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ABSTRACT

In conventional cellular wireless communication system, interference modelling has fo-
cused on the six primary co-channel interfering cells (first tier co-channel cells). In the
current accepted interference model, co-channel interfering cells beyond the first tier (sub-
sequent tier co-channel cells) are neglected. This currently accepted interference models
is suitable for cellular wireless communication systems operating at carrier frequencies, .
=0.9 and 1.8 GHz, cell size radii R > 1 km and basic path loss exponent o > 2. The future
and emerging wireless communication systems are expected to be operating at frequen-
cies f. > 2 GHz (3.35 - 15.75 GHz), cell size radii R< 1 km and basic path loss exponent
a < 2. This, makes the current acceptable co-channel interference model unsuitable for
information capacity analysis of the future cellular systems. Therefore, a co-channel inter-
ference model suitable for future and emerging wireless communication system becomes
necessary.

In this thesis a new and modified interference model is proposed. The proposed
interference model includes the first and subsequent tier co-channel interfering cells. The
proposed interference model will be suitable for cellular wireless communication systems
operating at carrier frequencies f. > 2 GHz, cell size radii R< 1 km and basic path loss
exponent o < 2. A mathematical analysis, supported by computer simulation is used,
to study the uplink information capacity performance for the conventional and proposed
interference model. The analysis and simulation results of the proposed interference model
show that at carrier frequencies /. > 2 GHz, co-channel interfering cells beyond the first
tier become active as cell size radius R, reduces. As an example for a carrier frequency f .
= 15.75 GHz, cell size radius R = 100 m at a normalized reuse distance R,, = 4, there was

a 15.32 % decrease in the information capacity between the conventional and proposed
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interference model.

An information capacity - cost analysis is used to find a minimum cell size for
information capacity increase in cellular wireless network, thus a theoretical limit to cell
size reduction. The results show that as the cell size radius R reduces to 300 m and less, the
proposed interference model show a 5.76 - 18.89 % decrease in the information capacity
per unit cost (£, $, etc) at microwave carrier frequencies /. > 3.35 GHz. This result
illustrates that there is a theoretical limit to cell size reduction in relation to information
capacity performance and cost.

An inductive approach is used to generate a formula for calculating the number of
co-channel interfering cells N,, in a cellular wireless site layout. Such a formula allows
one to calculate the number of co-channel interfering cells in subsequent tiers of a cellular
wireless site layout. The geometric derivation shows that the number of co-channel inter-
fering cell N,, in a subsequent tier is the product of the number of co-channel interfering
cells in the first tier N; and the tier number n. Thus, the number of co-channel interfering
cell in a subsequent tier N,, = N; x n. This formula enables subsequent tier co-channel
interference to be included in the information capacity analysis of future and emerging,
and finding the minimum cell size for information capacity increase in a cellular wireless

communication system.



LIST OF ABBREVIATIONS

ACI Adjacent Channel Interference
AMPS  Advanced Mobile Phone Services
ASE Area Spectral Efficiency

AWGN  Additive White Gaussian Noise
BER Bit Error Rate

BS Base Station

BTS Base Transceiver Station

CAPEX Capital Expenditures

CDMA  Code Division Multiple Access

CCI Co-channel Interference

CIR Carrier-to-Interference Power Ratio
CMR Cellular Mobile Radio

CNR Carrier-to-Noise Ratio

dBm Power ratio in decibels of the measured power referenced to one milliwatt
EMI Electromagnetic Interference

FDD Frequency Division Duplex

FDMA  Frequency Division Multiple Access

FFR Fractional Frequency Reuse

FM Frequency Modulation

1G First-Generation Mobile System
2G Second-Generation Mobile System
3G Third-Generation Mobile System

Vi



4G

5G
3GPP
GPS
GSM
HetNet
IMTS
LOS
LTE
LTE - Advanced
MS

Fourth-Generation Mobile System
Fifth-Generation Mobile System

3rd Generation Partnership Project

Satellite Navigation Syetm

Groupe Special Mobile/Global System for Mobile Communications
Heterogeneous networks

Improved Mobile Telephone Services
Line-of-Sight

Long Term Evolution for Wireless Communication
Long Term Evolution - Advanced for Wireless Communication
Mobile Station

Mobile Switching Centre

Multiple-Input Multiple-Output

Non-Line-of-Sight

Orthogonal Frequency Division Multiplexing
Public Switched Telephone Network

Radio Access Network

Radio Frequency

Radio Frequency Interference

Radio Network Controller

Receiver

Super-High-Frequency Band
Signal-to-Interference Noise Ratio

Signal-to-Noise Ratio

Time Division Duplex

Time Division Multiple Access

Transmitter

Ultra High Frequency

Wireless Local Area Networks

vii



LIST OF NOTATION SYMBOLS

Distance dependent basic path loss exponent

Distance dependent extra path loss exponent

Area spectral efficiency [bits/sec/Hz/km?],

Maximum data rate of the kth user [bits/sec]

Cost per BS [£, $, etc]

Co-channel reuse distance [m]

Carrier frequency [Hz]

breakpoint distance for two-slope path loss model [m]
Mobile station antenna height [m]

Base station antenna height [m]

Constant path loss factor

Desired signal power [W]

Transmitted signal power [W]

Received signal power [W]

Interference power from first tier co-channel cell [W]
Interference power from second tier co-channel cell [W]
Interference power from the jth tier co-channel cell [W]
Total interference signal power [W]

Cluster size [integer]

Total number of active services channels per cell [integer]
Number of base stations [integer]

Thermal noise power [W]

viii



Number of interfering co-channel cells in the first tier [integer]
Noise power [W]

Number of interfering co-channel cells in the second tier [integer]
Number of interfering co-channel cells in the nth tier [integer]
Total number of interfering co-channel cells [integer]
Communication distance between desired MS and reference BS [m]
Normalized reuse distance [m]

Radius of cells coverage (cell size radius) [m]

Minimum distance a MS can be from BS antenna [m]

Signal power [W]

Total infrastructure cost [unit cost/km?]

Total allocated bandwidth per cell [Hz]

Bandwidth allocated to the kth user [Hz]

Carrier wavelength [m]

Carrier-to-interference ratio

Probability distribution function (PDF) of a mobile location relative to a BS

Probability distribution function (PDF) of the average mean CIR

Polar coordinates for desired and interfering MSs’

X



CONTENTS

DECLARATION i
ACKNOWLEDGMENTS ii
ABSTRACT iv
LIST OF ABBREVIATIONS vi
LIST OF NOTATION SYMBOLS viii
LIST OF FIGURES XV
LIST OF TABLES xxi

LIST OF PhD CANDIDATE’S PUBLICATIONS RELATED TO PhD THESIS xxii

Chapter 1 Introduction 1
1.1 Research Aims of the Thesis . . . . .. ... ... ... .. ... .... 2

1.2 Wireless Communication . . . . . . ... ... ... .. ... ...... 2
1.2.1 Electromagnetic Waves Propagation and Interference . . . . . . . 3

1.3

1.4

1.2.2  History of Cellular Wireless Communications and Influence of
Co-channel Interference . . . . ... ... ... ... ...... 4

Possible Future Development Direction of Cellular Wireless Communi-

CAtiONS . .+« v v v v 6
Technical Issues Related to the Future of Wireless Communication . . . . 8
1.4.1 Spectral Efficiency . . . . .. ... ... ... .......... 12
1.4.2 Interference in Cellular Wireless Systems . . . . . . . ... ... 12



1.5 Motivation for the Research Work in the Thesis . . . . . .. .. ... .. 14
1.5.1 Contributions of the Thesis . . . . . . .. ... ... ... .... 15

1.6 Organization of the Thesis . . . . . .. ... ... ... ... ...... 19
1.6.1 Outline ofthe Thesis . . . . . ... ... ... ... ....... 19
Chapter 2 Overview of Cellular Wireless System 21
2.1 The Cellular Wireless Communication Concept . . . . . . ... ... .. 22
2.1.1  Frequency Reuse Concept in Cellular System . . . . . . ... .. 25

2.2 Properties of Cellular Wireless Geometry . . . . . ... ... ...... 26
2.3 WirelessChannels . . . ... ... ... ... ... 26
2.3.1 Additive Noise Channels . . . . . . ... ... ... ....... 27

2.3.2  Multipath Signal Propagation Channels . . . . .. ... ... .. 28

2.4 PropagationLosses . . . . . . .. ... 29
24.1 Ray-Tracing Technique . . ... ... ... ........... 30

242 Two-PathModel . ... ... .. ... ... ... ... ... 31

2.43 Statistical FadingModels . . . . . ... ... .. ... ...... 34

2.4.4 Site-Specific Models for PathLoss . . . . . ... ... ... ... 35

2.5 Cellular Wireless Channels . . . . . ... ... .. ... ......... 36
2.5.1 Macrocells Wireless Channel . . . . .. ... ... ....... 38

2.5.2 Microcells Wireless Channel . . . . . .. ... ... ....... 39

2.6 Interference in Cellular Wireless Systems . . . . . . ... .. ... ... 39
2.7 Cellular Wireless System Information Capacity . . . ... .. ... ... 41
2.8 Summary . . . ... 42

Chapter 3 Proposed Formula to Calculate Number of Co-channel Interfering

Cells in Cellular System Site Layout, and Co-channel Interference Model for

Two Tier Co-channel Cells 43
3.1 Introduction . . . . . . . . ... 44
3.2 Frequency Reuse for Spectrum Allocation . . . . .. ... ... ..... 46

3.2.1 Cellular Wireless System Site Layout . . . ... ... ...... 48

33

3.2.2 Proposed formula for Calculating Number of Co-channel Cells . . 53

Signal and Interference Model for Emerging Cellular Wireless Networks . 58

Xi



3.3.1 System Model for LOS Propagation Environment . . . . . . . .. 59

3.3.2 Relationship between Breakpoint Distance and Received Signal . 60

3.3.3 Modified Breakpoint Distance for Higher Carrier Frequency . . . 64
3.3.4 Cellular Wireless System Interference . . . . . .. ... ... .. 65
3.3.5 Conventional Cellular Wireless Uplink Interference Model . . . . 67
3.4 Proposed Two Tier Uplink Interference Model . . . . . . ... ... ... 68
3.5 Summary ... e e e 70

Chapter4 Information Capacity Performance Analysis for Two Tier Co-channel

Interference 72
4.1 Introduction . . . . . . . ... 73
4.2 Two - Tier Co-channel Interference Model . . . . . . . .. ... .. ... 76
4.2.1 Mobile and Interfering Users Distributionin Cells . . . . . . .. 76
4.3 System Model for Information Capacity Analysis . . . . ... ... ... 78
4.3.1 Area Spectral Efficiency - Conventional . . . . . ... ... ... 78
4.3.2 Area Spectral Efficiency for Two-Tier Interference Model . . . . 79
4.4 Simulation Model-Information Capacity Comparison . . . . . ... . .. 81
4.4.1 Simulation Setup for One and Two Tier Interference Model . . . 83
4.5 Numerical Results-Information Capacity Comparison . . . . . . . . . .. 85
4.5.1 Effect of Basic Path Loss Exponent-Two Tier Interference . . . . 91
4.5.2  Effect of Extra Path Loss Exponent-Two Tier Interference . . . . 98
4.5.3 Effect of Base Station Antenna Height-Two Tier Interference . . 105
4.5.4 Effect of Vehicular Traffic-Two Tier Interference . . . . . . . . . 108
4.6 Summary . ... ..o e e e e e e 113

Chapter S Proposed Multiple Tier Co-channel Interference Model and Infor-

mation Capacity Performance Analysis for Multiple Tier Co-channel Inter-

ference 114
5.1 Introduction . . . . . . . . . . . . e 115
5.2 Multiple Tier Interference General System Model . . . . . . .. ... .. 118

5.2.1 Relationship between Breakpoint Distance, Carrier Frequency and

Number of Co-channel Tiers . . . . . . . . . . ... ... .... 119

xii



53

54

5.5

5.6

5.7

5.8

5.2.2 Relationship between Breakpoint Distance, Cell Size Radius and

Number of Co-channel Tiers . . . . . ... ... ......... 125
5.2.3 Mobile and Interfering Users Distributionin Cells . . . . . . .. 128
Multiple Tier Interference Modelling . . . . . . ... ... ... ..... 128
5.3.1 General Interference Model . . . . ... ... ... .. ..... 128
5.3.2 Proposed Model - Multiple Tier Interference . . . ... ... .. 129
Information Capacity - Multiple Tier Interference . . . . . .. ... ... 130
5.4.1 Tiers of Co-channel Interfering Cell for Consideration in Smaller

Cell Size Radius System . . . . . ... ... ... ........ 132
Propagation/System Parameter Impact Analysis . . . . . .. ... .. .. 133
Numerical Simulation Setup for Propagation/System Parameter Impact

Analysis . . . . ... 134
Numerical Results . . . . . . . . ... .. o 137
5.7.1 Impact of Basic Path Loss Exponent-Multiple Tier Interference . 149
5.7.2 Impact of Extra Path Loss Exponent-Multiple Tier Interference . 159
5.7.3 Impact of Antenna Height-Multiple Tier Interference . . . . . . . 165
5.7.4 Impact of Vehicular Traffic - Multiple Tier Interference . . . . . 168
Summary . . . ... .. 173

Chapter 6 Minimum Cell Size for Information Capacity Increase in Cellular

Wireless Network 175
6.1 Introduction . . . . . . . . ... 176
6.2 System Model for Finding Minimum Cell Size Radius . . . . . ... .. 178
6.2.1 Multiple Tier Co-channel Interference Model . . . . . . ... .. 178
6.3 Cost Estimation SystemModel . . . . . . ... ... ... ........ 179
6.3.1 Infrastructure Cost . . . . . . ... ... ... ... ... 179
6.4 Information Capacity/Cost Performance Analysis . . . .. ... ... .. 181
6.5 Numerical Simulations for Information Capacity/Cost . . . . . . . .. .. 185
6.5.1 Numerical Simulations Setup . . . . . ... ... ... ..... 185
6.6 Numerical Results. . . . . .. .. ... ... . L 185
6.6.1 Information Capacity/Cost Ratio Numerical Results . . . . . . . 186

Xiii



6.7 Wireless Network . . . . . . . . . . . . . 194

6.7.1  Current Cellular Mobile Communication Technologies . . . . . . 194
6.7.2 Heterogeneous Networks . . . . . . ... ... ... ....... 195
6.8 Fractional Frequency Reuse . . . ... ... ... ... ......... 197

6.9 Possible Impact of Fractional Frequency Reuse on the Minimum Cell Size

Radius . . . . . . . . 199

6.10 Summary . . . . . . ... e e 202
Chapter 7 Conclusions and Future Work 204
7.1 Conclusions . . . . . . . . ... 205
7.2 FutureWork . . . . . ... L 206
Bibliography 210

X1V



1.1
1.2
1.3
1.4
1.5
1.6
1.7

2.1
2.2
23

24
2.5
2.6

3.1
3.2
33
34

3.5
3.6

LIST OF FIGURES

Basic wireless communication system. . . . . . .. ... ... ... .. 3
The future development for wireless communication systems . . . . . . . 7
Technical challenges to be addressed in implementing the wireless vision. 8
Wireless communication channel. . . . . . .. ... ... .. ...... 10
Wireless communications radio spectrum allocation and usage . . . . . . 11
Conventional cellular wireless system. . . . . . ... ... ... ..... 13
Road map of the thesis and thesis contributions. . . . . .. ... ... .. 18
A cellular wirelessnetwork. . . . . . .. ..o oo 24
Basic additive Gaussian noise channel. . . . . . . ... ... ... .... 27

Distribution of single diffraction, reflection and scatters in a wireless com-

munication environment. . . . . ... ... Lol 29
Multiple slope regression fit to the two-ray model. . . . . . . . ... ... 31
Two-pathmodel. . . . . ... ... ... .. .. .. L 32
Reuse distance of a frequency division cellular wireless system. . . . . . 41

