−3 ∼ 10−1 79 Mbit/s 79 Mbit/s 82 Mbit/s 82 Mbit/s

θ = 1 79 Mbit/s 79Mbit/s 68 Mbit/s 58 Mbit/s

θ = 10 78 Mbit/s 78 Mbit/s 11 Mbit/s 0 Mbit/s

θ = 102 78 Mbit/s 78 Mbit/s 2 Mbit/s 0 Mbit/s

VLC, p = 0.1 Femtocell,p = 0.1

MT type Multi-homing Multi-mode Multi-homing Multi-mode

θ = 10−3 71 Mbit/s 69 Mbit/s 82 Mbit/s 86 Mbit/s

θ = 10−2 70Mbit/s 69Mbit/s 82 Mbit/s 80 Mbit/s

θ = 10−1 66 Mbit/s 66 Mbit/s 82 Mbit/s 80 Mbit/s

θ = 1 32 Mbit/s 29 Mbit/s 67 Mbit/s 29 Mbit/s

θ = 10 N/A N/A N/A N/A

θ = 102 N/A N/A N/A N/A

It is observed from Fig. 4.12 that the overall effective capacity is reduced upon increasing the

delay exponent. However, the system performance remains fairly insensitive to the delay expo-

nent, in the range spanning from10−3 to 10−1. It is remarkable that the VLC system remains

independent of the statistical delay parameter, provided that the LOS blocking probability is set to

0. However, if there is an non-negligable blocking probability for indoor MTs, the system perfor-

mance is significantly degraded, especially when the delay exponent is relatively high. As a result,

the indoor HetNet may not be capable of satisfying the QoS requirements of indoor MTs.

As expected, the performance of a VLC system is significantlyaffected by the LOS blocking

probability. When we havep = 1, the LOS ray is blocked, hence the MTs may only receive a
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Table 4.6: Performance summary of the indoor HetNet of Fig. 4.13, for different

blocking probability p, for α = 1 and θ = 1.

VLC Femtocell

MT type Multi-homing Multi-mode Multi-homing Multi-mode

p = 0 79 Mbit/s 79 Mbit/s 68 Mbit/s 58 Mbit/s

p = 0.2 29Mbit/s 26Mbit/s 62 Mbit/s 30 Mbit/s

p = 0.4 24 Mbit/s 23 Mbit/s 58 Mbit/s 30 Mbit/s

θ = 0.6 20 Mbit/s 19.5 Mbit/s 50 Mbit/s 30 Mbit/s

θ = 0.8 19 Mbit/s 19 Mbit/s 40 Mbit/s 30 Mbit/s

θ = 1 18 Mbit/s 18 Mbit/s 30 Mbit/s 30 Mbit/s

reduced optical optical power due to the first reflected ray. In order to satisfy a particular bit rate

requirement, the femtocell has to allocate its resources tothe rate guarantee MTs, at the price of

decreasing the overall effective capacity. Hence it is plausible that when the VLC LOS blocking

probability is high, the RF femtocell system becomes more reliable.

Additionally, the effect of the MT distribution was investigated, as characterized in Fig. 4.14.

Central MTs benefit from a shorter transmission distance, when the blocking probability is 0. How-

ever, it is observed that the edge MTs benefit from the reflected ray when there is a non-negligible

blocking probability.



Chapter 5
Resource Allocation for Indoor HetNet

Relying on Different VLC Transmission

Strategies

5.1 Introduction

In Chapter 4 an indoor Heterogeneous Network HetNet was considered, where femtocells and LED

light based VLC was used for providing indoor coverage. The optimal Resource Allocation RA in

the DL of this HetNet was addressed, while meeting diverse QoS requirements. It was assumed

that a SCMT scheme was employed, where all LED lights in the room provide coverage for a single

transmission cell, as depicted in Fig. 4.2. Hence the signalreceived from a MT is characterized

by the sum of the signals transmitted from all the LED lights according to Eq.(4.10). A specific

drawback of this approach is that the resultant ASE of the LEDlights is low, since only a single

LED MT is supported in a specific DL transmission slot. In order to overcome this drawback,

we study the RA problems of this indoor HetNet under the consideration of various transmission

strategies in the context of ACO-OFDM aided VLC. A straightforward technique of improving the

ASE of the LED lights is to simply transmit different DL signals simultaneously from every LED

light. As a result, each LED light creates a transmission cell. A major impairment imposed by

this cell formulation is the interference between neighbouring LED lights of the adjacent attocells.

The performance of VLC system is mainly dominated by the received LOS component, hence the

more distant cell edge MTs may suffer from severe interference. A In order to cope with this

impairment, sophisticated transmission strategies have to be designed, but at the time of writing,

there is a paucity of studies on the transmission strategiesof VLC cells. A cooperation transmission
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scheme was proposed in [203], where two neighbouring LED lights operate as a transmission cell

and transmit identical signals, namely, Combined Transmission for two LED lights (CT-2). As a

result, the potential ICI is benefically turned into useful signals. Furthermore, the authors of [201]

discussed FFR invoked for VLC cells and subsequently a jointmulti-LED transmission regime

was derived in [202, 203]. In this chapter, these transmission strategies are introduced and the

performance of ACO-OFDM aided VLC is compared. Furthermore, we still consider the indoor

HetNet scenario considered in Chapter 4, the Resource Allocation (RA) problems are solved.

In this chapter, we still address the optimal RA in the DL of HetNet, where ACO-OFDM aided

VLC combined with an RF femtocell scenario is employed. Fourdifferent transmission strategies

are conceived for VLC, and their performance is compared. Then, the optimal RA is found different

transmission strategies, while meeting the statistical delay targets of delay-sensitive traffic. The

contributions of this chapter are summarized as follows:

• In contrast to the SCMT scheme used in Chapter 4, we introduceanother three transmission

strategies for our ACO-OFDM aided VLC system. In the radicalUFR, each LED light pro-

vides coverage for a single transmission cell, hence creating an attocell of its own. By con-

trast, the merged Combined Transmission (CT) scenario, several neighbouring LED lights

can be merged into a multi-LED aided transmission cell and inorder to mitigate the inter-cell

interference of the VLC system considered. For example, in the CT-2 transmission scenario,

two neighbouring LED lights transmit identical signals. Inthis context, Frequency Reuse

(FR) aided transmission is invoked, where the LED lights of the neighbouring attocells use

a different frequency band, hence forming a VLC system having a frequency reuse factor 2.

The performance of these transmission strategies is compared and investigated.

• The RA problems are formulated, under the consideration of the various transmission strate-

gies of the VLC system. Similar to Chapter 4, the RA problems are formulated as non-linear

programming problems and a distributed algorithm is proposed for solving the RA problems.

This chapter is organized as follows. In Section 5.2, we describe both our system model as

well as the transmission strategies of the VLC system. The achievable bit rate of VLC under these

transmission strategies is compared in Section 5.3. The formulation of our RA problems and the

proposed distributed algorithms are outlined in Section 5.4. Finally, our performance results are

provided in Section 5.5 and our conclusions are offered in Section 5.6.
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5.2 Transmission Strategies in ACO-OFDM Aided VLC

5.2.1 The Topology Model

Similar with the indoor model employed in Chapter 4, the 2-dimensional (2D) indoor room model

is used, as depicted in Fig. 4.1. Again, the set of MTs is denoted byN = {1, · · · , n, · · · , N}.
Similarly, the set of LED lights is denoted byU = {1, · · · , u, · · · , U}. The cell set is denoted

as:M = {1, · · · ,m, · · · ,M}, wherem denotes themth accessible cell. Since it was illustrated

in Fig. 4.8 that the multi-homing MTs are capable of achieving a better performance than the

multi-mode MTs, in this chapter, only multi-homing MTs are considered.

The link characteristic of the VLC system was presented in Section 4.2.1, where the VLC

channel gain is constituted by the sum of the direct link gainand the first-reflection link gain.

Furthermore, the received SNR and the achievable bit rate ofthe ACO-OFDM aided VLC system

at MT n is given by Eq.(4.10) and Eq.(4.12), respectively. Again, ACO-OFDM is employed for

our VLC system and, the achievable rate of the ACO-OFDM aidedVLC system is characterised by

Eq. (4.12), where we denote the instantaneous transmission probability of the cellm transmitting to

MT n asβm,n. The achievable throughput of MTn supported by cellm is expressed as:βm,nrm,n,

whererm,n denotes the instantaneous transmission bit rate in the DL ofcellm to MT n.

5.2.2 Transmission Strategy

5.2.2.1 Single Cell Multi-point Transmission

In the Chapter 4, the SCMT philosophy was used, where all LED lights in the room illuminate a

single transmission cell, as depicted in Fig. 4.2. As a result, the received SNRξV LCn of MT n

served by the VLC system is given by:

ξSCMT
n =

π
(

ςP V LC,ot

∑

uHu,n

)2

(σV LC)
2 , (5.1)

where the VLC channel gainHu,n of the link spanning from theuth LED light to MTn is given by

Eq. (4.1) and Eq.(4.5), while the varianceσ2 of the noise is given by Eq.(4.6), Eq. (4.7) and Eq.

(4.8). The achievable rateRSCMT
n of the VLC system under the SCMT for MTn is given by Eq.

(4.12).

Since all the LED lights illuminate as a single cell, indoor MTs are capable of accessing both

the VLC cells and the RF femtocell. As a result, we may haveM = 2, wherem = 1 andm = 2

represent the ACO-OFDM aided VLC and the RF femtocell network, respectively.
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5.2.2.2 Unity Frequency Reuse

Again, a straightforward way of constructing a VLC cell is tosimply assume that each VLC light

illuminates an individual attocell, which corresponds to adopting Unity Frequency Reuse (UFR)

across all VLC cells, as depicted in Fig. 5.1. Hence, apart from receiving the desired signal, a MT

may also suffer from the interference impinging from the neighbouring LED lights.

...
LED 1 LED 2 LED 3 LED 4

Desired Single

MT

Interference

MT

LED U

Figure 5.1: The 2D model of the room using the LED light based VLC system,

where the UFR transmission is assumed.

Here each LED light operates as a single cell. Hence, there are U attocells for the DL VLC

transmission. As a result, the set of cells accessible for our indoor MTs is constituted byM VLC

attocells plus the femtocell, where we haveM = U + 1. We assume thatm = {1, · · · ,m, · · · , U}
denote themth VLC attocell, whilstm = U + 1 represents the RF femtocell. The received SINR

ξUFRm,n of MT n served by cellm is given by:

ξUFRm,n =
π
(

ςP V LC,ot Hm,n

)2

(σV LC)2 + πς2
∑

m
′ 6=m

(

P V LC,ot Hm
′
,n

)2 , (5.2)

where again the VLC channel gainHm,n of the link spanning from themth LED light to MT n is

given by Eq. (4.1) and Eq. (4.5), and the varianceσ2 of noise is given by Eq.(4.6), Eq. (4.7)

and Eq.(4.8). The instantaneous transmission rateRUFRm,n of the VLC under UFR supported by the

VLC attocellm for MT n is given by Eq.(4.12). Again, the bit rate achieved by MTn becomes

βm,nrm,n, whererm,n denotes the instantaneous transmission bit rate accordingto Eq.(4.12).
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5.2.2.3 Combined Transmission

In this CT arrangement, each individual VLC light of a multi-LED cell conveys the same infor-

mation on the same carrier frequency. In this chapter, we assume that the neighbouring two LED

lights are merged into a CT-2 transmission cell and transmitidentical signals, as depicted in Fig.

5.2 1.

...
LED 2 LED 4

Desired Single

MT

Interference

LED 1 LED 3

Cell 1 Cell 2

MT

LED U

Figure 5.2: The 2D model of the room using the LED light based VLC system,

where the CT-2 transmission is assumed.

Under the CT-2 transmission, there areU2 attocells for DL VLC transmission. As a result, the

set of cells accessible for our indoor MTs areU2 VLC attocells plus the femtocell. We assume that

m =
{

1, · · · , U2
}

denote themth VLC attocell, whilstm = U
2 + 1 represents the RF femtocell.

The received SINRξCT−2
m,n of MT n served by cellm is given by:

ξCT−2
m,n =

π
[

ςP V LC,ot (H2m−1,n +H2m,n)
]2

(σV LC)2 + πς2
∑

m′ 6=m

(

P V LC,ot Hm′ ,n

)2 . (5.3)

Then, the instantaneous transmission rate of the VLC under UFRRCT−2
m,n from VLC virtual cell

m to MT n is given by the Eq.(4.12). Again, the bit rate achieved by MTn becomesβm,nrm,n,

whererm,n denotes the instantaneous transmission bit rate accordingto Eq.(4.12).

1Since two LED lights are merged into an attocell in this chapter, we assume that the number of indoor

LED lights U is even, for simplicity.
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5.2.2.4 Frequency Reuse Aided Transmission

Again, following the traditional RF cellular design principle, FR aided transmission may be em-

ployed for reducing the inter-cell interference (ICI). Here we invoke this classic idea in our VLC

system, where the neighbouring LED lights use a different frequency band, hence forming a VLC

system having frequency reuse factor equalling to 2, as depicted in Fig. 5.3. We refer to this trans-

mission strategy as FR-2. The entire available frequency band of VLC is divided into two frequency

band, namelyF1 andF2, where we have|F1| = |F2|. It is reasonable to stipulate this frequency

reuse assumption in our VLC system. This is because that there are two popular techniques of con-

structing white LEDs, namely either by mixing the Red-Green-Blue frequencies using three chips,

or by using a single blue LED chip having a phosphor layer. We consider the latter one, which

is the favoured commercial version. Although the terminology of ’white’ LED gives the impres-

sion of having all frequency components across the entire visible light spectrum, in fact only the

blue frequency-range is detected. More precisely, not eventhe entire blue frequency-range is de-

tected, since the less responsive phosphorescent portion of the frequency-band is ignored. Hence,

the modulation bandwidth is typically around 20 MHz, albeitthis measured bandwidth depends

on the specific LED product used. Given this 20 MHz bandwidth,we are now ready to employ

ACO/DCO-OFDM and partition its bandwidth into arbitrary frequency reuse patterns.

...
LED 1 LED 2 LED 3 LED 4

Desired Single

MT MT MT

...

LED U

F1 F2 F1 F2

F1 F2

Figure 5.3: The 2D model of the room using the LED light based VLC system,

where the FR-2 transmission is assumed.

Similar to the UFR transmission of Fig. 5.1, each LED light operates as a single attocell,

hence, there areU VLC attocells for downlink transmission. As a result, the set of cells accessible

for our indoor MTs isU VLC transmission attocells plus the RF femtocell. We assumethatm =

{1, · · · ,m, · · · , U} denote themth virtual VLC cell, whilstm = U+1 represents the RF femtocell.

Furthermore, We assume that the VLC attocells ofM1 = {1, 3, · · · , U − 1} use the frequency

bandF1, whilst the attocells ofM2 = {2, 4, · · · , U} develop the frequency bandF2. The received



5.3. Simulation Results 129

SINR ξFR−2
m,n of MT n served by cellm ∈M1 is given by:

ξFR−2
m,n =

π
(

ςP V LC,ot Hm,n

)2

(σV LC)
2
+ πς2

∑

m′∈M2

(

P V LC,ot Hm′ ,n

)2 . (5.4)

Again, the bit rate achieved by MTn becomesβm,nrm,n, whererm,n denotes the instantaneous

transmission bit rate according to Eq.(4.12).

It is remarkable that the ICI imposed by the direct link is completely avoided when employing a

frequency reuse factor equalling to 2 in the 2-D indoor scenario considered. We do not consider the

FFR scheme employed in [202], because the FFR imposes a high complexity, hence, it is unrealistic

for adoption in VLC systems.

5.3 Simulation Results

In this section, the achievable bit rate of the considered ACO-OFDM aided VLC is presented, re-

lying on the four transmission strategies introduced. Similar system configurations of VLC system

is opted, as listed in Table 4.1. Again, it is assumed that thetransmission power of the optical

VLC system is fixed. Firstly, the achievable bit rate distribution and BER of the ACO-OFDM aided

VLC is compared. Then, we assume thatN = 10 MTs are randomly distributed in the room and

the classical round robin scheduling scheme [251] is used inour simulations, where each MT is

allocated the same resource. The Cumulative Distribution Function (CDF) of the achievable bit

rate is presented. Furthermore, the effects of the FOV and that of the semi-angle at half power is

evaluated.