Cellular wireless system site coverage layout for a hexagonal tessellation. 47
Co-ordinates for hexagonal geometry site layout in a cellular wireless system 48
Cellular wireless system site coverage layout for a square tessellation. . . 49
Cellular wireless system site coverage layout for a equilateral triangle tes-

sellation. . . . . . ... 50
[llustration of how “shift parameters” are used for cellular system site layout. 51

Geometry of a four cluster size regular hexagonal cellular system site layout. 54

XV



3.7

3.8
3.9

3.10
3.11
3.12
3.13
3.14

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9
4.10

4.11

4.12

Geometry of a seven cluster size regular hexagonal cellular system site

layout. . . . . . .. 57
System propagation model for the uplink of a cellular wireless network. . 59
Two-slope received signal power, P, versus distance R. . . . . . . . . .. 62
Breakpoint distance, g versus carrier frequency, f.. . . . . . .. ... .. 63
Breakpoint distance, g vrs. effective road height, 4. . . . . . .. ... .. 66
Proposed two tier interference systemmodel. . . . . . . ... ... ... 69

Geometry of desired user and interfering users in a two tier co-channel cells 77
Integrated simulation environment for information capacity analysis . . . 81
Flow chart for information capacity comparison simulations . . . . . . . 82
Information capacity comparison between single and two tier co-channel
interference model for carrier frequency, /. =900 MHz. . . .. ... .. 86
Information capacity comparison between single and two tier co-channel
interference model for carrier frequency, f.=2GHz. . . ... ... ... 87
Information capacity comparison between single and two tier co-channel
interference model for carrier frequency, . =3.35GHz. . ... ... .. 88
Information capacity comparison between single and two tier co-channel
interference model for carrier frequency, f. =845GHz. . .. ... ... 89
Information capacity comparison between single and two tier co-channel
interference model for carrier frequency, f.=15.75GHz. . . . . ... .. 90
Area spectral efficiency versus cell size radius for path loss exponent, a =2. 93
Area spectral efficiency versus cell size radius for path loss exponent, o
= 2 S e 94
Area spectral efficiency versus cell size radius for path loss exponent, «
= 28 e 95

Area spectral efficiency versus cell size radius for path loss exponent, « =3. 96

Xvi



4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

5.1
5.2
53
54
5.5
5.6
5.7
5.8

Area spectral efficiency versus cell size radius for extra path loss expo-
nent, p=2. . . ... e e e e e 100
Area spectral efficiency versus cell size radius for extra path loss expo-
nent, p=3. . . .. e e e 101
Area spectral efficiency versus cell size radius for extra path loss expo-
nent, p=5. . . .. e e 102
Area spectral efficiency versus cell size radius for extra path loss expo-
nent, p=8. . . .. e e e 103
Area spectral efficiency versus cell size radius for BS station antenna
height 4, = 35 m, and different carrier frequencies, f.. . . . . . . ... .. 106
Area spectral efficiency versus cell size radius for BS station antenna
height 4, = 55 m, and different carrier frequencies, f.. . . . . . . . .. .. 107
Area spectral efficiency versus cell size radius for light vehicular traffic

with effective road height and BS antenna height, 2= 0.3 m and 4, = 15 m. 109
Area spectral efficiency versus cell size radius for heavy vehicular traffic
with effective road height and BS antenna height 2= 1.29 m and 4, = 15 m.110
Area spectral efficiency versus cell size radius for light vehicular traffic
with effective road height and BS antenna height, 2= 0.3 m and 4, =35 m. 111
Area spectral efficiency versus cell size radius for heavy vehicular traffic

with effective road height and BS antenna height, #=1.29 m and 4, =35 m.112

Two-slope received signal power, P, versus distance R. . . . . . . . . .. 120
Two-slope received signal power, P, versus distance R. . . . . . . . . .. 121
Two-slope received signal power, P, versus distance R. . . . . . . . . .. 122
Two-slope received signal power, P, versus distance R. . . . . . . . . .. 123
Two-slope path loss model received signal power, P, versus distance, R. . 124

n tier co-channel interfering cells. . . . . . .. ... ... ... ..... 126
Multiple tier uplink co-channel interference on a desired BS. . . . . . . . 127
Average area spectral efficiency versus number of co-channel interfering

xvii



5.9 Average area spectral efficiency versus number of co-channel interfering

5.10 Average area spectral efficiency versus number of co-channel interfering

5.11 Geometry of desired user and interfering users in different co-channel tiers. 135
5.12 Flow chart for multiple tier interference information capacity simulations. 136
5.13 Information capacity comparison between single and multiple tier co-channel
interference model for carrier frequency, f. =900 MHz. . . . ... ... 139
5.14 Information capacity comparison between single and multiple tier co-channel
interference model for carrier frequency, f.=2GHz. . .. ... ... .. 140
5.15 Information capacity comparison between single and multiple tier co-channel
interference model for carrier frequency, f. =3.35GHz. . .. ... ... 141
5.16 Information capacity comparison between single and multiple tier co-channel
interference model for carrier frequency, . =845GHz. . ... ... .. 142
5.17 Information capacity comparison between single and multiple tier co-channel
interference model for carrier frequency, f. =15.75GHz. . . . . . . . .. 143
5.18 Information capacity comparison between two and multiple tier co-channel
interference model for carrier frequency, f. =900 MHz. . . . ... ... 144
5.19 Information capacity comparison between two and multiple tier co-channel
interference model for carrier frequency, f. =2GHz. . . . ... ... .. 145
5.20 Information capacity comparison between two and multiple tier co-channel
interference model for carrier frequency, f.=3.35GHz. . ... ... .. 146
5.21 Information capacity comparison between two and multiple tier co-channel
interference model for carrier frequency, f. =845GHz. . ... ... .. 147
5.22 Information capacity comparison between two and multiple tier co-channel
interference model for carrier frequency, f. =15.75GHz. . . . . . . . .. 148
5.23 Area spectral efficiency versus cell radius for path loss exponent, « =2. . 151
5.24 Area spectral efficiency versus cell radius for path loss exponent, o =2.5. 152
5.25 Area spectral efficiency versus cell radius for path loss exponent, o =2.8. 153
5.26 Area spectral efficiency versus cell radius for path loss exponent, o =3. . 154

5.27 Area spectral efficiency versus cell radius for path loss exponent, « =2. . 155

xviii



5.28

5.29

5.30

5.31

5.32

5.33

5.34

5.35

5.36

5.37

5.38

5.39

5.40

6.1
6.2
6.3
6.4
6.5

6.6

Area spectral efficiency versus cell radius for path loss exponent, « =2.5. 156
Area spectral efficiency versus cell radius for path loss exponent, « =2.8. 157

Area spectral efficiency versus cell radius for path loss exponent, « =3. . 158

Area spectral efficiency versus cell radius for extra path loss exponent, p
= e e 161
Area spectral efficiency versus cell radius for extra path loss exponent, p
= e 162
Area spectral efficiency versus cell radius for extra path loss exponent, p
e T 163
Area spectral efficiency versus cell radius for extra path loss exponent, p
= e 164
Area spectral efficiency versus cell radius for BS antenna height 4, = 35 m. 166
Area spectral efficiency versus cell radius for BS antenna height 4, = 55 m. 167
Area spectral efficiency versus cell radius for light vehicular traffic with
BS antenna height, 4, = 15 m and effective road height, 7=03m. . . . . 169
Area spectral efficiency versus cell radius for heavy vehicular traffic with
BS antenna height, /4, = 15 m and effective road height, /=1.29m. . .. 170
Area spectral efficiency versus cell radius for light vehicular traffic with
BS antenna height, 4, = 35 m and effective road height, z/=03m. . . . . 171
Area spectral efficiency versus cell radius for heavy vehicular traffic with
BS antenna height, /2, = 35 m and effective road height, /=1.29m. . .. 172
Infrastructure costmodel. . . . . . . . ... L Lo 180
Cellular system unit cost per km? versus cell radiusR. . . . .. ... .. 182
Integrated simulation environment for information capacity/cost. . . . . . 183
Flow chart for information capacity/cost simulations. . . . . . . ... .. 184

Information capacity/cost comparison between single and multiple tier in-
terference model, carrier frequency, f.=900MHz. . . . ... ... ... 187
Information capacity/cost comparison between single and multiple tier in-

terference model, carrier frequency, f.=2GHz. . . . . . ... ... ... 188

Xix



6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

Information capacity/cost comparison between single and multiple tier in-
terference model, carrier frequency, /. =3.35GHz. . . . ... ... ... 189
Information capacity/cost comparison between single and multiple tier in-
terference model, carrier frequency, f.=845GHz. . . . ... ... ... 190

Information capacity/cost comparison between single and multiple tier in-

terference model, carrier frequency, f.=15.75GHz. . . ... ... ... 191
Cost per information capacity comparison between single and multiple
tier interference model, for different cellradiusR. . . . . . . . .. .. .. 193
Heterogeneous Network. . . . . .. ... ... ... ... .. ...... 197
A cellular system site layout with fractional frequency reuse . . . . . . . 198
Area spectral efficiency versus cell radius for path loss exponent, o = 2
andreuse factor 1/3.. . . . . . ... o 200
Area spectral efficiency versus cell radius for path loss exponent, o = 2

andreuse factorone. . . . . . . . ... 201

XX



3.1
3.2
33

4.1

4.2

4.3

4.4

4.5

4.6

6.1

LIST OF TABLES

Calculated Breakpoint Distance for Different Carrier Frequencies
Breakpoint Distance for Microwave Band (Light Vehicular Traffic)

Breakpoint Distance For Microwave Band (Heavy Vehicular Traffic)

Simulation Parameters for Information Capacity Comparison . . . . . . .
Percentage Decrease in Area Spectral Efficiency between single and two
tier Interference Model for Different Cell Size RadiusR . . . . . . . . ..
Percentage Decrease in Area Spectral Efficiency between single and two
tier Interference Model for Different Basic Path loss Exponent and Cell
Size Radius, R=100m. . . .. ... ... ... ... ... ... ....
Percentage Decrease in Area Spectral Efficiency between single and two
tier Interference Model for Different Basic Path loss Exponent and Cell
Size Radius, R=300m. . .. .. ... .. . . ... .
Percentage Decrease in Area Spectral Efficiency between single and two
tier Interference Model for Different Extra Path loss Exponent and Cell
Size Radius, R=100m. . .. .. . .. .. . . ... . ...
Percentage Decrease in Area Spectral Efficiency between single and two
tier Interference Model for Different Extra Path loss Exponent and Cell

Size Radius, R=300m. . .. ... ... ... ... ... ... .. ...

Basic cost drivers for radio accessnetwork . . . . . . .. ... ... ...

xxi



LIST OF PhD CANDIDATE’S
PUBLICATIONS RELATED TO PhD
THESIS

Journal Papers:

1. K. A. Anang, P. B. Rapajic, T. 1. Eneh and R. Wu. “Minimum cell size for infor-
mation capacity increase in a shadowed environment of cellular system operating
at carrier frequency greater than 2 GHz,” Eurasip Journal wireless communications

and networking (to be submitted).

2. K. A. Anang, P. B. Rapajic, T. I. Eneh and R. Wu “Minimum cell size for informa-
tion capacity increase in cellular wireless network,”. Wireless Communications and

Mobile Computing. (Accepted)

3. K. A. Anang, P. B. Rapajic, R. Wu, L. Bello and T. 1. Eneh “Cellular system in-
formation capacity change at higher carrier frequencies due to propagation loss and
system parameters,” Progress In Electromagnetics Research B. ISSN: 1937-6472,
vol. 44, pp. 191-221, Oct. 2012.

4. K. A. Anang, P. B. Rapajic, L. Bello and R. Wu “Sensitivity of cellular wireless
network performance to system & propagation parameters at carrier frequencies
greater than 2 GHz,” Progress In Electromagnetics Research B, ISSN: 1937-6472,
vol. 40, pp. 31-54, Apr. 2012.

5. L. Bello, P. Bakalis, P. B. Rapajic, K. 4. Anang, and T. I. Eneh. “Adaptive Receiver
Power Routing Protocol for Mobile Ad Hoc Wireless Network,” Journal of Com-

xxii



munications (JCM): Special Issue: Advances in wireless comm. and networks. vol.

6, no. 7, pp. 571-580 , Oct. 2011.

6. T. I. Eneh, G. Oletu, P. B. Rapajic, K. A. Anang, and L. Bello. “Adaptive mul-
tiuser receivers scheme for MIMO OFDM over iterative-equalization for single-

carrier transmission,” Journal of emerging trends in engineering and applied sci-

ences (JETEAS). ISSN: 2141-7016, vol. 2, no. 2, pp. 282-288, April, 20011.
Conference Papers:

1. K. A. Anang, L. Bello, P. B. Rapajic, T. I. Eneh and P. Bakalis. “Impact of prop-
agation loss parameters on dynamic source routing protocol at higher microwave
carrier frequencies” 14th IEEE International Conference on communication Tech-

nology (IEEE-ICCT 2012). Nov. 2012, Chengdu, China. (Accepted)

2. K. A. Anang, P. B. Rapajic, R. Wu. “Impact of sectorization on the minimum cell
size for information capacity increase in cellular wireless network™ IX International
Symposium Industrial Electronics (INDEL 2012). Banja Luka, Bosnia and Herze-
govina, pp. 220 - 225, Nov. 2012.

3. K. A. Anang, P. B. Rapajic, R. Wu, G. Oletu and L. Bello. “Minimum cell size for
information capacity increase in a shadowed environment of land mobile cellular
system” 7th IEEE International Conference on Broadband and Wireless Computing,
Communication and Applications (BWCCA 2012). Victoria, Canada, pp. 122 -
126, Nov. 2012.

4. K. A. Anang, T. 1. Eneh, L. Bello and D. L. Larkai ” The influence of vehicular
traffic on cellular wireless system performance at microwave carrier frequencies”
4th 1IEEE International Conference on Adaptive Science and Technology (4th IEEE
ICAST 2012). Kumasi, Ghana, pp. 17 - 22, Oct. 2012.

5. K. A. Anang, P. B. Rapajic, T. I. Eneh and B. Lawal. “Impact of propagation loss pa-
rameters on cellular wireless network operating at frequencies greater than 2 GHz”
8th IEEE International Wireless Communications and Mobile Computing Confer-

ence (IEEE- IWCMC 2012). Limassol, Cyprus, pp. 1169 - 1175, Aug. 2012.

xxiii



6.

10.

11.

12.

L. Bello, K. A. Anang, P. Bakalis, P. B. Rapajic and T. I. Eneh “Sensitivity of DSR
protocol performance to propagation Loss models at higher microwave frequencies”
14th IEEE International Conference on Computer Modelling Simulation (14th IEEE
UKsim 2012), Cambridge, UK, pp. 561 - 565, Mar. 2012.

. K. A. Anang, P. B. Rapajic, T. I. Eneh, L. Bello and G. Oletu. “Impact of vehicular

traffic on information capacity of cellular wireless network at carrier frequencies
greater than 3 GHz” 5th IEEE European Modelling Symposium on Mathematical
modelling and Computer Simulation (5th IEEE EMS 2011), Madrid, Spain, pp. 430
- 434, Nov. 2011.

. P. Bakalis, L. Bello, O. Jagun, K. A. Anang, T. 1. Eneh and A. Muhammad > Perfor-

mance evaluation of constant bit rate and variable bit rate traffic models on vehicu-
lar Ad hoc network using dynamic source routing protocol” 3rd IEEE International
conference on Adaptive Science and Technology (3rd IEEE ICAST 2011), Abuja,
Nigeria, pp. 187 - 191, Nov. 2011.

T.1. Eneh, P. B. Rapajic, K. 4. Anang, P. Bakalis and L. Bello” Information capacity
of Adaptive MIOM OFDM” 3rd IEEE International conference on Adaptive Science
and Technology (3rd IEEE ICAST 2011), Abuja, Nigeria, pp. 157 - 164, Nov. 2011.