5.3.1 The Downlink performance of VLC

Let us now compare the performance of the ACO-OFDM aided VLC using the parameters listed

in Table 4.1 under the four transmission strategies introduced in Section 5.2.2. The achievable bit

rate and BER of our VLC system are demonstrated in Fig. 5 Observed from the Fig. 5.4 that

SCMT regime is capable of achieving the highest bit rate, since all the LED lights transmit an

identical signal which results in a near-uniformly distributed received SNR. However, as we stated

in Section 5.2, the achievable bit rate is expected to be significantly reduced, when multiple MTs

are in the room, since only a single MT is served for SCMT regime. As expected, The indoor MTs

suffer from the interference, relying on UFR regime. As a result, the bit rate decays in most of

the indoor areas (-7 to 7). Although, UFR transmissions activate all the LEDS for transmission as

individual attocells, it is still unwise to employ UFR transmissions owing to the poor performance

of the indoor centrally located MTs. The CT-2 regime improves the indoor coverage in Fig. 5.4

by jointing the neighbouring pair of LED lights. However, there are still some areas, which suffer
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Figure 5.4: The achievable bit rate and the BER of our VLC system, under the

SCMT, UFR transmission, CT-2 and FR-2 Transmission. The number of LED

light is set to 8, and the other simulation parameters are listed in Table 4.1.

from the inter-cell interference. This erodes the achievable bit rate, because CT-2 is unable to

avoid the inter-cell interference. In contrast to CT-2 regime, FR-2 transmission scheme is capable

of maintaining a near-constant bit rate. This is because that the interference is avoided amongst

the neighbouring cells, since different frequency bands are used for the neighbouring attocells.

However, the achievable bit rate is limited by the reduced bandwidth, when the MTs relying on

FR-2.

We also demonstrate the BER of indoor MTs in the right of Fig. 5.4. As expected, SCMT

regime exhibit the lowest BER, where most of indoor MTs are capable of the downlink transmission

with a BER of10−5. FR-2 regime is capable of achieving the similar BER with SCMT regime,

because the inter-cell interference is avoided when MTs is relying on FR-2 in our 2-D VLC system.

The UFR regime exhibit the worst BER performance, where the BER of indoor central MTs may

become to10−2.

Furthermore, when the LOS rays are blocked, i.e.p = 1, the achievable bit rate of indoor MTs

is compared in Fig. 5.5. It is observed that the central MTs inthe range spanning from -7.8m to

7.8m are unable to maintain a useful transmission bit rate. The angle of incidence of the reflected

rays may be wider than the value of FOV, when the MTs are located in the central region. By

contrast, the edge MTs are capable of achieving a beneficial DL transmission rate, owing to the

reflected rays. Observed from Fig. 5.5 that the SCMT outperforms the other three transmission
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Figure 5.5: The bit rate distribution of our VLC system relying on the SCMT,

UFR transmission, CT-2 and FR-2 transmission, when the LOS ray is blocked.

The number of LED light is set to U = 8, and the other simulation parameters are

listed in Table 4.1.

strategies in this scenario, since there is no interferenceunder the SCMT regime and the desired

signals are constituted by the sum of all the LED lights. It issomewhat unexpected that the FR-2

transmission regime exhibits the lowest available bit rate.

5.3.2 Cumulative Distribution Function of The Achievable Bit Rate

Fig. 5.6 compares the Cumulative Distribution Function (CDF) of the for different transmission

strategies, in conjunction withU = 8 LED lights, a half field of viewΦc = 60o andN = 10 indoor

MTs. The indoor MTs are randomly distributed and the classicround robin scheduling scheme is

assumed. Hence each MT is allocated the same resource. Observe from the figure that the MTs

maintain a bit rate ranging from 10 Mbit/s to 15 Mbit/s, when the SCMT regime is employed.

By contrast, the achievable bit rate of MTs fluctuates dramatically both for the UFR and CT-2

transmission, spanning from 5 Mbit/s to 120 Mbit/s. About ofthe50% MTs under CT-2 maintain a

bit rate more than 20 Mbit/s, but this is reduced to30% for the UFR regime. Furthermore, the FR-2

transmission regime may support the highest transmission bit rate according to Fig. 5.6, since the

interference is avoided in the scenarios considered. It is remarkable that 60 Mbit/s the maximum

transmission bit rate of FR-2 is much lower than that of the UFR and CT-2 transmission.
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Figure 5.6: The CDF of the achievable bit rate of our VLC system of Fig. 4.1,

under SCMT, UFR, CT-2 and FR-2 transmission. The number of LED lights is

set to U = 8, and the other simulation parameters are listed in Table 4.1.

5.3.3 Effect of The Field of View Angle

Let us now focus our attention on the effect of the FOV of MTs. Increasing the FOV leads to

the expansion of the areas contaminated by interference. Furthermore, the value of the FOV may

affect the gain of an optical concentrator, according to Eq.(4.2) and it is also expected to affect

the channel gain of the VLC system. Firstly, it is observed from Fig. 5.7 that the achievable rate

of the MTs is near-constant under the SCMT, because the FOV does not substantially affect the

channel gain of the VLC, owing to the logarithm in Eq.(4.12). By contrast, the achievable bit

rate gracefully decays under the UFR and CT-2 regime, since the MTs suffer from the interference

generated by more LED lights, which erodes the achievable bit rate. The CT-2 regime outperforms

the UFR transmission in the scenario considered. By contrast, the achievable bit rate of the MTs

under the FR-2 transmission regime remains near-constant,when we have a FOV ofΦc ≤ 125o.

This is because the MTs may not suffer from any interference as a benefit of the frequency reuse.

However, the achievable bit rate is reduced when we further increase the FOV of MTs. The reason

for this phenomenon is that the the indoor MTs may still suffer from the interference generated by

the LED lights using the same frequency band, if the FOV is wide.
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Figure 5.7: The achievable bit rate of the VLC system of Fig. 4.7, for different

FOV angles, under the SCMT, UFR, CT-2 and FR-2 transmission. The number

of LED lights is set to U = 8, and the other simulation parameters are listed in

Table 4.1.

5.3.4 Effect of The Semi-Angle at Half Power

Fig. 5.8 illustrates the effect of the value of semi-angle athalf power on the available bit rate of

indoor MTs, in conjunction withU = 8 LED lights, a half field of viewΦc = 60o, andN =

10 indoor MTs. As shown in the figure, the bit rate decreases as a function of the semi-angle.

Explicitly, the semi-angle at half power may affect the order of Lambertian emissionq, which

may be written as:q = ln 2
ln(cos φ1/2)

. To expound further, a wider value of semi-angle at half

power reduces the order of Lambertian emission and hence further decreases the received SNR. It

is remarkable that the SCMT remains fairly insensitive to the value of the semi-angle at half power.

By contrast, the UFR transmission is seen to be more sensitive to the value of the semi-angle at half

power in Fig. 5.8.

5.4 Resource Allocation for The Indoor HetNet

In this section, the RA problem formulation is formulated for indoor multi-homing MTs in the

context of the HetNet considered, and then the problems are solved by the distributed algorithm
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Figure 5.8: The achievable bit rate of the VLC system of Fig. 4.7, for different

semi-angle at half power, under the SCMT, UFR, CT-2 and FR-2 transmission.

The number of LED light is set to U = 8, and the other simulation parameters are

listed in Table 4.1.

introduced in Section 4.4. Similar to the scenario considered in Chapter 4, the ACO-OFDM aided

VLC and a RF femtocell are used for providing indoor coverage. The RA problems are formulated

relying on proportional fairness, while satisfyingthe specific statistical delay constraints. Again, we

invoke the effective capacity approach for converting the statistical delay constraints into equivalent

average rate constraints. The effective capacity∆m,n of the indoor MTn supported by cellm is

given by the Eq.(4.18), whilst the effective capacity of the femtocell is formulated in the Eq.

(4.19).

5.4.1 Problem Formulation

Our objective is to find the optimal RA per network by maximizing the sum of all MT’s util-

ity function. In this chapter, the utility function of MTn served by the cellm is defined as

log [∆m,n (βm,n)], where the logarithm is used for guaranteeing fairness amongst the MTs served.
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As a result, the corresponding RA problem may be formulated as:

Problem 1: maximize
β

∑

m∈M

∑

n∈N
log [∆m,n (βm,n)] (5.5)

subject to:
∑

n∈N
βm,n ≤ 1, ∀m ∈M, (5.6)

0 ≤ βm,n ≤ 1, (5.7)

whereβ denotes the RA matrix of the VLC combined with the RF femtocell system. The effective

capacity∆m,n of the VLC system and that of the RF femtocell is given by Eq.(4.18) and Eq.

(4.19), respectively. Physically, the constraint(5.6) ensures that the total resources allocated in a

cell always remain below unity. Whilst, the constraint(5.7) describes the feasible region of the

optimization variables.

5.4.2 Decentralized Sub-optimal Resource Allocation Schemes

The problem is a concave one and the associated proof is givenin Section 4.4.2. As a result,

the problem described by(5.5), (5.6) and(5.7) may also be solved by the distributed algorithm

introduced in Section 4.5. Similarly, the Lagrangian function formulated for(5.5), (5.6) and(5.7)

may be expressed as:

L (β,υ) =
∑

m∈M

∑

n∈N
(log ∆m,n − υmβm,n) +

∑

m∈M
υm, (5.8)

where we have0 ≤ β ≤ 1, while υm represents the Lagrange multipliers or prices associated

with themth inequality constraint(5.6). Similarly, the dual objective functiongm,n (υm) of MT n

supported by networkm is written as:

gm,n (υm) = log ∆m,n − υmβm,n. (5.9)

At the lower level, the optimal resource allocationβm,n may be written as:

β∗m,n = argmax
0≤βm,n≤1

gm,n (υm) . (5.10)

It may be readily shown thatgm,n (υm) is concave with respect to the variableβm,n. Hence the

maximization ofgm,n (υm) may be achieved by finding the partial derivative ofgm,n (υm) with

respect to the variableβm,n.

At the higher level, we update the price parameterυ according to:

υm(t+ 1) =

[

υm(t)− ξυ(t)
(

1−
∑

n∈N
β⋆m,n

)]+

, (5.11)

5.4.2.1 Remarks

The optimal decentralized RA scheme is constituted by an iterative algorithm, which determines

the optimal transmission probability in the DL of networkm to MT n based on the iterative update
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of the price parametersυm, over a number of iterations, until the optimal solution is found. Each

of the networksm is initialized to a feasible price valueυm. Then each MT calculates the optimal

transmission probability based on the price informationυ. The optimal RA is derived during this

iteration. Each of the networksm updates its price valueυm based on the newly derived optimal

transmission probabilityβ and then broadcasts the optimal transmission probability to the MTs.

The optimal decentralized RA algorithm is formally described in Table 5.1.

Table 5.1: Decentralized algorithm for Problem 1

Algorithm 1

Input

θn: Delay requirement of each MT n ∀n,

Initialization

t← 1;

Price value for each network: υ(t) = {υ1(t), ..., υM (t)} = 0

step size: positive ξ and ǫ

While t does not reach its maximum

Get optimal β

For each Network m ∈M
For each MT n ∈ N

Each MT solves the problem presented in Eq. (5.10)

End for

End for

Update price values

For m ∈M
Price value υm updates according to Eq. (5.11)

End for

ξ ← ξt−
1
2
+ǫ

t← t+ 1

End

Output β⋆(t)

5.5 Results and Discussions

In this section, we present our numerical performance results for characterizing the proposed RA

algorithms in the context of the indoor VLC system of Fig. 4.7, where both the ACO-OFDM aided

VLC system and a RF femtocell are employed in order to provideindoor coverage. In contrast to

Chapter 4, four transmission strategies are considered. Weassume thatU = 10 MTs are uniformly

distributed in the room and all experience the same delay exponents. Again, it is assumed that the
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transmission power of both the optical VLC system and of the FBS are fixed to their maximum.

Firstly, the effects of statistical delay on the overall effective capacity are considered and then the

performance of the VLC system and of the RF femtocell is compared. Furthermore, the effects of

the LOS blocking probability on the overall effective capacity are considered. Our main system

parameters are summarised in Table 4.1.

5.5.1 Effect of The Delay Statistics

SCMT UFR CT-2 FR-2

O
ve

ra
ll 

ef
fe

ct
iv

e 
ca

pa
ci

ty
 (

M
bi

t/s
)

0

50

100

150

200

250

300

350

VLC
Femtocell

Figure 5.9: The overall effective capacity of the different transmission strategies,

with the statistic delay exponent θ set to 0.001 and the LOS blocking probability

p to 0.1. All other system parameters are summarized in Table 4.1.

Fig. 5.9, Fig. 5.10 and Fig. 5.11 illustrate the overall effective capacity of indoor MTs sup-

ported by both the VLC system and the RF femtocell, when we setthe statistical delaytheta equals

to 0.001, 0.1 and 10, respectively. Here, we assume that the LOS blocking probability of the VLC

system equals to 0.1 and the simulation parameters are listed in Table 4.1. Several key observations

may be made from these three figures.

1. The specific delay statistics significantly affect the performance of both the VLC system

and of the femtocell. Observe from the figures that the overall effective capacity decreases

upon increasing the delay exponent, which may be verified from Eq. (4.18) and Eq.(4.19).

However, the femtocell and the VLC relying on our different transmission strategies exhibit

different system behaviours. The overall effective capacity of the RF femtocell remains
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Figure 5.10: The overall effective capacity of the different transmission strategies,

with the statistic delay exponent θ set to 0.1 and the LOS blocking probability p

to 0.1. All other system parameters are summarized in Table 4.1.

nearly unaffected, when we increase the statistic delay exponent from 0.001 to 0.1, but it is

significantly reduced, when the statistic delay exponent isincreased from 0.1 to 10. Similar

observations are valid for the MTs under the SCMT regime. Explicitly, the effective capacity

remains insensitive to the delay exponent, when the exponent is relatively small. By contrast,

it is observed that the overall effective capacity of indoorMTs under FR-2 transmission is

significantly reduced, even when the statistic delay exponent is low. The reason for this is

that the effective capacity of the VLC system may be dominated by the power of received

reflected rays. As we have shown in the Fig. 5.5, the FR-2 transmission exhibits the lowest

bit rate, when the LOS rays are blocked. As a result, FR-2 transmission are expected to

be sensitive to the statistical delay requirement, when there is a non-zero LOS ray blocking

probability.

2. Again, observe from Fig. 5.9, Fig. 5.10 and Fig. 5.11 that if the statistic delay requirement

is loose, the FR-2 regime outperforms the other three transmission strategies, and the MTs

under SCMT exhibit the lowest bit rate. When we tighten the delay requirement and assume

θ = 10, the VLC system under the CT-2 regime achieves the highest effective capacity, as

decipted in Fig. 5.11. It is also illustrated that the effective capacity of the RF femtocell

is lower than that of the VLC system in most of the scenarios considered. However, the

effective capacity of the RF femtocell is slightly higher than that of the VLC system under
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Figure 5.11: The overall effective capacity of the different transmission strategies,

with the statistic delay exponent θ set to 10 and the LOS blocking probability p

to 0.1. All other system parameters are summarized in Table 4.1.

SCMT, when the statistical delay requirement is loose, i.e.for θ = 0.1. When we tighten the

delay requirement, the effective capacity of the RF femtocell becomes higher than that of the

VLC under the FR-2 transmission regime.

3. Based on these observations, it becomes plausible that when the delay requirement is loose,

the ACO-OFDM aided VLC system has to employ FR-2 transmission, in order to achieve the

highest effective capacity. However, the ACO-OFDM aided VLC system operating under the

CT-2 regime may become more reliable, when the delay requirements becomes tight.

5.5.2 Effect of The VLC System’s LOS Blocking Probability

Let us now quantify the effect of the VLC system’s blocking probability. Explicitly, Fig. 5.12

and Fig. 5.13 illustrate the overall effective capacity of indoor MTs supported by both the VLC

system and the RF femtocell, when we set the LOS blocking probability p to 0 and 0.2, respectively.

Here, we assume that the statistic delay exponentθ of the VLC system is to 0.1 and the simulation

parameters are listed in Table 4.1. Several key observations may be made from these two figures.

1. The LOS blocking probabilityp significantly affects the performance of the VLC system.

Observe from Fig. 5.12 and Fig. 5.13 the overall effective capacity decreases upon increasing
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Figure 5.12: The overall effective capacity of the different transmission strategies,

with the statistic delay exponent θ set to 0.1 and the LOS blocking probability p

to 0. All other system parameters are summarized in Table 4.1.

the delay exponent, which may be verified by observing Eq.(4.18). For the LOS blocking

probability considered, the FR-2 transmission regime is capable of achieving the highest

effective capacity. We also note from Fig. 5.12 and Fig. 5.13that CT-2 is capable of obtaining

a better performance than the SCMT and UFR transmissions, since CT-2 reduces the intra-

cell interference.

2. It is somewhat surprising that the advantage of the FR-2 transmission regime erodes, when

we increase the LOS blocking probability. The reason for this is that the performance may

be dominated by the cell-edge MTs, which are capable of successfully detecting the reflected

rays. As we illustrated in Fig. 5.5, the FR-2 transmission exhibits the lowest bit rate, when

the LOS rays are blocked. As a result, the advantage of FR-2 transmission erodes, when the

LOS blocking probability increases.