G. Oletu, P. B. Rapajic, T. 1. Eneh, and K. 4. Anang. “Enhanced equalization for mo-
bile communication systems” 5th IEEE European Modelling Symposium on Mathe-
matical modelling and Computer Simulation (5th IEEE EMS 2011), Madrid, Spain,
pp. 446 - 450, Nov. 2011.

K. A. Anang, L. Bello, T. I. Eneh, P. Bakalis and P. B. Rapajic. “The performance of
dynamic source routing protocol to path loss models at carrier frequencies above 2

GHz,” 13th IEEE International Conference on communication Technology (IEEE-
ICCT 2011), Jinan, China, pp. 151 - 155, Sept. 2011.

K. A. Anang, P. B. Rapajic, T. I. Eneh and B. Lawal. “Sensitivity of information
capacity of land mobile cellular system to propagation loss parameters at higher

microwave frequencies”. In Proc. of 7th IEEE International Wireless Communica-

Xxiv



13.

14.

15.

16.

17.

18.

tions and Mobile Computing Conference (IEEE - IWCMC 2011). Istanbul, Turkey,
pp. 630-635, July 2011.

T. I. Eneh, G. Oletu, P. B. Rapajic, K. A. Anang, and B. Lawal. “Adaptive MMSE
multiuser detection for MIMO OFDM over turbo-equalization for single-carrier
transmission wireless Channel”. In Proc. of 7th IEEE International Wireless Com-
munications and Mobile Computing Conference (IEEE - IWCMC 2011). Istanbul,
Turkey, pp. 1408-1412, July 2011.

G. Oletu, P. B. Rapajic, T. I. Eneh and K. 4. Anang. “Iterative equalization enhanced
high data rate in wireless communication networks”. 9th International Symposium
on Modelling and Optimization in Mobile, Ad Hoc, and Wireless Networks (IEEE-
WiOpt’11). May 9th - 13th, 2011, New Jersey, USA.

K. A. Anang, P. B. Rapajic, T. . Eneh and Y. Nijsure. “Minimum cell size for
information capacity increase in cellular wireless network™. In Proc. of 73rd IEEE
Vehicular Technology Conference - spring (IEEE VTC- 2011, spring). Budapest,
Hungary, pp. 305-311, May 2011.

T. L. Eneh, P. B. Rapajic, K. A. Anang and B. Lawal. “Information capacity compar-
isons over Gaussian communication channels with ISI when used with single carrier
transmission with MMSE - DFE receiver or multicarrier OFDM receivers”. In Proc.
of 73rd IEEE Vehicular Technology Conference - spring (IEEE VTC- 2011, spring).
Budapest, Hungary, pp. 56-62, May 2011.

T. I. Eneh, G. Oletu, P. B. Rapajic, K. 4. Anang, and B. Lawal. “Adaptive vector
precoding for Multiuser MIMO OFDM”. International conference on ICT for Africa
(ICT4Africa 2011). Covenant University, Canaan Land, Nigeria.

B. Lawal, P. Bakalis, S. Manam, T. Eneh and K. A. Anang. “Power control and
performance comparison of AODV and DSR,” in Proc. of Computer modelling
and simulation (UKSIM), 2011 UKSIM , IEEE 13th International Conference on
Computer Modelling and Simulation (IEEE- UKSIM2011), Cambridge, UK, pp.
457-460, April 2011.

XXV



19.

20.

21.

22.

K. A. Anang, P. B. Rapajic, T. I. Eneh and G. Oletu. “Sensitivity of information
capacity of land mobile cellular system to the base station antenna height at higher
microwave frequencies,” in Proc. of 3rd International Conference on Computer
Research and Development (IEEE- ICCRD 2011). Shanghai, China, pp. 167-172,
Mar. 2011.

T.I. Eneh, P. B. Rapajic and K. 4. Anang and B. Lawal. “Adaptive MMSE Multiuser
Detection in MIMO OFDM Wireless Communication System” 3rd International
Conference on Engineering Research and Development (ICERD2010), Benin City,
Nigeria.

T. 1. Eneh, P. B. Rapajic, K. 4. Anang, B. Lawal and A. Qureshi,“Information ca-
pacity limits of the communication system with adaptive MMSE receivers,” in Proc.
of 1st International Conference on Future Information Technology (ICFIT 2010),
Changsha, China, pp. V1-67 - V1-71, Dec. 2010.

T. I. Eneh, P. B. Rapajic and K. 4. Anang. “Adaptive MMSE multiuser receivers
in MIMO OFDM wireless communication system.” in Proc. of 12th IEEE Inter-
national Conference on communication Technology (IEEE-ICCT2010), Nanjing,
China, pp. 934-937, Nov. 2010.

XXvi



Chapter 1

Introduction



Research Aims of the Thesis

1.1 Research Aims of the Thesis

This thesis provides a formula for calculating the number of co-channel interfering cells
in subsequent tiers of a wireless communication system site layout. It addresses a long
standing question regarding why at higher carrier frequencies and smaller cell size radii,
there is a problem of increase co-channel interference [1, 2]? which leads to a reduction
in the uplink information capacity of the cellular system [3]. The thesis addresses the
aforementioned question by showing that at higher carrier frequencies and smaller cell size
radii, other tier co-channel cells becomes active, thus increasing co-channel interference.
In cellular wireless communication systems ranges of maximum and minimum cells size
radius have being reported [4-6]. It has also been suggested that there may be a limit to
cell size radius reduction [ 7]. However, there are no explanations or proof for them. In this
thesis we find a theoretical limit to cell size radius reduction in cellular wireless systems
which is founded on the uplink information capacity and infrastructure cost of the cellular
system.

The remainder of the Chapter is organized as follows. A general background for the
study is first presented in Chapter 1.2, including an exposé of wireless communication and
a brief history of the development of wireless communications. Chapter 1.3, focus on the
future and future development of wireless communications. A discussion on the possible
limitations which will hamper the implementation of the wireless future development is
presented in Chapter 1.4. Chapter 1.5, explains motivations that led to this work at a high
level and states the thesis contribution to the body of knowledge. Finally, Chapter 1.6,

provides an outline of the thesis.

1.2 Wireless Communication

The transfer of information over a distance without the use of electrical conductors or wires
(Wireless Communications), paved the way in breaking the location barrier in telecom-
munications. To break this barrier, information has to be transmitted through an antenna
which converts a radio frequency (RF) signal into an electromagnetic wave. This electro-

magnetic wave is intercepted by a receiving antenna which converts it back to a RF
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Figure 1.1: A basic wireless communication system showing a transmitter and a receiver.

signal. The original information received by the antenna is then demodulated back to its
original form. The received RF signal is ideally, supposed to be the same as originally
generated by the transmitter. However, the received RF signal is usually degraded, due to
environmental conditions or interference from other electromagnetic sources, thus making
interference one of the technical challenges in advancing the future of wireless commu-
nications. It is therefore, important to study the effect of interference on the information
capacity of wireless communication systems operating at higher carrier frequencies and
smaller cell size radius. This study is one of the goals of this thesis. For the purpose of
this thesis a wireless communication system is shown in Figure 1.1. A brief description
of how an electromagnetic wave is generated, and how interference affects reception of

the best possible RF signal from a source is given in the following section.

1.2.1 Electromagnetic Waves Propagation and Interference

To generate an electromagnetic wave, an electrical signal, which continually varies in
power level and changes in polarity, is applied to an antenna. The continuous variation
in power level and change in polarity causes the energy in the electrical signal to be con-
verted into electromagnetic waves. The electromagnetic wave then radiate away from the

antenna and propagate into free space. Free space is basically the transmission medium for
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electromagnetic waves. Electromagnetic waves are characterized by their radio frequency
power (RF power) expressed in [W] or [dBm]. The [dBm], is the power ratio in decibels
of the measured power with reference to 1 mW. The frequency or cycles per second is
usually expressed in Hertz (Hz).

In general, interference occurs when correlated or coherent radiated electromag-
netic waves superimpose on each other to form a resultant wave of greater or lower am-
plitude. In wireless communication this interference alters, modifies or disrupts a signal
as it travels along a channel between a source and a receiver. Interferences, such as radio
frequency interference (RFI), co-channel interference (CCI) and adjacent channel inter-
ference (ACI) affect the information capacity performance of a wireless network. This
thesis focuses on co-channel interference in cellular wireless networks. The next section
presents a brief historical development of wireless communication and the concept of co-

channel interference.

1.2.2 History of Cellular Wireless Communications and Influence of

Co-channel Interference

The evolution of wireless communications dates back to 1802. James Bowman Lindsay
gave a classroom demonstration of an Ultra High Frequency (UHF) wireless telegraphy
operation to his students in Dundee. Followed by James Clerk Maxwell using the con-
cept of magnetic induction introduced by Michael Faraday to establish equations. These
equations formed the basis for explaining electromagnetic wave propagation. However,
Maxwell’s equations did not show how electromagnetic waves could be generated and
detected practically.

Heinrich Hertz, in 1886 - 1887, demonstrated how to generate and detect electro-
magnetic waves, using spark generators, dipole transmitting, and loop receiving antennas.
However, the distance covered was just a few metres [8, 9]. In 1890, Edouard Branly
developed the coherer, a more sensitive detector, which increased the distance at which
generated electromagnetic waves can be detected. Later, Sir Oliver Lodge, improved upon
the coherer developed by Edouard Branly.

Nicola Tesla in 1891, demonstrate the transmission of electrical energy in free
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space to the American Institute of Electrical Engineers. This latter earned Nicola the title
“Father of the wireless”. In 1896, Guglielmo Marconi demonstrated wireless telegraph to
the English telegraph office. The year 1897, saw “The Birth of Radio”, when “Marconi
Station” established on Needless Island communicated with English coast. In 1897 too,
a wireless transmission, recorded by the British Post Office, reached 14 km in the Bristol
Channel [10]. In 1899, a signal crossed the English Channel and in 1901, Marconi success-
fully sent wireless message across the Atlantic Ocean, from Poldhu in England to Signal
Hill in Newfoundland [11], and 1902, was when the first bidirectional wireless commu-
nication across the Atlantic took place. During this period of evolution, interference was
not much of a problem as the radio spectrum was not crowded.

The first voice over wireless transmission occurred in 1914. However, the pub-
lic had to wait until 1946, when AT & T inaugurated the first public mobile telephone
service in St. Louis. AT & T connected mobile users to the Public Switched Telephone
Network (PSTN). After the inauguration, the number of mobile phone service providers
and users begin to increase, the block of frequency spectrum allocated to service providers
was limited. As the number of mobile users begin to increase, there was a need to meet
the demand of a larger subscriber capacity. Meeting this demand led to the evolution of
the cellular concept.

A cellular system operates within a limited block of frequency spectrum to meet
an objective of providing an increase in information capacity. The cellular concept entails
the reuse of radio channels on the same carrier frequency to cover different areas. These
areas are separated from each other by sufficient distance to avoid/minimise co-channel
interference. As the number of mobile users continues to grow, service providers were
forced to put up more cellular towers. The putting up of more cellular towers increased the
problem of interference in wireless communications, which negatively affects the increase
in information capacity of the cellular wireless system.

The continuous increase of mobile users led to the deployment of the first gener-
ation of mobile systems (1G) in the 1980°s. Like what happened to wireline capacity in
the 1990’s, the demand for new wireless information capacity kept growing at a fast pace.
However, the conventional resources that have been used to add capacity to wireless sys-

tems are radio bandwidth and transmitter power. These resources are limited, hence they
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are not growing at the rates that can support the increased demands for wireless informa-
tion capacity. This has driven most research in wireless communications towards finding
alternative ways of increasing the wireless information capacity. Some of this research
included the development of new wireless information capacity through the use of greater
intelligence in wireless networks [12, 13]. The deployment of higher microwave carrier
frequencies and smaller cell size radius cellular wireless communication systems [14—16].
These researches have led to subsequent generation of wireless communication systems
such as 2G, 3G and 4G [17, 18].

However, at higher frequencies and smaller cell size radius interference becomes a
problem in cellular system [1]. There is no limit to how small a cell size must be to achieve
information capacity increase. Likewise, existing interference models were founded on

lower carrier frequencies and lager cell size radius, therefore the direction of this thesis

1.3 Possible Future Development Direction of Cellular Wire-

less Communications

The introduction of cellular wireless and cordless telephone systems in the early 1980s
caused wireless communication systems and services to undergo a remarkable develop-
ment and growth [19]. The need to operate and increase the information capacity of wire-
less networks indefinitely within an allocation of hundreds of frequency channels has been
the primary driving force behind the evolution of the cellular concept. The future develop-
ment of wireless communication providing faster, high-speed, high-quality and real time
information exchange between two portable devices located anywhere in the world is now
the communications frontier of the 21st century [20].

The popularity of wireless systems; such as cordless phones, cellular telephones,
radio paging, satellite networks and sensor networks wireless local area networks (WLANSs)
demonstrates a great demand for such services and all the components of the future de-
velopment of wireless. Likewise, wireless applications; such as voice, internet access,
distributed control, ad-hoc wireless networks, wide area wireless data systems and multi-

media. Figure 1.2, illustrates the possible future development of wireless communication
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Figure 1.2: The future development for wireless communication systems [20].

systems. Internetworking is achieved via a wireless gateway and a high-speed fibre back-
bone, which is then connected to existing cellular wireless systems.

During the last decade it has emerged from wireless communication research and
development activities that the wireless future is based on three trends: a broader range
of wireless communication products, high data-rate wireless communication systems and
higher user density [21]. It must be noted that to attain high data-rates in wireless com-
munication, interference must be minimal. To achieve this wireless future development,
there is a need to utilize the limited radio spectrum efficiently. In the quest to utilize the
radio spectrum efficiently cell size radii are to be smaller and frequency of operation are
to be higher [2, 7].

However, at higher carrier frequencies and smaller cell size radius, there is a prob-
lem of co-channel interference. This interference problem motivates and determines the
direction of the research in the thesis. The next section gives an overview of the technical
issues involved in the implementation of the future development of wireless communi-
cation. A number of these issues will be examined in the thesis chapters. New methods
are proposed to evaluate, and approach them, and compare these new methods with other

existing techniques that are currently being implemented or suggested in literatures.
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Propagation Environment Propagation Environment System and Hardware
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1. Rich-scattering/LOS Spectrum usage Low-power processors
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Figure 1.3: Some technical challenges to be addressed in implementing the future wireless
communication systems.

1. Interference - related to this thesis
2. Frequency of operation - related to this thesis

3. Spectrum usage and efficiency - related to this thesis

1.4 Technical Issues Related to the Future of Wireless
Communication

Technical issues related to wireless communication future cover limitations which arise
from the technology chosen for the wireless system implementation. These technical chal-
lenges need to be considered in the modelling and design of wireless communication sys-

tems to enable its implementation, notably:
* Spectrum limitations in wireless communications
* Energy limitations of personal mobile device

* Interference in wireless communications

Multipath signal propagation in wireless communication

User mobility within a cell

This thesis will focus more on interference modelling. A table representation of some of
the technical challenges which need to be addressed is given in Figure 1.3. The figure

also shows the three technical challenges which are related to this thesis. It is necessary to
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understand the fundamental technical issues for determining the feasibility of a given wire-
less technology with respect to the absolute physical communication limits. The wireless
communication channel is susceptible to noise, interference, multipath signal propaga-
tion and user’s movement, which causes the wireless communication channel to change
over time in an unpredictable manner [22]. Wireless mobile multimedia communication
has captured the attention of the media and the imagination of the public. It is because
wireless communication allows connectivity between users without sacrificing mobility.
However, it is fundamentally limited by the information capacity of the wireless commu-
nications channel. It must be noted that interference limits the information capacity more
than any other single effect [23]. Modelling interference accurately is therefore important
for the successful implementation of the wireless future development, which is part of the
focus of this thesis. The wireless communication network information capacity is defined
as the highest data rate (bit) at which information can be sent over the wireless communi-
cation network with a negligible probability of error. A wireless communication channel
is illustrated in Figure 1.4, showing noise, interference and multipath signal propagation.