3. In the LOS blocking probability scenario ofp = 0, the effective capacity of the VLC sys-

tem is higher than that of the RF femtocell. The increased blocking probability reduces the

effective capacity of the VLC system, whilst that of the femtocell remains unchanged. As a

result, the RF femtocell constitutes an important complementary network, when there is an

non-zero LOS blocking probability.
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Figure 5.13: The overall effective capacity of the different transmission strategies,

with the statistic delay exponent θ set to 0.1 and the LOS blocking probability p

to 0.2. All other system parameters are summarized in Table 4.1.

5.6 CONCLUSIONS

In Section 5.2, various ACO-OFDM aided VLC transmission strategies were investigated. In

SCMT, all the LED lights jointly forming an attocell and transmit identical signals, as depicted

in Fig. 4.2. By contrast, in UFR transmission, a single LED light illuminates an attocell as de-

cipted in Fig. 5.1, which imposes downlink interference on the neighbouring cell. In CT-2, the

neighbouring pair of LED lights forms a ’twin-LED’ attocelland transmit the signals jointly, as de-

picted in Fig. 5.2. In the FR-2 transmission regime, each LEDlight creats its own attocell, and the

neighbouring pair of LED lights transmit their informationin different frequency band in order to

avoid the interference, as depicted in Fig. 5.3. The achievable bit rate and the corresponding BER

of indoor MTs supported by the AOC-OFDM aided VLC under different transmission strategies is

compared in Fig. 5.4 and Fig. 5.5. It was illustrated that SCMT is able to obtain the highest bit

rate. However, since only one MT can be served in one transmission slot, the performance may

degrade in a multi-MT scenario. Later, we considered 10 MTs were randomly located, the CDF of

the achievable bit rate was illustrated in Fig. 5.6, which shows that FR-2 transmission is capable of

achieving the highest bit rate. Furthermore, we investigated the VLC configurations on the achiev-

able bit rate in Fig. 5.7 and in Fig. 5.8. It was illustrated that the bit rate is independent with the

value of FOV when the VLC employs SCMT. However, the achievable bit rate of VLC under UFR,
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CT-2 and FR-2 degrades when increasing the value of FOV, as shown in Fig. 5.7. It is observed

in Fig. 5.8 the achievable bit rate of VLC under all the considered transmission strategies when

increasing the value of the semi-angle at half power.

Furthermore, we studied the RA problems of MTs in a VLC systemunder diverse statistical

delay requirements. The objective functions relied upon were shown to be concave. The decentral-

ized algorithms proposed in Chapter 4 were used for solving the associated RA problem. Later, we

studied the effects of the statistic delay requirements in Fig. 5.9, Fig. 5.10 and Fig. 5.11, and that

of the LOS blocking probability in Fig. 5.12 and Fig. 5.13. Itwas observed that the FR-2 transmis-

sion regimes is capable of achieving the highest effective capacity for a LOS blocking probability

of p = 0. Compared to the RF femtocell, the VLC system obtains a better performance, since

the available bandwidth of VLC is much wider than that of RF femtocell. By contrast, when we

consider a non-zero LOS blocking probability, the performance of VLC is significantly affected by

the statistic delay requirement. When the delay requirement is loose, FR-2 aided VLC may still

obtain the highest effective capacity and the effective capacity of VLC is higher than that of the RF

femtocell. However, when we tighten the delay requirements, CT-2 exhibits the highest effective

capacity. It is plausible that the FR-2 transmission regimeis capable of achieving the highest effec-

tive capacity, when the statistical delay requirements areloose. However, CT-2 transmission attains

the best performance, when we tighten the delay requirements. Furthermore, the RF femtocell sys-

tem becomes more reliable, when the VLC LOS blocking probability is high. We have summarized

the overall effective capacity of MTs with respect to the statistic delay exponent in Fig. 5.9, Fig.

5.10 and Fig. 5.11 in Table 5.2. Furthermore, we have summarized the overall effective capacity of

MTs as a function of the LOS blocking probability in Fig. 5.12, Fig. 5.13 in Table 5.3.
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Table 5.2: Performance summary of the indoor HetNet of Fig. 5.9, Fig. 5.10 and

Fig. 5.11, parameterized by the statistical delay exponent, for a LOS blocking

probability of p = 0.1.

VLC, θ = 0.001 Femtocell, θ = 0.001

SCMT 107 Mbit/s 115 Mbit/s

UFR 191 Mbit/s 106 Mbit/s

CT-2 297 Mbit/s 111 Mbit/s

FR-2 321 Mbit/s 106 Mbit/s

VLC, θ = 0.1 Femtocell, θ = 0.1

SCMT 99 Mbit/s 112 Mbit/s

UFR 143 Mbit/s 106 Mbit/s

CT-2 180 Mbit/s 108 Mbit/s

FR-2 198 Mbit/s 106 Mbit/s

VLC, θ = 10 Femtocell, θ = 10

SCMT 49 Mbit/s 28 Mbit/s

UFR 35 Mbit/s 28 Mbit/s

CT-2 61 Mbit/s 27 Mbit/s

FR-2 25 Mbit/s 27 Mbit/s

Table 5.3: Performance summary of the indoor HetNet of Fig. 5.12 and Fig. 5.13,

parameterized by the LOS blocking probability, for the statistical delay exponent

of θ = 0.1.

VLC, p = 0 Femtocell, p = 0

SCMT 117 Mbit/s 112 Mbit/s

UFR 213 Mbit/s 105 Mbit/s

CT-2 309 Mbit/s 109 Mbit/s

FR-2 350 Mbit/s 104 Mbit/s

VLC, p = 0.2 Femtocell, p = 0.2

SCMT 88 Mbit/s 109 Mbit/s

UFR 117 Mbit/s 106 Mbit/s

CT-2 151 Mbit/s 108 Mbit/s

FR-2 153 Mbit/s 108 Mbit/s



Chapter 6
Conclusions and Future Work

In this concluding chapter, we will provide the overall summary and conclusions of this treatise in

Section 6.1. Then several promising topics will be briefly discussed as future research directions in

Section 6.2.

6.1 Conclusions

• Chapter 2: In Chapter 2, we focused our attention on some key elements ina HetNet,

where the topology modelling of macrocells, femtocells andVLC systems was introduced.

In Section 2.1, three types of cellular network modelling techniques were introduced, as

depicted in Fig. 2.1. More specifically, the Wyner model was invoked in Section 2.1.1,

where the cellular network is characterized as a 1-D linear model. It is assumed having a

unit gain from each base station to the tagged user and naturally, a lower gain for the users

in the two neighbouring cells, as illustrated in Fig. 2.2. This model has been widely used

in analysing the both uplink and downlink capacity of cellular networks. In addition to the

1-D linear model, a modified circular array based Wyner modelwas also introduced as in

Fig. 2.3, assuming that the macrocells are arranged along a circle. A specific drawback of

the Wyner model is that this model is quite inaccurate in capturing the randomness of MTs,

especially for the downlink transmission. In order to cope with this drawback, the grid-based

model may be preferred in practical systems, as illustratedin Fig. 2.4. The history of OCI

analysis using the grid-based model was presented in Section 2.1.2. The grid-based cellular

network may be capable of accurately capturing the randomness of MTs, but it is not easy to

charaterize the OCI in a closed form. Most of the literature calculates the OCI by integrating

the interference expression relying on a continuous and uniform user density over a circular

region approximating a hexagonal cell. Kelifet al. proposed the ’Fluid Model’ [20, 62, 63]
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concept for characterizing the OCI in the downlink of cellular systems, where the discrete

BSs of the cellular networking are assumed to form a continuum. The received SIR of a

downlink MT is given by Eq.(2.10). The accuracy of the Fluid Model was verified in Fig.

2.7, indicating that it was accurate in characterizing the downlink received SIR. Another

modelling approach assumed that the cellular networks wereabstracted to a convenient PPP

which captures the network properties, as shown in 2.8. We also derived the DL received

SIR of the MTs relying on PPP aided cellular network, as seen in Eq.(2.16).

In order to improve the coverage and enhance the capacity of cellular wireless networks, a

popular solution is to reduce the cell size and transmissiondistance, albeit this increases the

number of BSs required and hence the cost. Hence, cellular evolution led to the concept of

femtocells, as depicted in Fig. 2.9. The briefly history, modelling and technical challenges of

femtocells were discussed in Section 2.2. More specifically, the concept and the brief history

of femtocells was presented in Section 2.2.1, while their modelling was detailed in Section

2.2.2, where four modelling approaches were introduced. The first approach considered all

the channel gains without specifying the precise spatial model of the MBSs. The second

approach considered a single femtocell dropped in a single macrocell. These two approaches

share the same topology, which was depicted in Fig. 2.10. In the third approach shown

in Fig. 2.11, the femtocells were assumed to be randomly placed within the regular grid

model based macrocells. We opted for this approach in Chapter 3 of the thesis. In the

fourth approach, both the macrocells and femtocells are randomly placed based on the PPP,

which is depicted in Fig. 2.12. Then the state-of-the-art infemtocells was elaborated on in

Section 2.2.3, including the access control mode, mobilitymanagement, self organisation and

interference management. One of the most significant challenges associated with the dense

deployment of femtocells is the potentially strong interference as illustrated in Fig. 2.14,

when the femtocells rely on the co-channel deployment usingthe same frequency bands

as the macrocells. Various techniques have been proposed for mitigating the interference

problems, which may be summarized in Fig. 2.15. The key contributions on interference

management techniques were summarized in Table. 2.5, Table. 2.6 and Table. 2.7.

Since the Radio Frequency (RF) bandwidth capable of providing a reasonable spatial cov-

erage is a limiting factor, the visible light band of the electro-magnetic spectrum comes to

rescue. As illustrated in Fig. 2.16, the available spectrumof visible light is much wider than

that of RF. As a result, there has been an increasing interestin VLC systems as one of the

promising technologies complementary to the traditional RF systems. We briefly introduced

the history and the state-of-the-art of VLC in Section 2.3. Asimple VLC architecture is

illustrated in Fig. 2.17, where the transmitter consists ofa conventional wireless communi-

cation system and an additional of optical driver, where thereceiver uses photo-detectors in

order to convert the optical signal to current. In practice,the transmitter is an LED array,

which is mounted on the ceiling of a room, as depicted in Fig. 2.18. In Section 2.3.1, the
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state-of-the-art VLC technologies were briefly presented,including the modulation schemes,

multiple-carrier techniques, as well as the VLC networkingissues. Furthermore, we inves-

tigated the challenges in a combined VLC and RF HetNet scenario. The key contributions

of VLC techniques were summarized in Table 2.10, Table 2.11 and Table 2.12. We have

summarised the major contributions of Chapter 2 in Table 6.1.

Sections Contributions

Section 2.1
Reviewed the typical macrocell network modelling approaches, including the Wyner

model, grid-based model and the PPP based model.

Section 2.2
Introduced femtocells, where the history, network modelling and the technical

challenges of femtocells were investigated.

Section 2.3 Introduced the history of VLC systems and the state-of-the-art of VLC technologies.

Table 6.1: Summary of the contributions of Chapter 2

• Chapter 3: Chapter 3 is mainly focused on the downlink of a multi-cell OFDMA network,

where the femtocells are overlaid onto the static FFR aided macrocells. The inter-tier inter-

ference issues were investigated. Furthermore, we studiedthe optimal choice of parameters

in this HetNet scenario. Before we investigated the two-tier HetNet, the review of classical

FFR scheme was presented in Section 3.2. In order to cope withthe OCI, the FFR scheme,

as depicted in Fig. 3.2, is capable of reducing the OCI, henceimproving the performance of

macrocells. The corresponding performance investigations were provided in Fig. 3.3 and Fig.

3.4. As expected, the simulation results confirmed that the OP of outdoor MTs is significantly

reduced, when the FFR scheme is used, instead of the radical UFR development, especially

for the CER MTs. Similar observations are valid for the long-term downlink throughput, i.e.

the FFR scheme is capable of achieving a better performance.

Then, the system model of FFR aided two-tier femtocell networks was investigated in Section

3.3, and the topology of the FFR aided HetNet was depicted in Fig. 3.5. Two different spec-

trum allocation schemes were considered for the femtocells. In FSA, the femtocells reuse

the entire available RF frequency bandwidth, whilst, the femtocells reuse the frequency band

that was not assigned to the macrocell in the SSA regime, as shown in Fig. 3.6. Firstly, we

considered a HetNet scenario, where the femtocells rely on FSA and the system performance

of FFR aided two-tier femtocell networks associated with FSA was investigated in Section

3.4. More specifically, the per-tier OP was derived in Section 3.4.1, where the OP of an

outdoor macrocell MT was formulated in Lemma 1, while that ofan indoor femtocell MT

in Lemma 2. Based on the OP equations derived, the long-term spatially averaged macrocell

throughput was derived in Eq.(3.25) and Eq.(3.26). Furthermore, the optimal FFR param-

eter configurations were studied in Section 3.4.3. We considered two design options, namely
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an area-proportional design and a QoS-constrained design.The optimization problem was

formulated as Problem 1 of Eq.(3.28) and Eq.(3.29) of the area-proportional design, and

that of the QoS-constrained design as Problem 2 of Eq.(3.31) and Eq.(3.32). These two

problems were then solved by GA. Then, we considered the scenario, where the femtocells

rely on SSA and the corresponding system performance of FFR aided two-tier femtocell net-

works associated with SSA were investigated in Section 3.5.Similarly, the OP of an outdoor

macrocell MT and that of an indoor femtocell MT was derived inLemma 3 and Lemma 4, re-

spectively. Again, the optimal design problems of the FFR aided two-tier network associated

with SSA were solved using a GA.

The performance results of FFR aided two-tier femtocell networks were detailed in Section

3.6, where both the femtocell under FSA and that under SSA were discussed. The OP of an

outdoor macrocell MT and that of an indoor macrocell MT were provided in Fig. 3.9 and Fig.

3.10, respectively. As expected, the OP of an outdoor macrocell MT is significantly reduced

in both the CCR and CER with the aid of the proposed SSA strategy, whilst the OP of an in-

door femtocell MT is reduced for the FBS located in the CCR. Asit was confirmed in Fig. 3.9

and Fig. 3.10, our theoretical results were accurate for both the FSA and SSA strategies. The

optimal system parameters taking into account the averagednumber of femtocells per cell are

illustrated in Fig. 3.12, Fig. 3.13, Fig. 3.16 and Fig. 3.15.The simulation results of Fig. 3.14

and Fig. 3.17 demonstrated that the GA based optimization process is capable of increasing

the ASE. Furthermore, an increased macrocell throughput was achieved by our SSA using

a jointly optimized spectrum allocation and distance threshold policy. However, recall from

the long-term spatially averaged femtocell throughput simulation results of Fig. 3.18 that the

benefit of SSA scheme accrues at the expense of partitioning the spectrum of femtocells. As

a result, the femtocell throughput is degraded for the SSA scheme, as evidenced by Fig. 3.18.

It is concluded that the SSA may be treated as a spectrally efficient femtocell solution, which

remains fairly unaffected by the FFR aided macrocell at the cost of delivering a limited peak

throughput. By contrast, the FSA regime may be treated as a throughput-oriented femtocell

design, which may be deemed as being selfish due to disregarding macrocell and its own

spectrum efficiency. We have summarised the major contributions of Chapter 3 in Table 6.2.

• Chapter 4: We shifted our attention from an outdoor HetNet scenario to an indoor HetNet

scenario in Chapter 4, where both femtocell and LED light based VLC are used for providing

indoor coverage. Since the optical wireless system uses a different frequency band compared

to the RF femtocell, there is no interference between the twonetworks. An important compo-

nent of the integrated architecture is its RA scheme. Different types of MTs were considered,

namely multi-homing MTs and multi-mode MTs. The related RA scheme is investigated in

this chapter, where QoS requirements, such as the achievable data rate, the fairness and the

statistic delay requirements are considered.

In Section 4.2, we firstly introduced the system model of VLC using LED lights, where the
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Sections Contributions

Section 3.2
Reviewed the classical FFR scheme. The DL OP and long-term throughput of the

FFR aided cellular macrocell were quantified by simulations.

Section 3.3
Introduced the system model of the FFR aided two-tier femtocell network. Both the

channel model as well as the FSA and SSA strategies were considered.

Section 3.4

Derived the OP of both outdoor macrocell MTs and indoor femtocell MTs, when the

femtocells use the FSA. Furthermore, the long-term spatially averaged throughput

of both outdoor macrocell MTs and indoor femtocell MTs were presented.