Multi-path signal propagation occurs, when a radio signal transmitted from a fixed
source to a mobile station (MS) experiences variation in amplitude and phase. The vari-
ation, arises when the transmitted signal is reflected, diffracted or scattered by objects.
These reflected, diffracted or scattered signals create additional copies of the transmitted
signal. The additional copies of the signal can be attenuated in power, delayed in time,
and shifted in carrier phase and/or carrier frequency from the line-of-sight (LOS) signal
path. The LOS signal path is the straight line path between the transmitter and receiver.
Multipath signal propagation causes the received signal amplitude to vary. The time delay
of each path causes intersymbol interference.

Power and size of wireless mobile multimedia communication and computing de-
vices present another limitation unlike vehicular wireless communication devices which
have only some power or size limitations. For personal wireless communication devices
they are meant to be carried in wallet or pocket. These devices need to be small and
lightweight, which translates to requirement of low power, because small batteries must

be used. The information capacity of the wireless communication channel is determined
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Figure 1.4: A wireless communication channel showing a direct signal path, and multiple
signal path propagation from a transmitter to a receiver.

by the channel information transmission resources, which includes: time, bandwidth and
power (signal-to-noise ratio) [24].

Transmitting more power to increase the channel capacity or data rate of the wire-
less communication system is costly, because of the logarithmic relationship between the
channel capacity of the wireless communication link and the signal-to-noise ratio (SNR)
at the receiver. This logarithmic relationship was first developed by Shannon in his land-
mark 1948 paper “mathematical theory of communications” [25]. By Shannon’s result,

the channel capacity is given by:

C = Blog <1+%) (1.1)

where B is the signal bandwidth, S the signal power and N the noise. The ratio S/N is
the signal-to-noise ratio (SNR). Thus, asymptotically error-free communication at infor-
mation rates below log(1 + SNR) are possible, while transmission at any rate larger than
log(1 + SNR) is guaranteed to have errors.

Another effective method for increasing data rate in wireless systems is to increase
the signal bandwidth, in addition to the transmitted power. However, the radio spectrum
available for wireless communication systems is expensive and limited [26]. It is there-

fore, regulated by government authorities and wireless communication standardizing

10
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Figure 1.5: Wireless communications radio spectrum allocation and description of the
frequency bands of interest for the purpose of wireless communications.

1. Conventional frequency for wireless systems

2. Emerging and expected frequency for future wireless systems

organizations [27]. The allocation and application of the various spectrum band is illus-
trated in Figure 1.5. The description of the bandwidth and wavelength are specified in
Hertz and meters respectively. The figure also shows the UHF and SHF band of inter-
est for the purpose of wireless communications. The UHF band is used for conventional
wireless system and the SHF band is expected to be used for possible future wireless de-
velopment to achieve higher information capacity.

As the radio spectrum is limited, efficient utilization of the radio spectrum is impor-
tant in the design of wireless communication system. With the recent increase in spectrum
allocation for wireless applications. The radio spectrum has been stretched to its capacity
to accommodate the various wireless services (that is, it has become congested). In or-
der to increase the information capacity of cellular systems, and the associated congestion
of radio spectrum especially the UHF band, where propagation conditions for conven-
tional cellular system are favorable, carrier frequencies for emerging cellular system are
excepted to be shifted to the SHF band. However, in the SHF band (higher carrier fre-

quency) signal propagation conditions are different from that of the UHF band. At the

11
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SHF band signal propagation are different from that of the UHF band, because (i) at SHF
band signals travels shorter distances, as compared to those of the UHF band, therefore
cells size radius needs to be smaller (i1) UHF radio wave propagates mainly by LOS,
whilst SHF radio wave propagate entirely by LOS, groundwave and skywave. SHF radio
wave propagation is more vulnerable to the non-line-of-sight condition [28]. Interference
modelling for the SHF band are therefore excepted to be different from those of the con-
ventional UHF band. Therefore, interference modelling for the SHF band is one of the

focus for this thesis.

1.4.1 Spectral Efficiency

The spectral efficiency of a wireless communication system is defined as the information
rate that can be transmitted over a given bandwidth in a specific wireless communica-
tion system and it is measured in bits/s/Hz. The system information capacity of a wireless
communication system is directly related to the spectral efficiency, hence it is an important
parameter to be considered in the design of wireless communication system [26, 29, 30].
Efficient utilization of the congested radio spectrum is partly achieved by the cellular
networks [4]. Other techniques to increase spectral efficiency include methods such as
combination of bandwidth efficient coding/modulation techniques at the communication
link level and the use of sophisticated channel allocation schemes that minimize the over-
all carried traffic at the network or systems levels [31]. Techniques to utilize the radio
spectrum efficiently and effectively share it have been a major design concern for emerg-
ing wireless communication systems. Thus, we have used the spectral efficiency for the

information capacity performance analysis in this thesis.

1.4.2 Interference in Cellular Wireless Systems

Interference is the major limiting factor that affects the information capacity of cellular
wireless systems, it has been recognized as a main obstacle for increasing information ca-
pacity [3, 20, 32, 33]. Because of this, the information capacity performance of wireless
communication systems operating under the effect of interference needs to be studied ex-

tensively [34-36]. The two major types of system-generated interference are: co-channel

12
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Figure 1.6: Conventional cellular wireless system showing a reference cell and first tier
co-channel cells.

1. D : reuse distance for using the same carrier frequency
2. MS, : desired mobile station

3. MS; : interfering mobile station

4. BS, : reference cell

5. A,B,C,D,E,F : first tier co-channel interfering cell

and adjacent channel interference. Co-channel interference (CCI) does occur in
cellular wireless communication systems, for example, when a mobile station simultane-
ously receives signals from base stations (BSs’). In this case, one co-channel forward
link is the desired signal, and the other co-channel signals are received as interference and
compose the total co-channel interference at the receiver. Adjacent channel interference
is caused by power from a signal in an adjacent channel. Adjacent channel interference
may be caused by inadequate filtering, improper tuning or poor frequency control. Fig-
ure 1.6, illustrates a conventional cellular wireless system layout, where 4,B,C,D and F
are co-channel cells and BSj is the reference or desired cell.

Now these preceding technical challenges and associated bottlenecks, which ex-

tend across all aspects of wireless communication system design, including network de-
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sign with cross-layer protocol design, wireless terminal and circuit design with minimum

power consumption, are clearly undesirable for the overall wireless system design.

1.5 Motivation for the Research Work in the Thesis

The demand for higher data rates in wireless networks is unrelenting, and hence has trig-
gered the design and development of novel techniques by which system information ca-
pacity can be increased, at the same time maintaining high-quality of service. Cellular
systems are partly used in wireless communication network to increase the information ca-
pacity of the network, by increasing the limited radio resource utilization. Other methods
such as combination of bandwidth efficient coding/modulation techniques at the commu-
nication link level and the use of sophisticated channel allocation schemes are also being
employed to increase the information capacity of wireless network.

The continuous growth in wireless capacity has led to shrinking of cell size radius,
usage of higher carrier frequencies and employment of high frequency reuse in modern
and emerging cellular systems [23, 37-39]. Modern and emerging cellular systems are
therefore becoming increasingly interference limited, and in the center of Tokyo a reduc-
tion of cell size radius to 300 m or less has led to a problem of co-channel interference [1].
Smaller cell radius sizes increase the information capacity of the cellular wireless sys-
tem, but an increase in co-channel interference may lower the information capacity in-
crease [40]. Ranges of cell size for information capacity increase in cellular system have
been reported in [4—6], but Zhou et al. in [7], has suggested that the may be a limit to cell
size radius reduction for information capacity increase in cellular wireless communication
systems. However, till now there is no quantify theoretical limit to cell size radius reduc-
tion. Also decreasing cells size means more cells are required for a given coverage area,
which is always expensive, because of capital expenditure and operational expenses of the
network [41, 42]. However there is no cost - information capacity performance criterion
analysis for cell size reduction.

The number of co-channel interfering cells in the first and second tier has been
given [43, 44], but there are no explanations or proof for how they were derived. Currently,

conventional cellular system analysis is based on the assumption of first tier co-channel
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interference cells being active with other tier co-channel interfering cells being assumed
to be negligible, because of the assumption of a large basic path loss exponent, lower
microwave carrier frequency and bigger cell size radius [7].

Previous works leave unanswered the following fundamental questions:

* Why does co-channel interference become a problem when cell size radius gets

smaller in cellular wireless networks?

» Athigher microwave carrier frequencies, small basic path loss exponent and smaller
cell size radius does other co-channel interference cell, other than the first tier co-

channel interfering cells, become active?

* How can the number of co-channel interfering cells beyond the first tier be calcu-

lated?

* Is there a theoretical limit to cells reduction for information capacity increase in

cellular wireless system in terms of network infrastructure cost?

Motivated by the preceding questions, this thesis seeks to address and find answers to

them.

1.5.1 Contributions of the Thesis

The main contribution of this thesis is based on the key papers of the author [45-50]
and other submitted work [51]. However, each chapter provides a detailed summary of
contributions made within the chapter. Although the thesis is based on the key papers of
the author, it also contains some previously published and unpublished results. The main

contribution of this thesis is summarized as follows:

* It is shown geometrically, that the number of co-channel interfering cells in sub-
sequent tiers, other than those in the first tier, is the product of the number of co-
channel interfering cells in the first tier and the tier number, irrespective of the repre-

sentation of the cellular pattern (equilateral triangles, squares or regular hexagons).
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* A two tier co-channel interference model is proposed for emerging and future cel-
lular wireless communication systems. Mathematical analysis, supported by com-
puter simulation, is used to show that at higher microwave carrier frequencies, sec-
ond tier co-channel interference becomes active, as cell size radius and basic path

loss exponent decrease.

— This is found by comparing the information capacity performance of a con-
ventional cellular system (carrier frequency, f. < 2 GHz and cell size radii, R
> 1 km), to that of an emerging cellular wireless system (frequencies /. > 2
GHz (3.35 - 15.75 GHz), cell size radii R< 1 km). The comparison was done
using an existing one tier interference model and the proposed two tier inter-
ference model. The percentage decrease in information capacity (b/s/Hz/km?),
between the two interference models at a carrier frequency, /. =900 MHz, cell
size radius, R = 100 m and basic path exponent, o = 2, was 6%. For a carrier
frequency of 15.75 GHz, under the same cellular wireless system conditions
the percentage decrease in information capacity was 15.32%. Note that « is

the basic path loss exponent for the propagation loss model.

* We argued that multiple tiers of co-channel interference may become active. There-
fore, a multiple tier co-channel interference model was proposed. Mathematical
analysis, supported by computer simulation, is used to show that, at higher mi-
crowave carrier frequencies as cell size radius and path loss exponent decreases,
not only does the second tier co-channel interference become active, but multiple

tiers of co-channel interference become active.

— This is established by comparing the information capacity performance of a
cellular system, the existing one tier interference model and the proposed mul-
tiple tier interference model. At carrier frequency, f. = 900 MHz, cell size
radius R = 100 and basic path loss exponent, o = 2, it was found that the
percentage decrease in information capacity (b/s/Hz/km?), between the two
interference model was 5.67%. For a carrier frequency of 15.75 GHz, under
the same cellular wireless system conditions the percentage decrease in infor-

mation capacity was 36.41%.
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* Analyses the impact of both:

1. system parameters (such as antenna height, operating frequency and reuse fac-

tor) and

2. propagation loss parameters (such as path loss exponent, breakpoint distance

and effective road height),

on the information capacity performance of cellular wireless network operating at
higher microwave carriers frequencies where, (1) two tier co-channel interference is

active (i1) multiple tiers of co-channel interference are active.

— Itis established that, for both the two tier and multiple tier interference model
the information capacity performance of the cellular network is affected by
the system and propagation loss parameters. For example, (i) in the case of
the two tier interference model, at cell radius R = 100 m, carrier frequency,
fe=15.75 GHz, for extra path loss exponent, p = 2. The percentage decrease
in information capacity was 23.33%, while for the same cellular system con-
dition, when extra path loss, p = 8, the percentage decrease in information
capacity was 16.9% (ii) in the case of the multiple interference model, for the
same cellular wireless system condition, the decrease in information capacity,
when extra path loss, p = 2, was 45.18%, and for extra path loss, p = 8, the

percentage decrease in the information capacity was 24.34%.

* It is shown, that because multiple tiers of co-channel interference are becoming
active, there is a theoretical limit to cells radius size reduction in cellular wireless

systems, for information capacity increase, founded on economic reasons.

— This is established, because at a carrier frequency, f. = 15.75 GHz. The in-
formation capacity per unit cost [Bits/sec/Hz/unit cost], at cell size radius R =
180 m, for the conventional single tier interference model, equals that of the

proposed multiple tier interference model at cell size radius R =530 m .
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Chapter 4

channel interference model,
Contributions:

interference become dominant.

Information capacity performance analysis for two tier co-

It was shown that at carrier frequencies greater than 2 ]
GHz, and smaller cell radius second tier co-channel

Chapter 2

Cellular wireless communication system overview.
Cellular wireless channel models.
Cellular wireless information capacity.

Chapter 3

Proposed formula to calculate number of co-channel interfering
cells in cellular system site layout, and co-channel Interference
model for two tier co-channel cells,

Contributions:
Derived formula for calculating number of co-channel interfering
cells in subsequent tier. Proposed an interference model which
includes first and second tier co-channel interfering cells.

Chapter 5

After showing that second tier co-channel interference becomes
dominant at carrier frequencies greater than 2 GHz. It is argue
that multiple tier co-channel interference may become
dominant at carrier frequencies greater than 2 GHz. A multiple
tier co-channel interference model is proposed. An information
capacity performance analysis for the multiple tier co-channel
interference model is performed.

Contributions:
Proposed an interference model which includes multiple tiers of
co-channel interfering cells, and show that at carrier
frequencies greater than 2 GHz and smaller cell size radius
multiple tier of co-channel interference become active.

Chapter 6
Minimum Cell Size for Information Capacity
Increase in Cellular Wireless Network.
Contributions:
Show that there is a limit to cell size radius
reduction in cellular wireless network.

Figure 1.7: Road map of the thesis and thesis contributions.
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1.6 Organization of the Thesis

The thesis aims at finding a theoretical limit to cell size reduction in cellular wireless
communication system. The analysis focuses on two wireless channel models: multipath
and cellular. For them, area spectral efficiency and economic efficiency are presented.
Chapter 2, gives a brief overview of cellular wireless communication concept, wireless
channel models and introduces the mathematical background to follow our derivations.
The research contributions are presented in Chapters 3 - 6. Chapter 7, presents conclusions
and outlines future work.

Figure 1.7, is a roadmap of some routes that one might decide to follow through

the coming chapters, and the territory that one would cover.

1.6.1 Outline of the Thesis
The chapters of this thesis are outlined as follows:

* Chapter 2 gives a brief overview of cellular wireless communication system con-
cepts and frequency planning in cellular wireless system. The chapter also intro-
duces the necessary mathematical background to follow the derivations and system
models for the wireless and cellular channels. It reviews the link between cellu-
lar wireless system, propagation model, co-channel interference, cell size reduction

and information capacity performance analysis.

» Chapter 3 proposes a formula for calculating the number of co-channel interfering
cells in a given tier of a cellular wireless site layout. The formula is used for the
characterization of co-channel interference at higher microwave carrier frequencies
and smaller cell size radius. A co-channel interference model which incorporates

the first and second tier co-channel interfering cells is also proposed.

» Chapter 4 analyzes the information capacity performance of a cellular wireless com-
munication system. It compares the conventional interference model information
capacity performance to that of our proposed two tier co-channel interference model
information capacity performance. Mathematical analysis supported by computer

simulation is used for the comparison. The impact of system and propagation loss
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parameters on the information capacity performance for the two interference models

is studied.

» Chapter 5 proposes a multiple tier co-channel interference model. Mathematical
analysis and computer simulation are then used to study the information capacity
performance. The information capacity performance is studied by comparing that
of the conventional interference model to the proposed multiple tier interference
model. Next, the impact of system and propagation parameters on the information

capacity performance for the two interference models is studied.