Section 3.5

Derived the OP of both outdoor macrocell MTs and indoor femtocell MTs, when

the femtocells use SSA. Furthermore, the long-term spatially averaged throughput

of both outdoor macrocell MTs and indoor femtocell MTs were presented.

Section 3.6 Provided simulation results and the corresponding analysis.

Table 6.2: Summary of the contributions of Chapter 3

2D model of the room was illustrated in Fig. 4.1. More specifically, the link characteristics of

VLC were presented in Section 4.2.1, where the optical VLC channel is modelled as a ’two-

rate’ transmission channel according to the zero LOS blocking and non-zero LOS blocking

scenarios. The SCMT scheme of Section. 4.2.2 was assumed in this chapter, where all LED

lights in the room operate as a single transmission cell, as depicted in Fig. 4.2. The received

SNR and the achievable bit rate of VLC are given by Eq.(4.10) and Eq.(4.12), respectively.

The corresponding received SNR and the ASE were simulated inSection 4.2.3. As confirmed

in Fig. 4.3 and Fig. 4.4-4.6, all the MTs are adequately covered by the VLC system, when

the density of LED lights is higher than 0.04. It is observed that there are nonetheless SNR

fluctuations for the indoor edge MTs owing to the reflected rays. It is also observed in Fig. 4.3

that the SNR becomes near-constant, when the number of LED lights is higher enough in our

simulations. We further simplified our indoor model as a 2-D model, and the verification was

illustrated in Fig. 4.4-4.6. It was observed that the 2-D model is capable of characterizing

the ASE of 3-D model.

The indoor HetNet model was described in Section 4.3, where VLC and RF femtocell net-

work are employed for providing downlink coverage, which isillustrated in Fig. 4.7. Again,

the channel characteristics of VLC and femtocell were presented. In order to take the delay

requirement into account, the average delay-constraint may be converted into an equivalent

average rate-constraint using the effective capacity approach. The effective capacity of both

the VLC and of the RF femtocell were formulated in Eq.(4.18) and Eq.(4.19), respectively.

The RA problem formulation was presented for both multi-homing MTs and multi-mode
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MTs in the indoor HetNet considered in Section 4.4. More specifically, the fairness of the

system was evaluated using a proportional fairness approach in Section 4.4.1, while the RA

problems of multi-homing MTs and of multi-mode MTs were formulated in Section 4.4.2 and

in Section 4.4.3, respectively. We have demonstrated that these problems are concave with

respect to both the transmission probabilityβ and to the network selection indexx. Then, we

proposed a decentralized RA algorithm in Section 4.5, wherethe optimization problems were

de-composed into several parallel sub-problems and then the original problems were solved

by an iteration approach. The process of the decentralized solutions conceived for multi-

homing MTs and multi-mode MTs were presented in Table 4.2 andTable 4.3, respectively.

Our numerical performance results characterizing the proposed RA algorithms in the con-

text of the indoor HetNet considered were presented in Section 4.6. More specifically, the

convergence behaviour of the proposed decentralized algorithm was investigated in Fig. 4.8.

The results demonstrated that the distributed RA algorithmis capable of finding the optimal

RA probability for multi-homing MTs as well as the optimal RAprobability and network

selection for the multi-mode MTs, respectively. It is observed in Fig. 4.8 that the speed of

convergence becomes slower, when we increase the number of MTs. The objective function

value converges after 60 iterations in our simulations, when the total number of MTs is set to

be 20. We also compared the performance of multi-homing MTs to that of the multi-mode

MTs for different fairness factors, as depicted in Fig. 4.9,Fig. 4.10 and Fig.4.11. Observe in

these figures that the proposed distributed solution is indeed capable of guaranteeing the as-

sociated bit-rate requirements. As expected, the multi-homing MTs are capable of achieving

a better performance than multi-mode MTs, since multi-homing MTs are capable of access-

ing multiple networks. Furthermore, it is observed in Fig. 4.9, Fig. 4.10 and Fig. 4.11 that

having a higherα results in a higher grade of fairness. In order to evaluate the effects of the

statistical delay parametersθ and that of the LOS blocking probabilityp, the overall effective

capacity was studied both in Fig. 4.12 and in Fig. 4.13. It is observed from Fig. 4.12 that

the overall effective capacity is reduced upon increasing the delay exponent. However, the

system performance remains fairly insensitive to the delayexponent in the range spanning

from 10−3 to 10−1. As expected, the performance of a VLC system is significantly affected

by the LOS blocking probability. When we havep = 1, the LOS ray is blocked, hence

the MTs may only receive a reduced optical power due to the first reflected ray. In order to

satisfy a particular bit rate requirement, the femtocell has to allocate its resources to the rate

MTs having a strict rate guarantee, which is achieved at the price of decreasing the overall

effective capacity. Hence it is plausible that when the VLC LOS blocking probability is high,

the RF femtocell system becomes more reliable.

We have summarised the major contributions of Chapter 4 in Table 6.3.

• Chapter 5: In Chapter 5, we extended the investigations of Chapter 4, byconsidering dif-

ferent transmission strategies for our VLC system. The topology model and four different
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Sections Contributions

Section 4.2

Introduced the system model of VLC using LED lights. The DL received SNR and

achievable rate of the ACO-OFDM aided VLC system were evaluated by

simulations.

Section 4.3
Described the system model of heterogeneous VLC and RF femtocells. The effective

capacity of both the VLC and femtocell network were derived therein.

Section 4.4

Formulated the RA problems, where the diverse QoS requirements formulated in

terms of the data rate, fairness and the statistical delay requirements were

considered.

Section 4.5

Proposed decentralized sub-optimal RA schemes for both the multi-homing MTs

and the multi-mode MTs, where the RA problems were de-composed into several

parallel sub-problems.

Section 4.6 Presented the related simulation results and the corresponding analysis.

Table 6.3: Summary of the contributions of Chapter 4

transmission strategies were introduced in Section 5.2, where the SCMT, UFR transmission,

CT-2 and FR-2 transmission were presented. More specifically, SCMT was introduced in

Section 5.2.2, where all the indoor LED lights operate by illuminating a single attocell, as

depicted in Fig. 4.2. In UFR transmission, each LED light form its own attocell, as depicted

in Fig. 5.1. In CT-2, the neighbouring two LED lights are merged into a attocell, as depicited

in Fig. 5.2. In FR-2 transmission, the optical frequency band of VLC is divided into two

frequency band, forming a VLC system having a frequency reuse factor of 2, as depicted in

Fig. 5.3.

In Section 5.3, the performance of ACO-OFDM aided VLC was simulated, where we as-

sumed that 10 MTs are randomly distributed, and the VLC system opts for the round robin

scheduling scheme. It was illustrated in Fig. 5.4 that SCMT achieves the highest bit rate.

However, since only a single MT can be served in one transmission slot, the performance

may degrade in a multi-MT scenario. Furthermore, we assumedthat 10 MTs were randomly

located, and the CDF of the achievable bit rate was illustrated in Fig. 5.6, which shows

that FR-2 transmission is capable of achieving the highest bit rate. By contrast, the FR-2

transmission exhibits the lowest bit rate, when the LOS raysare blocked.

In Section 5.4, we formulated the RA problems of the indoor HetNet considered, where both

a femtocell and VLC attocells are used under the consideration of different transmission

strategies of VLC. The decentralized algorithm in Section 4.5 was used for solving the RA

problems. As a further contribution, the effective capacity of the HetNet was evaluated by
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simulations in Section 5.5. The effect of the statistical delay exponentθ on the overall effec-

tive capacity was demonstrated in Fig. 5.9, Fig. 5.10 and Fig. 5.11, while that of the LOS

blocking probabilityp was demonstrated in Fig. 5.12 and Fig. 5.13. It was observed that the

FR-2 transmission is capable of achieving the highest effective capacity for zero LOS block-

ing probability. Compared to the femtocell, the VLC system achieves a better performance,

since the bandwidth available for VLC is much wider than thatof the RF femtocell. By

contrast, when we consider a non-zero LOS blocking probability, the performance of VLC

may be significantly affected by the statistic delay requirement. When the delay requirement

is loose, FR-2 aided VLC may still obtain the highest effective capacity, and the effective

capacity of VLC is always higher than that of the femtocell. However, when we tighten the

delay requirements, observed in Fig. 5.9, Fig. 5.10 and Fig.5.11 that CT-2 exhibits the high-

est performance. It is plausible that the FR-2 transmissionis capable of achieving the highest

effective capacity, when the statistical delay requirements are loose, because FR-2 is capable

of mitigating the interference on neighbouring attocells.However, CT-2 transmission attains

the best performance, when we tighten the delay requirements. Furthermore, the RF femto-

cell system becomes more reliable, when the VLC LOS blockingprobability is high, because

FR-2 exhibit the lowest achievable bit rate when there is a non-zero LOS blocking probabil-

ity, as demonstrated in Fig. 5.5. We have summarised the major contributions of Chapter 5

in Table 6.4.