» Chapter 6 uses the information capacity - cost analysis to find a theoretical limit
to cell size reduction in cellular wireless systems operating at higher microwave
carrier frequencies. We also elaborate on the current development in cellular mobile

communication technologies, which are relevant this research work.

 Chapter 7 summarizes conclusions drawn from the preceding chapters and points to

future directions of this thesis.
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Chapter 2

Overview of Cellular Wireless System
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The Cellular Wireless Communication Concept

The cellular wireless network evolved as the basic structure for any wireless communica-
tion system. The cellular system allows the reuse of wireless channels on the same carrier
frequency at spatial located distance. The reuse of the wireless channels is advantageous
for frequency band utilization [38]. The cellular system is therefore used for this research
work. In a cellular wireless network all the serviced area is divided into a large number of
small areas called cells. Each cell is serviced by its own radio-communication unit called
the Base Transceiver Station (BTS). The cell is said to be served by a base station, which
is stationary. The wireless channel poses a major challenge as a medium for consistent
high speed communication, because of interference from co-channel cells [52]. In the the-
sis, our focus will be to model co-channel interference accurately for emerging and future
cellular wireless systems. The propagation characteristics of a cellular wireless system
also changes with the cell size radius [2]. We will therefore study the impact of propa-
gation loss parameters on the information capacity of cellular wireless systems as the cell
size radius reduces. This chapter, discuss the cellular wireless concept, system models for
wireless channels and conventional methods used for increasing the information capacity
of cellular wireless system.

The chapter is organized as follows. An overview of the cellular wireless con-
cept is presented in Chapter 2.1. Next, we look at the geometrical properties of cellular
wireless systems in Chapter 2.2. The wireless channel and channel impediments are dis-
cussed in Chapter 2.3 briefly. Next, a survey of work on the modelling of propagation
losses is presented in Chapter 2.4. Followed by a discussion on cellular wireless channel
in Chapter 2.5. Followed by a description of conventional interference and information
capacity model for cellular wireless system in Chapter 2.6 and 2.7. Finally, a summary of

the chapter is presented in Chapter 2.8.

2.1 The Cellular Wireless Communication Concept

The Bell System planners conceived the cellular wireless communication concept un-
der the AMPS standard in 1979. They were looking ahead to a more economical and
widespread form of mobile-telephone service [4]. AMPS was to provide a large-scale

mobile-telephone service. The AMPS was based on interests of the public, mobile-telephone
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customers, and mobile-telephone operating companies.

The basic objectives of AMPS is as follows [4]:
+ Large subscriber capacity
* Efficient use of spectrum
* Nationwide compatibility
* Widespread availability
+ Adaptability to traffic density
* Service to vehicles and portables
* Regular telephone service and special services, including “dispatch”

» “Telephone” quality of service

Affordability.

In a view that the AMPS system must be able to grow and accommodate larger subscriber
capacity within a local service area, such as the environments of a single cities. The pro-
vision of service must not depend on the continuous enlargement of the allocated radio
spectrum. The need for wireless systems to operate and grow within given radio channels
was the driving force behind the evolution of the cellular concept [4].

Basically, the mobile network model of the Bell Systems under the AMPS standard
in 1979 [4], consists ideally of hexagonal cells, the cells representing geographic areas.
Base stations in each cell communicate simultaneously with all mobile stations. Traffic
is passed through a radio network interface to an infrastructure of switching equipment
called Mobile Switching Centres (MSC). The mobile switching centre interconnects the
different parts of the communication system. The MSC is in turn connected to the public
switch telephone network. Figure 2.1 illustrates the basic concept of the cellular wireless
communication system. The triangles represent base stations. The basic elements of the
cellular wireless system are frequency reuse and cell splitting concept. This concepts are

discussed briefly in the next section.
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MSC PSTN

Figure 2.1: A cellular wireless network.

Frequency Reuse in Cellular System

Frequency reuse is the use of the same carrier frequency f. to cover different geographic
areas. The different geographic areas are separated from each other by a sufficient dis-
tance so that co-channel interference does not become a problem. Frequency reuse is not
only employed in cellular wireless communication system but also in broadcasting and
most other radio services. Frequency reuse allows wireless communication providers to
cover local areas with transmitters of moderate power as compared to a single land trans-
mitter site with high power at a high elevation. Frequency reuse increases the information
capacity for the cellular wireless network for the same number of allocated channel fre-

quencies.

Cell Splitting in Cellular System

Cell splitting 1s one of the various methods used to increase the information capacity of a
cellular wireless communication system. Cell splitting allows the revision of cell bound-
aries such that the areas regarded as large cell (single cell) can contain several smaller cells,

and utilize all these cells channels. The revision of cell boundaries by cell splitting allows
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the cellular system to adjust to growth in information capacity demand in certain areas,
or in the whole wireless network, without any increase in the spectrum allocation. The
area of a cell for a cellular wireless communication system is proportional to the square of
the cell size radius (R?). Therefore for example reducing the cell radius to one half of its
original value causes the cell area to drop a one quarter of its original value. Theoretically,
four of the smaller cells may fit into one of the large cells. However, for a hexagonal cell
model layout it is impossible to fit four quarter - size hexagonal cells completely in a full
- size hexagonal cell without some regions failing to be covered. The regions which are

not covered by cell splitting are covered by adjacent cells.

2.1.1 Frequency Reuse Concept in Cellular System

Channel frequency distribution in a cellular wireless communication system depends on
several parameters, such as signal propagation characteristics, signal interference and cel-
lular site geometry. In cellular systems the total number of channels allocated to a network
operator is divided into sets. Each set is then assigned to a cell inside a cluster of cells,
which forms a pattern. This set of channel is then reused in another cell some distant apart
to ensure acceptable signal interference.

The cells, using the same channels, are called co-channel cells. The distance be-
tween co-channel cells is called co-channel reuse distance, D. Note that the pattern formed
is reused according to the co-channel reuse distance. The selection of the number of cells
per cluster is based on the level of co-channel interference.

A better understanding of signal propagation and cellular site geometry is required
to understand the performance and channel assignment of cellular wireless communication
systems. In the following section we give a brief introduction to cellular site geometry and
wireless channels, which we used for the derivation of the formula for finding the number
of co-channel interfering cells in subsequent tiers. The formula is used for the information

capacity performance analysis.
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2.2 Properties of Cellular Wireless Geometry

The reason for defining cells in a cellular wireless communication system is to demarcate
areas in which either specific channels or a specific cell site will be used at least pref-
erentially, if not exclusively [4]. In cell site geometry a realistic degree of geographical
confinement of channel usage is necessary to prevent co-channel interference.

Cell-site selection and position tolerance is an important parameter in cellular wire-
less communication networks, likewise the maximum and minimum cell size radius as
reported by [4]. The values for these parameters are founded on the tradeoffs between in-
formation capacity, cost effects and good transmission quality. A perfect cellular wireless
communication network layout model is supposed to be regular. However the installation
of a cell site in the ideal position is generally not possible. The AMPS systems allow the
position of cell sites up to one-quarter of the nominal radius away from the ideal location.

The value for maximum cell size radius, is a decision taken during the start up phase
of a cellular system. It is a compromise between cost, forecast of the ultimate information
capacity and the transmission quality required. The maximum cell size radius, is defined
by, (i) the cost of transmitter power and antenna height (ii) the expected number of cell
sites in a mature cellular system (iii) signal propagation environment characteristics, and
(iv) the maximum power level of mobile terminal [4]. The maximum cell size radius has
only an indirect effect on the system objective of a large ultimate capacity [4].

The minimum cell size radius comes into play in a mature cellular wireless com-
munication system. In terms of cost, it may have little effect on the customer, but will
have a significant effect on the information capacity of the cellular wireless system. The
practical obstacles which affect smaller cell size are the cell site position tolerance, and

co-channel interference. In this thesis we will focus on the co-channel interference.

2.3 Wireless Channels

From a technical point of view, the distinction between wireline, and wireless communi-
cation is the physical properties of the wireless channel. These physical properties pose a

major challenge to the use of wireless channel as a reliable medium for high-speed
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Figure 2.2: Basic additive Gaussian noise channel.

communication, which is one of the requirements needed to achieve the wireless future
development direction. The physical properties to which wireless channel are vulnerable
to, are: ambient noise, propagation losses, interference and multipath signal propagation.
Wireless channel are also vulnerable to properties arising from the use of multiple an-
tennas. The following subsections will review these physical properties briefly, however

further discussion and details can be found in [53, 54].

2.3.1 Additive Noise Channels

Wireless channels are corrupted by ambient noise, which is normally introduced by the
hardware components at the receiver front end of the wireless communications system.
The noise 1s from thermal motion of electrons on the antenna, receiver electronics and
background radiation sources. This noise is modelled as having a very wide bandwidth. A
common model for such a noise is a zero-mean Gaussian process. Figure 2.2, illustrates the
additive noise channel, where Z;, is the additive noise, X, is the transmitted signal and Yy is
the received signal. The channel is referred to as additive white Gaussian noise (AWGN))
when the noise is white. AWGN model is referred to as an idealistic channel condition (it
is not a real physical process) where no signal fading occurs, because it is assumed that

its spectrum density is constant over all frequencies. Now since receiver hardware always
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introduces some noise, models for any time-varying channel must include an additive
noise term, unless the noise is negligible relative to other channel impediments. In this
thesis we assumed noise to be negligible relative to the other channel impediments, which
will be discussed in the subsequent chapters of the thesis. Transmission over additive
Gaussian noise channels has been studied over the past decades in [25, 55-57]. In the next
section, we consider multipath effects, which can cause two types of signal degradation

in cellular wireless communication systems.

2.3.2 Multipath Signal Propagation Channels

Multipath signal propagation, in wireless communications refers to the phenomenon in
which multiple copies of a transmitted signal are received at the receiver. Unlike the
multiple-input multiple-output (MIMO) system which uses multipath propagation to pro-
vide higher capacity [58, 59], for classical systems multipath signal propagation is con-
sidered to be harmful. Therefore research work that followed the viability of wireless
communication system had at least two phases: understanding the nature of multipath
channels and searching for techniques to reduce signal fading. In this section a detailed
overview of multipath channels and its modelling is given. In wireless radio environment,
particulary urban environment, because of the surrounding structures a radio signal trans-
mitted from a fixed source to a mobile receiver experiences an excessive variation in both
amplitude and phase. This variation is due to multiple paths which are created after the
transmit wave reflects, diffracts or scatters by human-made structures along the path of
propagation [60], as illustrated in Figure 2.3. The transmitted waves travel in different
directions; thus forming additional copies of the transmitted signal which can be atten-
uated in power, delayed in time, shifted in phase and/or frequency from the LOS signal
path. The received signals can sum-up constructively or destructively (constructive and
destructive interference). Thus, the summed-up signal received can be strong in one area
but weak in another. The mobile receiver can also be situated in a signal null spot. The
raising or lowering of the received signal at the mobile unit depends on the location of the
standstill mobile [61]. When the transmitter, receiver, and reflectors are all static, then the

constructive and destructive interference of the multiple paths and their delays relative to
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Figure 2.3: Distribution of single diffraction, reflection and scatters in a wireless commu-
nication environment.

the LOS path, are fixed. However, when the source or receiver is not static, then the char-
acteristics of the multiple paths vary with time. These time variations are deterministic
when the number, location and characteristics of the reflectors are known, otherwise, sta-
tistical models must be used. In the following section propagation loss and site-specific
models for path loss will be discussed. In discussing the models, distances are assume to

be small enough not to be affected by the Earth curvature [60].

2.4 Propagation Losses

Before implementing designs and confirming the planning of wireless communication
systems, it is necessary that accurate propagation characteristics of the environment are
known [62]. Propagation prediction usually provides two types of parameters correspond-
ing to large-scale path loss (diffusive losses) and small-scale (shadowing) fading statistics.
The path-loss information is important for the determination of coverage of a BS place-
ment and its optimisation. The small-scale parameters provide statistical information on
local field variations and this, in turn, leads to the calculation of important parameters that
help improve receiver (Rx) designs and combat the multipath fading. Without propaga-

tion predictions, these parameter estimations can only be obtained by field measurements
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which are time consuming and expensive.

Losses due to propagation are also an issue in wireless channels. Diffusive losses
occur because of the nature of the wireless channels. The energy radiated by a simple
point source in free space spreads over an ever-expanding spherical surface as the energy
propagates away from the source. That is, an antenna with a given aperture size will gather
an amount of energy which decreases with the square of distance between the antenna
and the source. In land wireless channels, the diffusion losses are normally greater than
this, because of the effects of ground-wave propagation, foliage, etc. In land cellular
mobile networks the diffusion loss is inverse-square with distance within LOS of the cell
tower, and it falls off with higher power (3 or 4) at greater distances. Shadow fading
is due to the presence of objects such as buildings, walls and trees between transmitter
and receiver. It is modelled by an attenuation (that is a multiplicative factor) in signal
amplitude which follows a lognormal distribution. Variation in fading is represented by
the standard deviation of the logarithm of the attenuation. The propagation path loss of a
signal is a function of factors such as the environment, antenna height and antenna type.

The path-loss prediction models can be roughly divided into three types, that is,
empirical, theoretical, and site-specific models [62]. The empirical models are a set of
equations derived from extensive field measurements [63]. Empirical models are simple
and efficient to use. They are accurate for environments with the same characteristics as
those where the measurements were made. The input parameters for the empirical models
are usually qualitative and not very specific. A disadvantage of the empirical models is

that they cannot be used for different environments without modification.

2.4.1 Ray-Tracing Technique

Ray tracing is a technique, which is based on Geometrical Optics (GO) and it can be
applied as an approximation method for estimating the levels of high frequency electro-
magnetic fields. Ray theory is a procedure for providing an accurate site-specific means to
obtain useful simulation results [64, 65]. This technique also serves as a starting point for
statistical modelling [66, 67]. Ray-tracing method unlike other computational complex

modelling tools, is simple. However, it must be stated that it can be computationally
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Figure 2.4: Illustration of multiple slope regression fit to the two-ray model [68].

inefficient.

2.4.2 Two-Path Model

The two-path model is a simple and measurement-based model and is used for line-of-
sight (LOS) propagation in an urban area. The model is based on a two-ray propagation
mechanism, which predicts the signal variation when a single ground reflection dominates
the multipath signal propagation effects [63]. This model is characterized by the fact that
a breakpoint exists that clearly separates the different properties of propagation in near
and far regions relative to the BS, as shown in Figure 2.4. When the regression analysis
was used for the measured data in the San Francisco Bay area, it was shown that the
slope before the break point is less than two, while that after the breakpoint is greater than
two [68]. The two-ray model for LOS propagation was extended in [69] to include the
effects of traffic and high obstacles such as electric poles and vehicular traffic. It is shown
that when the heights of car traffic and some obstacles are included in the model, better
model accuracy can be obtained compared with the experimental results. Figure 2.5 shows
the geometry and notation for the two-path model. The figure shows that the received

signal at the mobile station consists of two components: the direct or LOS components,
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Figure 2.5: Two-path model showing direct and reflected path for propagation.

which represent the transmitted signal propagating through free space, and a reflected
component, which is the transmitted signal reflected off the ground. Other two-path model

parameters are defined as follows (see also Figure 2.5):

» L : distance of separation between transmitter and receiver

d : length of the LOS path
+ d°: length of reflected path
» I[': ground reflection coefficient

The received LOS component at the MS is found from the free-space path loss

formula:
AGL e 2md/Y)
) drd ’

where u(?) is a complex baseband signal, A is the carrier wavelength, d is the horizontal

rros(t) = u(t (2.1

separation distance between transmitter and receiver antennas. Gain Gy is the product of
the transmitter and receiver antenna field radiation patterns in the direct path. If the effect
of surface wave attenuation is neglected, because of the assumption that the antennas are

located more than a few wavelengths from the ground then by superposition, the received
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signal for the two-path model can be written as:

A G qu(t)e? G/ . TG yult + 7)e/md /)
N 47 d d )

(2.2)

rtwopath (t)

where 7 = (d’ - d)/)\. is the time delay of the ground reflection, I' is the reflection coef-
ficient [70]. Gain Gy is the product of the transmit and receive antenna field radiation
patterns of the reflected paths. For a transmitted signal which is narrowband relative to
the time delay (1 << B, '), where B, is the complex baseband signal bandwidth, then u(t)
~ u(t + 7). Therefore the received signal power for the two-path model for a narrowband

transmission is given as:

Gd FGd,€j¢> 2

F R

(2.3)

A 2
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where S, is the complex baseband signal power, ¢ is the phase difference between the two
received components (that is the direct and reflected paths). If L denotes the horizontal

distance between the transmitter antenna of height /4, and the receiver antenna of height
h., then the phase difference ¢ is given by:

hy + R\ 2 hy — B\ 2
1 1
(Pt Y ]| ()

The equation (2.3) has been shown to agree closely with empirical data from the work

1/2 1/2

2n(d — L) 2n

o= )

(2.4)

in [71]. Basically the delay spread of the two-path model is the excess delay of the ground
reflection: (d’ - d)/ f.. For L > Shyh,,, d’ - d =~ 2hyh,,/L, therefore ¢ ~ 4w hyh,,/\L.
The ground reflection coefficient is given by [60, 70]

sinf — 7
IN=—— 2.5
sinf + 7 (2:5)

where Z, the characteristic impedance of the media, is given by

Ve, —cos? 0 /e, for vertical polarization
V€, — cos? 6 for horizontal polarization

7 =

€, 1s the dielectric constant of the ground, which for earth or road surfaces is approximately
that of a pure dielectric (¢, = 15). From equation (2.4), if L > Shyh,,,, d’ - d ~ 2hyh,,/L,

and hence

~ 47Thbhm

N7 (2.6)
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for asymptoically large L,d’~d~ L,0 ~ 0, G; ~ G4, and ' = -1. Now substituting these
approximations into equation (2.3), it is seen that in this asymptotic limit, the received

signal power is approximately

(2.7)

G417 [4rhyh,, 1°
4t AL

Sy ~ {
Therefore, in the asymototic limit of large L, the recived signal power falls off inversely
with the fourth power of L. In [72], plots of received signal power (equation (2.3)) as a
function of distance show this asymptotic limit. Up to a certain critical distance d., the
wave experiences both constructive and destructive interference from the two rays, which

results in a wave pattern with a sequence of maxima and minima.

Critical Distance

The critical distance d_, is the final maximum reach by the two rays, after which the signal
power falls off inversely proportionally to 4. An approximation for d, can be obtained
by setting ¢ to 7 in equation (2.6), obtaining d. = 4hyh,,,/\. Note that the critical distance
is used in the design of cellular wireless communication systems to determine optimal
cell size [22], hence, we used it in the analysis for finding the minimum cell size for
information capacity increase in cellular wireless networks.

If the local maxima and minima are averaged out from the equation (2.3), the re-
sulting average power loss can be approximated by dividing the power loss curve into two
regions (region I and II). For L < d., the average power falloff with distance corresponds
to free space loss. For L > d., the falloff with distance is approximated by the fourth-
power law as in equation (2.7). These approximations, thus, capture the simplified model
for the average received signal power presented in [71], which we used to calculate our

received signal power in this thesis.

2.4.3 Statistical Fading Models

A brief description of the statistical model for the received signals is given in this section.
The statistical model will enable future work on this thesis to incorporate signal fluctua-

tions. There are generally two phenomena that cause fluctuations of the received signal as
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the receiver or transmitter moves. As discussed in the previous section, multiple reflected
signals arrive at the receiver shifted in phase. The received signals cause constructive or
destructive interference. The resulting variations in the signal amplitude, called signal
fading, vary over distances proportional to a signal wavelength. This type of fading is re-
ferred to as fast fading. When the number of multipath signal components is large, the law
of large numbers can be used to approximate the fast fading effects with Gaussian statis-
tics, which can be described by the Rayleigh statistics of the short-term signal envelope
variation [22].

In addition to interference effects, as stated in previous sections the LOS and re-
flected paths may also be attenuated by buildings or other objects. This type of fading, or
shadowing, varies over distances which are proportional to the size of the buildings, and is
thus referred to as slow fading. When the number of signal attenuators is large, a Gaussian
approximation for the attenuation distance can be used for the slow fading statistics; this
results in a log-normal distribution for the signal variation over large distances.

The statistical model for short-term multipath fluctuations of the received signal
amplitude is normal founded on a physical propagation environment consisting of a large
number of isolated reflectors with unknown locations and reflection properties. Likewise
for the long-term multipath fluctuations, since the phases rotate m degrees every 1/2 A,
the signal amplitude changes rapidly over short distances. If these local variations are
averaged out, the local mean will also vary with distance due to two effects: the prop-
agation loss with distance described above for the ray tracing models, and the changing
configuration of surrounding buildings and obstacles which attenuate both the LOS and
the multipath components. Based on the two- and ten-ray models, it is generally assumed
that the propagation loss with distance is proportional to »~2 in a rural environment, and

r~%* in an urban environment.

2.4.4 Site-Specific Models for Path Loss

Site-specific propagation models, also referred to as deterministic models, are based on the
theory of electromagnetic wave propagation. While statistical models depend on extensive

measurements, site-specific propagation models do not rely on extensive measurements,
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but on information of the environments, and they provide an accurate predictions of the
signal propagation [73]. In theory, propagation characteristics of electromagnetic waves
can be calculated exactly by solving Maxwell’s equations. However, this approach re-

quires very complex mathematical operations and requires considerable computing power.

2.5 Cellular Wireless Channels

The demand for high speed data service wireless communication systems, means the lim-
ited available frequency spectrum needs to be used efficently. Cellular systems exploit the
power falloff with distance of a transmitted signal to reuse the same frequency channel or
time slot at another spatially separated location [63]. The coverage area is divided into
cells where, in each cell, only one user is assigned to a particular channel or time slot.
For frequency division, the total system bandwidth is divided into orthogonal channels
centered around a frequency, and each frequency channel is reused at a spatially separated
cell. For time division, the signal occupies the entire frequency band, and is divided into
time slots which are reused in distant cells. In this thesis we considered a time division cel-
lular wireless communication system, because it is the most representative of the cellular
wireless communication system.

Normally, for a cellular wireless system, the shape of the cell is determined by
the power footprint of the transmitting BS, which is circular if the transmit and receive
antennas are isotropic and propagation follows a free-space loss model. However, urban
propagation does not follow the free-space model, as blockage and multipath fading cause
distortion of the circular shape. To achieve spectral efficiency it is required that the spatial
separation of cells that share the same frequency channel or time slot must be as small as
possible to cover the largest possible area with a single channel. However, as the spatial
reuse distance shrinks, the interference from cells using the same frequency or time slot
increases. To complicate matters further, both the transmitted and interfering signals ex-
perience the long- and short-term multipath fuctuations described in the previous section.
To help determine the spatial reuse, data rates, and system layout, accurate models for
cellular transmission and co-channel interference are required. That is the reason why in

this thesis we propose a more accurate co-channel interference model for cellular wireless
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communication systems operating at carrier frequencies greater than 2 GHz. It should be
noted that coverage areas can also be divided using code division and spread spectrum
code division techniques [38]. However, it is beyond the scope of this thesis.

We now consider models for the two types of urban cellular wireless communica-
tion systems, which are founded on the cell size radius. Since propagation conditions in
suburban and rural areas are more favorable than in cities, these urban models generally
show worst-case propagation conditions. The first model is the urban macrocells. General
macrocells are related to cells in city centers, where the base stations are placed on the tops
of tall buildings, and transmit enough power to cover about 500 m - 2 km [74].

Now, if all parameters scale with distance then by shrinking the size of a cell by
a factor of N we can accommodate N times more users in a given area, since each cell
accommodates the same number of users in a smaller area. However, in order to shrink
the cell size radius to smaller size, the base stations must transmit at a much lower power
than in macrocells, and therefore must be placed closer to the ground. From the previous
section, we know that lower antenna placement fundamentally changes the mechanism
of signal propagation. We therefore use a smaller cell size radius (microcells) model
for the case when the transmitters antennas are less than 20 m high. Transmit power in
microcells is generally sufficient to cover about a 300 m; this cell diameter is chosen since
it corresponds to the point at which the power falloff of a transmitted signal versus distance
increases from 72 to %, thereby significantly reducing the power from distant interferers.

In cellular wireless communication systems, there are two transmission links: MS
to the BS, which we will refer to as the uplink and BS to MS which we will refer to as the
downlink. The uplinks are separated in frequency from the downlink, so the BS’s interfere
with each other, but not with the MS’s, and vice versa. From the previous sections, based
on existing models [61] both empirical and analytical the interference is generally much
greater than the receiver noise, therefore as stated, early receiver noise will be neglected

in our system models and analysis.
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2.5.1 Macrocells Wireless Channel

The conventional macrocell model requires propagation characteristics for both the trans-
mitted signal within the cell and the interference from other cells. Now building concen-
tration in urban environment is dense, thus both transmitted and interfering signals are
blocked or reflected from lots of objects. Therefore, the statistical propagation model de-
scribe earlier applies to macrocells. When the radiated power tends to form approximately
circular contours (isotropic antenna), the long-term received signal variation in both direc-
tion of the transmission link is closely approximated by a free-space propagation model
with additional log-normal shadowing. Thus, the received signal power, averaged over
multipath fading is modelled by [63]

Sy = Sur_a (2.8)
where S, is the transmitted signal power, 4 is median path loss at » = 1 km, r is the BS
- MS separation (in km), « is the propagation exponent and V is a lognormal shadow
fading variation, with typical variance for urban environment ranging between 3 - 8 dB.
For a macrocell a given area is covered with nonoverlapping cells, and hexagonal cell
shape is used as the closest tessellating shape to a circle as shown early in Figure 1.6.

For the case of narrowband transmissions in a macrocell network, the short-term
fluctuation of both the desired and interfering signal envelopes generally follows a Rayleigh
distribution [22]. However, if the transmitted signal has a LOS path to the receiver then
the fluctuation of the desired signal is Rician [75]. For the conventional macrocell the
number of interfering signals is random, but normally only the interferences in the first
closest ring (first tier) of cells are taken into account and all others are considered to be
negligible as shown in Figure 1.6, for a macrocell site layout with a cluster size of seven.
For the uplink, the distance between an interfering and a transmitting BS is known, whilst
in the case of the downlink because MS may be anywhere within the cell the interfering
power is a random variable. However, in this thesis our work is related to smaller cell size

(microcell), cellular wireless networks, which we discuss in the following section.
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2.5.2 Microcells Wireless Channel

Generally smaller cell size radius cellular wireless communication systems are to provide
a high spectral efficiency to counterbalance their large cost due to the number of BSs’ re-
quired. For a microcellular network, there are two types of propagation: LOS propagation,
which is propagation between BSs and MSs with direct path between them, and non-LOS
propagation, which is the case where there is no LOS path. In the non-LOS propagation
the signal must “bend” around an obstacle such as a corner or corners via diffraction, scat-
tering, or reflection to reach the intended receiver. As discussed in earlier sections LOS
propagation in microcells can be accurately modelled with the two-ray model. However,
it is difficult to use ray tracing to model non-LOS propagation, because it requires detailed
information about the building and street layout, geometry, and dielectric properties. This
information requires field measurements for the particular cell of interest, and the resulting
model will only apply to that particular cell site.

However, a more general model for non-LOS for cities with rectilinear street lay-
outs was developed in [22]. This measurement-based model was obtained from data col-
lected in Manhattan at 900 MHz. The model includes a prediction method for the mean
average power, and a statistical model for both short-term and long-term variations about
this mean. In this thesis we neglect non-LOS in our model, because users in the non-LOS

condition represent less than 1% of the LOS interference [76].

2.6 Interference in Cellular Wireless Systems

In the previous sections we discussed that the spectral efficiency over a geographical area
for partition techniques, such as FDMA/TDMA can be increased by reusing the same
frequency or time slot at spatially located cells where the power falloff with distance min-
imizes the effect of intercell interference. The extent of the intercell interference depends
on both the distance between the interfering transmitters and the intended receiver as well
as the propagation laws governing the interferers’ transmissions.

In a cellular wireless communication system model, interference distribution is

normally assumed to be Gaussian. This assumption is reasonable for CDMA systems, as
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there are many intracell and intercell interferers, hence the Gaussian distribution follows
from the law of large numbers. However, with FDMA or TDMA, there are only a few ac-
tive interferers, therefore the white noise assumption is generally not valid. In information
capacity calculations, Gaussian interference is a worst-case noise assumption. However,
most cellular system are interference limited, which means that the receiver noise power is
much less than the interference power, hence can be neglected [26]. If the cellular system
is considered to be interference limited, which is the case in this thesis, then for multi-
ple users, using the same carrier frequency the carrier-to-interference ratio (CIR) is used
to measure the amount of interference over a specified carrier. For conventional cellular

wireless communication system the (CIR) is given as

CIR = % = N,C (2.9)
> I
n=1

where C is the carrier power and / the interfering power. N is the number of co-channel
interfering cells in the first tier. For the conventional cellular wireless system other tier
co-channel interferences are neglected, which holds because carrier frequencies are less
than 2 GHz, and cell size radius are 1.6 km, (1 mile) and above [4]. However, for emerging
cellular wireless communication systems carrier frequencies are greater than 2 GHz, and
cell size radii are less than 1 km [2, 28, 45]. Therefore, there is a need to propose a new
co-channel interference model for emerging cellular system, which is one of the aims of
this thesis.

For the conventional cellular system where noise is neglected, the CIR is given
by [41]

C R~

I
>, D=
n=1
where « is the path loss exponent, D is the frequency reuse distance, and R is the radius of
the cells, which is defined as the distance from the centre of the cell to any of its vertices. In
the next section, we will define the area spectral efficiency, which quantifies the effect of
co-channel interference on cellular wireless communication system information capacity.

Area spectral efficiency is used in this thesis for our information capacity analysis.
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Figure 2.6: Reuse distance of a frequency division cellular wireless system showing fre-
quency Channels:fl5f2af3)f4’f5:f6 andf7'

2.7 Cellular Wireless System Information Capacity

In this section, we give a brief review of spectral efficiency and define area spectral ef-
ficiency, which we used for our information capacity performance analysis. The infor-
mation capacity of a cellular wireless system is an important measure in designing and
comparing the performance of wireless communication systems. The ultimate informa-
tion capacity of a cellular wireless communication system is directly related to its spectral
efficiency for a given quality of service [29]. The spectral efficiency of a cellular wireless
system depends on a number of parameters, such as the number of radio channels required
per cell and the interfering environment.

The spectral efficiency of a cellular wireless communication system can be ex-
pressed in a number of ways, such as Erlangs per square kilometer, number of users per
square kilometer and the maximum average data rates per unit bandwidth per unit area.
In this thesis, for the information capacity performance analysis, we have adopted the
area spectral efficiency given by [77]. The area spectral efficiency of a cell is defined as
the total bit rate/Hz/unit area that is supported by a cell’s BS. This definition gives a more

complete picture of the spectral efficiency by expressing it in terms of bit rates, bandwidth
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and area.

If a cell size radius is normalized to one, and the reuse distance Rp is defined as the
minimum distance between any two BSs that use the same code, frequency or time slot,
since a code, time slot, or frequency is reused at a distance R as illustrated in Figure 2.6,
the area covered by one of these partitions is about 7(1/2R p)?. The area spectral efficiency
1s approximated by [77] as

% Ry/B
A= m 2.11)
where N is the total number of users per cell, Ry, is the data rate of the kth user, and B is
the bandwidth occupied by each user. The equation (2.11), shows that reducing the reuse
distance, (that is reducing cell size radius) without altering R;s, leads to an increase in in-

formation capacity. However, reducing the reuse distance increases intercell interference,

because interference travels a shorter distance.