Sections Contributions

Section 5.2
Introduced the topology model of VLC. Four transmission strategies conceived for

VLC were introduced and the corresponding received SNR were presented.

Section 5.3 The simulation results of the achievable bit rate of VLC were provided

Section 5.4
Formulated the RA problems of the indoor HetNet considered, which were solved by

the proposed decentralized algorithm.

Section 5.5 Presented our simulation results and the corresponding analysis.

Table 6.4: Summary of the contributions of Chapter 5

6.2 Future Research

In this section, we will briefly discuss a number of future research ideas.
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6.2.1 Resource Allocation in Two-Tier Cognitive Femtocells with Imperfect Sensing

In the Chapter 3, we considered a two-tier femtocell network, where the system performance was

studied. A SSA scheme was proposed for reducing the inter-tier interference. However, the pro-

posed scheme relies on a static solution, and the co-tier interference may be further reduced using

the more sophisticated RA scheme, as discussed in [170–172].

Furthermore, cognitive radio (CR) constitutes a promisingparadigm proposed for mitigating

the spectrum scarcity problem that has emerged as a result ofthe increased societal need for any-

time anywhere connectivity [252–254]. Briefly, CR is a wireless radio device that can adapt to

its operating environment with the aid of spectrum sensing.Femtocells readily support the cog-

nitive capabilities, hence inspiring us to incorporate theCR technology into femtocell networks,

where the CR-enabled femtocell users may exploit the spectrum-access opportunities not relied

upon the licensed systems such as macrocell networks and TV broadcast systems. RA problems of

CR aided two-tier network have already been studied in several contributions, however, researchers

only considered the perfect sensing scenario [96, 108]. It is worth considering RA problems with

imperfect sensing. The trade-off between the sensing duration and the sensing threshold should be

investigated.

6.2.2 Resource Allocation in Vector-Transmission Based VLC and RF Femtocell

In the Chapter 5, we compared four transmission strategies conceived for VLC systems. Recently,

a sophisticated transmission strategy was proposed in [255], where the idea of Zero-Forcing (ZF)

based vectored DL transmission was employed in order to eliminate the ICI using a beamforming

matrix. We propose a transmission strategy, where a pair of neighbouring LED lights constitute an

attocell and perform ZF transmission, as depicted in Fig. 6.1. For practical reasons, we should only

consider the coordination of a pair of neighbouring LED lights at the first stage, since involving

more LED lights would increase the complexity of the system.In the resultant vector transmission

(VT) regime, the network setM is defined asM = {1 · · ·m · · · ,M}, whereM = U
2 , assuming

that the number of LED lightsU is even.

This so called VT-2 transmission regime is capable of simultaneously supporting transmissions

in a specific frequency band for a maximum of two MTs. For a given served MT pairPn =

{n1, n2}, the channel gain matrixHm,Pn representing the transmissions from networkm to the

MT pair Pn is denoted asHm,Pn = [Hm1,n1 Hm2,n1;Hm1,n2 Hm2,n2], wherem1 andm2 are the

pair of LED lights in networkm, respectively. Then the resultant virtual cell is characterized by a

weight matrixGm,Pn , which eliminates the interference between the MTs inPn so that we have

Hm,PnGm,Pn = I2×2, whereI is the identity matrix. The matrixGm,Pn can be readily derived

by the pseudo-inverse ofHm,Pn , which may be written by:Gm,Pn = HT
m,Pn

(

Hm,PnHT
m,Pn

)−1
,

whereHT denotes the transpose ofH. Furthermore, a power-sharing matrixΩm,Pn is also defined
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...
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Figure 6.1: The 2D model of the room using the LED light based VLC system,

where the VT-2 transmission is assumed.

in order to enforce the per LED power constraint for the sake of maintaining the total original power.

An power allocation solution was proposed in [256], which may be formulated as:

Ωm,Pn = ωm,PnI, ωm,Pn = min
α

(

1

‖Gm,Pn (α, :) ‖F

)

, (6.1)

whereGm,Pn (α, :) is theαth row ofGm,Pn .

If the total number of MTs in the coverage of a virtual cell is higher than two, each cell should

carry out a MT pairing process first. In this paper, we proposea two-stage MT pairing algorithm,

relying on thecell association stageand on anexhaustive search stage. In the first stage, each

MT measures its the distance to all LED lights and sets up a connection with the LED light at

the shortest distance. As a result, this MT is associated with the cell covered by the LED light

assigned. After this stage, each cell becomes aware of the identity of the associated MTs. In the

second stage, the MTs linked to a specific cell should be sorted into several groups in order to

employ VT-2 aided transmission, where each group contains apair of MTs for transmission. This

sorting problem is solved by an exhaustively search in our paper. Assuming thatNm MTs are

associated with networkm, networkm firstly selects two MTs from theseNc MTs as a pair. Then

it continues by selecting another two MTs from the remaining(Nc − 2) MTs as a pair. Each cell

repeats the selection process, until all MTs have been selected and paired. The potential number of

MT pairs to be considered by the sorting processπ equals to
C2

Nm
C2

Nm−2···1
(⌊Nm/2⌋)! , whereC(·)

(·) represents

the combination,⌊·⌋ is the floor operation and! is the factorial operation. After the exhaustive

search, each cell chooses the best pairing pattern from allπ legitimate combinations, namely, the

one which provides the highest sum of the achievable bit rates. The corresponding MT pairing

algorithm is summarized in Table 6.5.
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Table 6.5: MT selection algorithm for VT-2 transmission

Input

The position of MTs and LED lights.

Initialization

Initialize the cell association matrix A ∈ R
N×M to be zero matrix

Cell association stage:

For n ∈ N
MT n find the nearest LED light u⋆

finds the virtual network m⋆ containing LED light u⋆

marks A (n,m⋆) = 1

End for

Exhaustive search stage:

For c ∈ C
finds the MTs in its coverage: find A (:,m) = 1

determines the number of its serving MTs Nm

lists all possible sorting combination πm

For each sorting combination

For each transmission group

derive the sum of the bit rate

End for

records the sum of the bit rate for this sorting combination

End for

finds the best sorting pattern, which achieves the highest rate

End for

Output

The MT groups for all cells
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According to the above-mentioned MT selection algorithm, the VLC attocellm may simulta-

neously serve several groups of MTs. Since the MTs in the samegroup share the same resources,

we may haveβm,n1 = βm,n2 , if {n1, n2} is the MT pair served by the VLC attocell. As a results,

the RA problem becomes different from that described by(5.5), (5.6) and(5.7). The resultant RA

problem may be formulated as:

Problem 1: maximize
β

∑

m∈M

∑

n∈N
log [∆m,n (βm,n)] (6.2)

subject to:
∑

n∈N
βm,n ≤ 1, ∀m ∈M, (6.3)

βm,ni = βm,nj , 1 ≤ m ≤ U/2, if ni andnj are coupled MTs (6.4)

0 ≤ βm,n ≤ 1, (6.5)

Sophisticated RA schemes should be designed for solving this problem.

6.2.3 Resource Allocation in a Holistic HetNet

In Chapter 3, we considered an outdoor HetNet, where the RF femtocells was overlaid onto macro-

cells. In Chapter 4 and Chapter 5, an indoor HetNet was considered, where the RA problems were

solved for a VLC combined with an RF femtocell scenario. It isinteresting to jointly consider both

the indoor and outdoor HetNet, forming a holistic HetNet. This topic may involve several technical

challenges. For example, the indoor MTs may suffer from the interference imposed by the macro-

cells, As a result, the RA problem becomes quite different from Chapter 4 and that of Chapter 5. If

the femtocells use open access, then it is important to design a resource allocation scheme in order

to balance the performance of both the indoor and outdoor MTs, which also constitutes a promising

research topic.
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AWGN Additive White Gaussian Noise
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CCR Cell-Centre Region

CDF Cumulative Distribution Function

CDMA Code-Division Multiple-Access

CER Cell-Edge Region

CIR Channel Impulse Response
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CSK Colour Shift Keying
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RA Resource Allocation
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UFR Unity Frequency Reuse
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