2.8 Summary

In this chapter, we have given a brief review of the cellular wireless concept, a description
of frequency reuse, and cell splitting for information capacity increase in cellular wireless
communication systems. We have also stated some of the impediments to reliable com-
munication over wireless channels, which include multipath, shadowing, and interference.
The two-ray tracing techniques, which specifically calculate the attenuation and phase of
each received signal power path for urban areas founded on the geometrical configuration
of the transmitter, receiver, and surrounding buildings was also described.

The chapter was concluded by defining the area spectral efficiency, which is used
for the information capacity performance analysis as the data rate/Hz/unit area. The for-
mula for the area spectral efficiency introduced includes the effect of interference in the
data rate calculation. In the following chapter an inductive approach is used to generate
a formula for calculating the number of co-channel interfering cells in a given tier of a
cellular wireless communication system site layout. We also proposed a co-channel inter-
ference model for emerging and future cellular wireless communications system, which

will be operating at carrier frequencies greater than 2 GHz and smaller cell size radius.
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3.1 Introduction

In this chapter, an inductive approach is used to generate a formula for calculating the
number of co-channel interfering cells in a given tier of a cellular wireless communica-
tion system site layout. Co-channel interference is a primary impediment in frequency
reuse system. The goal of this chapter, is to propose a co-channel interference model for
emerging and future cellular wireless communications system. Emerging and future cel-
lular wireless systems are expected to operate at a carrier frequency higher than 2 GHz and
smaller cell size radius less than 1000 m. The proposed co-channel interference model,
includes both the first and second tier co-channel interfering cells. The proposed interfer-
ence model is used for information capacity performance analysis for emerging and future
cellular wireless systems in subsequent chapters of the thesis. The geometrical derivation
shows that the number of co-channel interfering cells in a specific tier is the product of
the tier number and the number of co-channel interfering cells in the first tier.

The cellular system was the initial philosopher’s stone of wireless communication,
called upon to transform wireless development into reality. Initially, the total number of
radio channels offered to a land mobile system was not enough. Therefore, a satisfactory
service was not provided within a metropolitan area on a large coverage area basis. How-
ever, the number of channels per unit area was increased by using the same radio channels
in a small radio coverage area of cells within metropolitan areas. The same radio channels
are separated sufficiently spatially, so that co-channel cells are at a reasonable distance
to avoid co-channel interference, which reduces the information capacity performance of
cellular systems [78].

In order to ensure that co-channel cells are reasonably spaced to avoid co-channel
interference problem, cellular site layout is an important step in the design, deployment
and management of cellular wireless communication networks. However, for conven-
tional cellular systems, which have large cell size, large basic path loss exponent and
operates at lower carrier frequencies, only the first tier co-channel interfering cells in the
cell site layout were considered in interference modelling. All other co-channel interfering
cells in subsequent tiers were considered to be negligible. Emerging and future wireless

networks are expected to operate at microwave carrier frequencies greater than 2 GHz, thus
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enabling smaller cell size radius and smaller path loss exponent [28]. At higher carrier fre-
quencies and smaller cell size radius, second tier and other tiers of co-channel interference
may become active [45]. Co-channel interference modelling and information capacity per-
formance analysis is important for next generation cellular wireless systems, because of
the expected use of higher carrier frequencies and smaller cell size radius [79]. There is a
need therefore, to propose a co-channel interference model. The proposed co-channel in-
terference model is used for information capacity performance analysis for emerging and
future cellular wireless system, expected to operate at higher microwave carrier frequen-
cies and smaller cell size radius. The proposed co-channel interference model includes the
first and second tier co-channel interfering cells. To be able to propose the new co-channel
interference model, there is a need to find the number of co-channel interfering cells in a
given tier of a cellular site layout. In [1, 35, 43, 44, 80], the number of co-channel cells in
the first, second and in some cases the third tier were given for different tessellations of
planar regions. However, there are no explanation, formula or proof for how the number
of subsequent tier co-channel interfering cells were obtained.

We were therefore motivated to propose a formula for determining the number of
co-channel interfering cells in subsequent tiers. The proposed formula enables us to derive
the proposed interference model. The proposed interference model was then used for the
information capacity performance analysis, and finding the minimum cell size for uplink
information capacity increase in a cellular wireless system, in the subsequent chapter of

the thesis. The main contribution in this chapter is summarized as follows:

* An inductive approach is used to generate a formula for calculating the number of
co-channel interfering cells beyond the first tier. The derivation of the formula in
this chapter motivates the inclusion of other tier co-channel interfering cells, (i) in
the information capacity performance analysis of cellular wireless networks and (i1)
finding a theoretical limit to cell size radius reduction in cellular wireless commu-

nication systems.

* A co-channel interference model, which includes both the first and second tier co-
channel interfering cells is proposed. The proposed co-channel interference model is

used for information capacity performance analysis, for emerging and future cellular
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wireless communication systems in subsequent chapters of the thesis.

The remainder of this chapter is organized as follows: in Chapter 3.2, we describe
the different tessellation of planar regions, which can be used for two-dimensional site
layout for smaller size cellular systems. A formula for calculating the number of co-
channel interfering cells in a given tier of a cellular site layout, is produced by an induc-
tive approach. Chapter 3.3, describes the general system models and outlines the basic
assumptions used in modelling the proposed co-channel interference to take into account
the effect of second tier co-channel interference on the information capacity performance
of cellular wireless systems, operating at higher carrier frequencies and smaller cell radii.
In Chapter 3.4, a carrier-to-interference ratio, CIR is worked out using path loss formula
for LOS environment. Finally in Chapter 3.5, a summary of the chapter is presented. A

portion of the work presented in this chapter is published in [45, 51].

3.2 Frequency Reuse for Spectrum Allocation

The cellular system is partly used to achieve spectrum efficiency by reusing frequencies
at spatially-separated cells. In planning cellular systems, the whole service area is divided
into non-overlapping cells. The non-overlapping cells cover the service area without gaps
and each cell is covered by a base station site. A base station site in the center of a cell is
depicted for a hexagonal site layout, in Figure 3.1. The distribution of frequency channels
in a cellular wireless system depends on parameters, such as signal interference, signal
propagation characteristics and cellular geometry. The cells are allocated a subset of the
available radio spectrum such that the same frequency cells are sufficiently spatially sep-
arated. Thus, the spectrum is divided into K disjoint subsets, and each cell is given among
these subsets. Now if K is one of the numbers {1,3,4,7,9,12,13,16,19,21, ...}, then
the spectrum can be distributed in such a manner that for a hexagonal site layout every
cell has a first tier of six co-channel interfering cells (cells using the same channel set).
A set of convenient co-ordinate systems was introduced by Mac Donald in 1979,
for a hexagonal geometrical cell site layout [4]. Figure 3.2, illustrates the convenient co-
ordinate system and it shows that the positive halves of the two axes intersect at a 60-degree

angle. The unit distance along either axis is given by the product of v/3 and the
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Figure 3.1: Cellular wireless system site coverage layout for a hexagonal tessellation.

1. 0: coverage area under consideration (reference cell)

2. 1: first tier co-channel interfering cells surrounding the reference cell

3. 2: second tier co-channel interfering cells surrounding the reference cell
4. 3 : third tier co-channel interfering cells surrounding the reference cell
5. D : distance between cell centers

6. A,B,C,E,F,G : coverage areas using frequencies different from the reference cell
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Figure 3.2: Co-ordinates for hexagonal geometry site layout in a cellular wireless system

cell size radius R (v/3R), where R corresponds to the distance from the center of a cell to
any of its vertices. The coordinates of an array of cells are arranged such that the center
of every cell falls at a point specified by a pair of integer coordinates. The reuse distance

D between the origin (A), to any cell center (A;) is given by:

D=+ +ij+ j2 3.1)

where i and j are positive integers.

3.2.1 Cellular Wireless System Site Layout

Cellular site layout patterns are usually represented by either equilateral triangles, squares
or regular hexagons as they are the only regular polygons that tessellate in planar re-
gion [1]. In the derivation of the formula, for calculating the number of co-channel inter-
fering cells, in this chapter all the three cellular site layout patterns are assumed. Reusing
frequencies at spatially-separated cells in a cellular system introduces intercell interfer-
ence. Intercell interference reduces the information capacity of all users. Thus desired
users receive interference from co-channel cells as shown in Figure 3.1. In Figure 3.1, a

desired user is located in the reference cell, 0, and interference from the first tier are
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Figure 3.3: Cellular wireless system site coverage layout for a square tessellation.
1. 0: coverage area under consideration (reference cell)
2. 1: first tier co-channel interfering cells surrounding the reference cell
3. 2: second tier co-channel interfering cells surrounding the reference cell
4. 3 : third tier co-channel interfering cells surrounding the reference cell

5. D : distance between cell centers

6. A,B,C,E,F,G,H,I : coverage areas using frequencies different from the reference cell
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Figure 3.4: Cellular wireless system site coverage layout for a equilateral triangle tessel-
lation.

1. 0: coverage area under consideration (reference cell)

2. 1 : first tier co-channel interfering cells surrounding the reference cell

3. 2: second tier co-channel interfering cells surrounding the reference cell
4. 3 : third tier co-channel interfering cells surrounding the reference cell
5. D : distance between cell centers

6. A,B,C,E,F,G,H,LJ : coverage areas using frequencies different from the reference cell
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Figure 3.5: Illustration how “shift parameters” (i,j) are used to lay out a cellular system.
Shift parameters : i1=2,j = 1.

1. A : the reference cell

2. A; : the first tier co-channel interfering cells

3. A, : the second tier co-channel interfering cells

located in cell number 1, and second tier interference in cell number 2. The Figure 3.1
shows a hexagonal cell site layout tessellation. Figure 3.3, depicts that of a square site
layout tessellation and Figure 3.4, illustrates that of equilateral triangle cellular site layout
tessellation.

Figure 3.5 illustrates that for a hexagonal cell site layout tessellation, any cell has
exactly six equidistant nearest neighbouring co-channel cells. The vectors from a cell
center to the centers of its co-channel cells are separated by an angle of 60 degrees from
each other, the same also holds for any arbitrary cell and its immediate six co-channel cell.

Therefore, a cluster of contiguous cells can be visualised as a large hexagon. Note it is
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not claimed that all kinds of clusters will have a hexagon shape, but a large hexagon can
have the same area as any valid cluster. From Figure 3.2, as the distance between centers
of adjacent cells is unity, the distance between the centres of the visualised large hexagon
is m . The pattern of the visualised large hexagons is just an enlarged replica
of the original cellular pattern with a linear scale factor \/m . Thus, N., which
is the cluster size and is the total number of cell areas contained in the area of the large

hexagon, is given by the square of the linear scale factor as
N.=i+ij+j% 1,5 >0, (3.2)

i, j, and the cluster size can only take certain realizable values. The realizable values
range over the positive integers (1,3,4,7,9,12,...). For small cell systems design with
square tessellation, to cover the whole service area in a symmetric cell plan the cluster
size is given by [1] as

N, = +j4% 4,5 >0, (3.3)

As seen, with i and j being integers, the cluster size can only take certain realizable values
which range over the positive integers (1,2,4,5,8,9,...).

The relationship between the normalized co-channel reuse distance (D/R) and the
number of cells per cluster in a hexagonal cell site layout can be found be combining the

equation 3.1 and 3.2 and replacing the unity by v/3 which gives us

% = /3N, (3.4)

where D (co-channel reuse distance), is the measured distance between the cell centers, R
is the cell size radius and N, is the cluster size.

Now after the number of cell per cluster is defined it is appropriate to find which
channel set should be assigned to each cell. The frequency reuse layout of the cellular
wireless communication system is easily assembled using the hexagonal coordinates of
Figure 3.2, where i and j are called “shift parameters”. The procedure for finding the

nearest co-channel cells of any of the cells of the network is as follows:

» Choose a reference cell
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* For each side of the hexagon: move i cells along any chain of hexagons then turn
counterclockwise 60 degree, and move j cells along the chain that lies on this new

heading.

* Repeat the procedure for the surrounding cells of the initial reference cell which are

not found as co-channel cells

Figure 3.5, shows how the “shift parameter” can be used to lay out a hexagonal cellular
system site layout. The co-channel cells in first tier are labeled as 4; and those in second

tier are labeled 45. The same set of channels used in cell 4 are used in cells 4; and 4.

3.2.2 Proposed formula for Calculating Number of Co-channel Cells

In this section, the proposed formula for calculating the number of co-channel interfering
cells is all tiers of a given cellular wireless site layout is generated. Figure 3.6, illustrates
the geometry of a hexagonal cellular site layout with reuse pattern (N. = 4). Figure 3.7,
illustrates the geometry of a hexagonal cellular site layout with reuse pattern (N. = 7).
Figure 3.8, illustrates the geometry of a square cellular site layout with reuse pattern (N,
=2). Figure 3.9, illustrates the geometry of a equilateral triangle cellular site layout with
reuse pattern (N, = 2).

Considering the geometries ABCD, EFGH, IJKL,and ABCDEF, GHIJKL, MNOPQR
in Figures 3.6 - 3.9, the geometry of the hexagonal cellular pattern with N, = 4 in Fig-
ure 3.6, shows that the co-channel cells in tier 1 are 8, tier 2 are 16 and tier 3 are 24.
Likewise, the geometry of the hexagonal cellular pattern with N. =7 in Figure 3.7, shows
that the co-channel cells in tier 1 is 6, tier 2 is 12 and tier 3 is 18. The geometry of the
square cellular pattern with N. = 2 in Figure 3.8, shows that the co-channel interfering
cells in tier 1 is 8, tier 2 is 16 and tier 3 is 24. Finally, Figure 3.8, shows that for the
equilateral triangle cell pattern with N, = 2, the number of co-channel interfering cells in
tier 1 is 8, tier 2 is 16 and tier 3 is 24.

With the help of geometries ABCD, EFGH, IJKL, ABCDEF, GHIJKL and MNOPQR
in Figures 3.6 - 3.9, is shown that for a given cell site layout the number of co-channel in-

terfering cells NV,, in the nth tier of the cellular site layout is the product of the tier number,
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Figure 3.6: Geometry of a four cluster size regular hexagonal cellular system site layout.

1. Cells A,B,C,D of square ABCD represent first tier co-channel interfering cells
2. Cells E,F,G,H of square EFGH represent second tier co-channel interfering cells

3. Cells LJLK,L of square IJKL represent third tier co-channel interfering cells
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Interfering co-channel cells
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Figure 3.7: Geometry of a seven cluster size regular hexagonal cellular system site layout.

1. Cells A,B,C,D,EF of hexagonal ABCDEF represent first tier co-channel interfering
cells

2. Cells G,H,L,J,K,L of hexagonal GHIJKL represent second tier co-channel interfering
cells

3. Cells M,N,0,P,Q,R of hexagonal MNOPQR represent third tier co-channel
interfering cells
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Iinterfering co-channel cells
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Figure 3.8: Geometry of a two cluster size square cellular system site layout.

1. Cells A,B,C,D of square ABCD represent first tier co-channel interfering cells
2. Cells E,F,G,H of square EFGH represent second tier co-channel interfering cells

3. Cells LJLK,L of square IJKL represent third tier co-channel interfering cells
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Figure 3.9: Geometry of a four cluster size equilateral triangle cellular system site layout.

1. Cells A,B,C,D of square ABCD represent first tier co-channel interfering cells
2. Cells E,F,G,H of square EFGH represent second tier co-channel interfering cells

3. Cells LJ,K,L of square IJKL represent third tier co-channel interfering cells
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and number of co-channels cells in the first tier, and can be written as:
N, = Npr xn; (n=1,2,3,4,...). (3.5)

where N gy is the number of co-channel interfering cells in the first tier and # is the nth

tier number.

3.3 Signal and Interference Model for Emerging Cellular
Wireless Networks

Cellular wireless communication systems are designed to exploit power falloff with dis-
tance of signal propagation to reuse the same frequency channel at a spatially separated lo-
cation. However, the recent progress of communication services, means future and emerg-
ing wireless systems need to operate at higher microwave carrier frequencies in order to
increase data rate. Athigher carrier frequencies, both the free path loss and diffraction loss
increase in relation to increase in frequency [2]. The increase in free space path loss means
cell size radius needs to be reduced [2]. For cellular wireless communication systems to
provide high-data-rate services, emerging and future cellular systems are designed to op-
erate at higher microwave carrier frequencies (f. > 2 GHz) and smaller cell size radius
(R <1 km). For conventional cellular systems, which operate at lower carrier frequencies
(f - <2 GHz) and have bigger cell size radius (R > 1 km), other tier co-channel interfering
cell are assumed to be in the region where power falloff is inversely proportional to the
fourth power of distance. Hence, other tiers of co-channel interference are considered to
be dormant. As will be discussed and explained in the following sections, using higher
carrier frequencies and smaller cell size radius, in cellular systems may lead to other tier
co-channel interfering cells becoming active. That is, other tier co-channel interfering
cells may be in the same region of propagation as the first tier, where power falloffs are
inversely proportional to the square of distance. In higher carrier frequency and smaller
cell size radius cellular systems co-channel interference is expected to represent the main
information capacity performance limitation. In the following sections we therefore pro-

pose an interference model for emerging and future cellular wireless systems. This will
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Transmitter Receiver

PT Pr

Figure 3.10: System propagation model for the uplink of a cellular wireless network:
between MS and BS.

1. Py = Transmit power

2. P, = Transmitted signal power from antenna
3. Py = Received power by antenna

4. P, = Received signal power

5. P, = Power-law path loss

6. G; = Transmitter antenna gain

7. G, = Receiver antenna gain

8. r=Distance between transmitting and receiving antenna

enable accurate analysis of the information capacity performance of future and emerging

cellular wireless communication systems.

3.3.1 System Model for LOS Propagation Environment

In a similar manner as in [50, 77], for both desired and interference signal power we
consider a distance depended path loss wireless channel for our interference model. The
LOS propagation system model is depicted in Figure 3.10. The distance depended path
loss wireless channel used for our propagation system model and subsequent interference

model in this thesis is valid. It is valid, because Sanchez et al. in their work in [81],
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reported that a ‘snapshot’ measurement may seriously underestimate the maximum mean
electromagnetic field level that may be reached at a specific location. However, they
also stated that ‘snapshot’ measurement results are still valid for information capacity
performance analysis [81]. Therefore, in this thesis (i) for simplicity and (ii) due to the
fact that it is a first order prediction analysis, we average out slow and fast fading, though
fading may have considerable impact on the results. In this thesis for simplicity and ease
of analysis, we assumed a cellular wireless communication system, which has an efficient
antenna diversity scheme. The effective antenna diversity scheme eliminates the effects
of multipath fading. Therefore, for a cellular wireless communication system having a
base and mobile station antenna gain of unit, if a MS antenna transmitting a signal power
of P, over a distance » [m], the received signal power at the cell base station, P, [W] is

given by [5] as
K

—P’
re(L+r/g)""

where K is the constant path loss factor, and it is the free space path loss at the reference

P = (3.6)

distance dy = 1 m. «, is the basic path loss exponent (roughly 2) and p is the additional,
(extra) path loss exponent (between 2-8). g [m] is the breakpoint of the path loss curve.
In this thesis the exact value of K and P; is not required for the system model, because
(1) all mobile users, (both those with the desired cell and out-of-cell interferers) transmit
at the same signal power P, and (ii) the system is considered to be interference limited,
therefore thermal noise is negligible. Therefore the exact value of K and P, does not enter
into the analysis [82] . Therefore, we assume K = 1, P, = 1, and focus on the attenuation
factor.

P.=r*1+r/g)"". (3.7)

It must be noted that the path loss model, used for our system model in this thesis has been
experimentally validated for a variety of microcellulr environments and for both UHF and

SHF band [72, 83, 84].

3.3.2 Relationship between Breakpoint Distance and Received Signal

For conventional cellular wireless systems, the theoretical breakpoint distance is consid-

ered to be the product of the MS and BS antenna heights, and inversely proportional to
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Carrier frequencies (f.) | A. 23*}108 h,,, gath,=15m | gath,=35m
900 MHz 0.33m 1.5m | 272.73 m 636.36 m

2 GHz 0.15m I.5m | 600 m 1400 m

3.35 GHz 0.09m 1.5m | 1000 m 2333.33 m
8.45 GHz 0.035m | 1.5m | 257143 m 6000 m

15.75 GHz 0.019m | 1.5m | 4736.84 m 11052.63 m

Table 3.1: [63]

the wavelength of the transmitter source. The theoretical breakpoint distance g is given
by

- 4 x hm X hb
= 3 _

where 4, and h;, are the MS and BS antenna heights, and )\ is the wavelength of the

g (3.8)

transmitting source. Table 3.1, presents a summary of theoretically calculated breakpoint
distances for different carrier frequencies and BS antenna heights. Numerical values used
for the calculation are from [85].

To make the relationship between the theoretical breakpoint distance, carrier fre-
quency and received signal power explicable, using equation (3.6), a graph of received
signal power P, [W] against distance » [m] for different carrier frequencies f. [Hz] is
plotted as shown in Figure 3.11. The breakpoint is indicated as g on the graph. The plot
in Figure 3.11, shows that for a distance dependent wireless channel two regions may be
distinguished. The two regions are separated by the breakpoint. The region before the
breakpoint is referred to as region I in this thesis. The region I, is where signal attenuation
is assume to be inversely proportional to the second power of distance » [m], between
transmitter and receiver. The region after the breakpoint is referred to as region II. The
region II, is where signal attenuation is assume to be inversely proportional to the fourth

power of distance » [m].

Relationship between Breakpoint Distance and Carrier Frequency

For the relationship between the theoretical breakpoint distance, carrier frequency and BS

antenna height to be understandable, we plot a graph of breakpoint distance g against
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Figure 3.11: Two-slope received signal power, P, versus distance. Showing breakpoint
distance g at carrier frequency, f. = 15.75 GHz. (Transmitted power P, = 1 W, MS and
BS antenna gain G, = G; = 1, basic path loss exponent « = 2, extra path loss exponent p
=4, MS and BS antenna heights: 4, = 1.5 m and 4, = 15 m)

1. Free Space Path Loss [86]
2. Power falls off oc 1/(distance)*

3. Two Ray path loss [68]
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Breakpoint Distance (g}, m

1 2 3 4 5 6 7 8 9 10
Carrier Frequency, Hz x 10°

Figure 3.12: Breakpoint distance, g versus carrier frequency, /.. For MS antenna height,
h,, = 1.5 m, and different BS antenna height /.

1. BS antenna height, h, =55 m
2. BS antenna height, h, =35 m

3. BS antenna height, h, =4 m
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Carrier frequencies (f.) | Ac =3*f108 h,, h ghath,=15m | gpath,=35m
3.35 GHz 0.09 m 1.8m | 0.3m | 9849 m 2004.9 m
8.45 GHz 0.035m | 1.8m | 0.3m | 2484.3 m 51554 m
15.75 GHz 0.019m | 1.8m | 0.3m | 46305 m 9496.8 m

Table 3.2: [85]

carrier frequency f . for different BS antenna heights 4;, using equation (3.8). The plot in
Figure 3.12, shows that for a given BS antenna height the breakpoint distance increases as
the antenna height increases. The figure also shows that as the carrier frequency increases
the breakpoint distance increases. As base station antenna height increases, carrier fre-
quency increases, and the cell size radius decreases, second tier co-channel interference
may become active. It may become active, because it is in the same region as the free
space propagation region (region I), instead of the region II, as is assumed for conven-

tional cellular wireless systems.

3.3.3 Modified Breakpoint Distance for Higher Carrier Frequency

For higher microwave carrier frequencies, the breakpoint distance is modified as described
by Masui et al. in [85]. The modified breakpoint distance includes the effect of dispersion
caused by reflection and blocking due to vehicles, pedestrians, and other objects on the

road. The modified breakpoint distance for an effective road height, % is given by [85] as

Alhy — ) % (ho —h
r o — 2k )i(m ) h<h, (3.9)

The h,, and h;, are MS and BS antenna height. The effective road height, /2 depends on
the average road height, which is the average heights of vehicles and pedestrians on the
road. For light vehicular traffic /4, is between 0.23 - 0.74 m. In the case of heavy vehicular
traffic 4, is between 1.29 - 1.64 m [87]. Table 3.2, presents a summary of the theoretical
calculated modified breakpoint distances for light vehicular traffic conditions. Table 3.3
presents a summary of the theoretical calculated modified breakpoint distance for heavy

vehicular traffic conditions.
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Carrier frequencies (f.) | Ac =3*f108 h,, h ghath,=15m | gpath,=35m
3.35 GHz 0.09 m 1.8m | 1.29m | 312.314m 1947.7 m
8.45 GHz 0.035m | 1.8m | 1.29m | 787.777 m 5008.3 m
15.75 GHz 0.019m | 1.8m | 1.29m | 1468.3 m 92259 m

Table 3.3: [85]

Relationship between Breakpoint Distance and Effective Road Height

The relationship between the modified breakpoint distance, effective road height, /4 and
carrier frequency f . is made explicable, by plotting a graph of breakpoint distance against
effective road height, for different carrier frequencies using equation (3.9). The plot in
Figure 3.13, shows that the breakpoint distance tends to increase as the carrier frequency

increases, but decreases as the effective road height increases.

3.3.4 Cellular Wireless System Interference

In cellular wireless communication systems the intercell interference magnitude depends
on both the distance between the interfering transmitters and the intended receiver, as well
as the propagation laws governing the interferer’s transmission.

Generally the interference distribution is assumed to be Gaussian. This is a prac-
ticable assumption for CDMA systems, where there are many intracell and intercell in-
terferes. The Gaussian distribution follows from the law of large numbers. However, for
FDMA or TDMA systems, there are usually only a few active interferers. Therefore, the
white noise assumption is generally not valid. For information capacity calculations in
wireless systems, Gaussian interference is a worst-case noise assumption [57]. Under this
assumption the information capacity-achieving transmit spectrum for all users (that is sig-
nal and interference), is Gaussian. In most cellular wireless communication systems the
receiver noise power is much less than that of interference. Therefore, the receiver noise
power can be neglected. In the generation of the proposed interference model we consid-
ered a TDMA cellular system, which has few active interferes. In the following sections,

we first define the conventional cellular wireless co-channel interference model.
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Figure 3.13: Breakpoint distance, g vrs. effective road height, / for different carrier fre-
quency f.. BS and MS antenna height; 4, = 10 m and %,,, = 1.8 m

1. Carrier frequency, (f. = 15.75 GHz)
2. Carrier frequency, (f. = 8.45 GHz)
3. Carrier frequency, (f. = 3.35 GHz)
4. Carrier frequency, (f. =2 GHz)

5. Carrier frequency, (f. = 900 MHz)
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We then introduce our proposed co-channel interference model.

3.3.5 Conventional Cellular Wireless Uplink Interference Model

Co-channel interference can be considered to be a superposition of distance dependent at-
tenuation (path loss), short-term fluctuations, and long-term variations. It occurs in wire-
less systems, for example, when a mobile simultaneously receives signals from co-channel
BSs. For conventional cellular wireless networks co-channel interferences are assumed
to be from the first tier only. This is based on the assumption of large path loss expo-
nent, large cell size radius and lower carrier frequencies (f. < 2GHz). For conventional
cellular wireless systems the desired mobiles are assumed to be located in a central cell,
and interfering mobiles to be in cells in the first tier as shown in Figure 1.6. In cellular
wireless communication systems the uplink (from MS to BS) interference at a BS is the
non-coherent sum of interference signals from the users served by the BS and the users
served by other BSs [88]. The desired user CIR, , is defined as the ratio of the average
received signal power from a MS at a distance » [m] from the desired BS to the sum of
interfering received signal power plus noise. Considering only intercell interference, for
conventional cellular wireless communication systems the uplink CIR, ~ is given by [77]
as

B —]:de =N Latr) (3.10)

> Pi(ri) + Ni

i=1

Yd

where N,, is the thermal noise power, P; [W] is the received signal power level from
the desired MS at a distance » [m] from its BS. P; [W] is the total interfering power. P;
[W] is the received signal power level from the ith interfering MS at a distance »; [m]
from the desired mobile’s BS. However, as stated in Chapter 2.3.1 additive noise term can
be neglected relative to other channel impediments. Hence, for a conventional TDMA
cellular wireless communication system the uplink CIR, y is written as

Py Fulr)
-5 =5

;Pi(m)

Vd (3.11)
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3.4 Proposed Two Tier Uplink Interference Model

For the initial proposed uplink interference model a two dimensional non-sectorized hexag-
onal cellular layout network is considered. The cellular site layout has six and twelve co-
channel interfering cells in the first and second tier as illustrated in Figure 3.14. The BSs
are assumed to be uniformly distributed, and cells form clusters (co-channel cells) around
reference cells (BSy). All BSs are located at the center of each cell and they receive sig-
nals from all the users (MSs) in the system. The signals received from all the users are
attenuated according to the power-law path loss. All the BSs in the cells are fitted with
omnidirectional antennas.

For the remainder of this section, we propose a two tier co-channel interference
model for emerging and future cellular wireless communication systems. The proposed
interference model, is used for the uplink information capacity performance analysis in
the next chapter. In proposing the interference model we considered the first and second
tiers of co-channel cell in our interference generation. The desired MS is considered to be
located in the central cell and interfering mobiles are located in cells in the first and second
tiers as shown in Figure 3.14. In Figure 3.14, D denotes the distance between BS| and a
first tier BS. A second tier BS is therefore, at a distance 2D from BSj. In order to simplify,
and ensure accuracy of the analysis, each hexagonal cell is approximated as a circular cell
with the equal area as in [89, 90]. In cellular wireless communication, because uplink
interference at a BS is the non-coherent sum of interference signals form the users served
by the BS and the users served by other BSs [88], for a non-sectorized cellular system, the

carrier-to-noise ratio CNR can be written as follows

P, P,
N= 5 = R j’v(r) . (3.12)
r + N, FI S1
le Pfi(TfZ‘) + Zl Psi(T’si) + Nm

where N gy is the number of interfering cells in the first tier. Ng; is the number of co-
channel interfering cells in the second tier. Ng; is calculated using equation (3.5), for Np;
=6, Ng; =6 x 2=12. P, is the received signal power of the desired MS. P;, is the total
interfering power from the first and second tier. Py; and P,; [W] are the average power
level received from the ith interfering mobiles at distances 7y; [m] and 7,; [m] in the first

and second tier from the desired BS.
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Second tier

First tier

Figure 3.14: Uplink co-channel interference on a desired BS of a fully loaded non-
sectorized hexagonal cellular system model, with 6 and 12 co-channel interfering cells
in the first and second tier, cluster size N. = 7.

1.
2.

® 2@

BSy : the reference cell

MS, : the desired MS

. R : the cell radius

rq : the distance of separation between MS, and BS
D : the distance of separation between BS, and BS;
D; : the distance of separation between BS, and BS;
B1_¢ : the first tier co-channel interfering cells

B7_15 : the second tier co-channel interfering cells

69



Summary

To simplify our analysis we made the following assumptions in the co-channel
interference model. First the system is considered to be interference-limited, with ther-
mal noise power negligible relative to the co-channel interference power [61]. There-
fore, carrier to noise ratio CNR reduces to the carrier-to-interference power ratio CIR. All
inter-channel interferences are considered to be negligible [61]. All MSs are assumed to
transmit the same power, and for simplicity we assume each cell to be circular in shape.
Throughout the thesis it is assumed that co-channel interfering signals add up incoherently
as this leads to a more realistic assessment of co-channel interference in cellular wireless
network as reported in [91][92].

Considering a non-sectorized, and interference limited cellular wireless communi-
cation system with N7, and Ng; co-channel interfering cells in the first and second tier,
the desired user CIR, v, is the ratio of average received power level P,, of desired mo-
bile to the total interfering power P;. P; is the power sum of individual interferers in the

first tier plus the power sum of individual interferers in second tier. Therefore CIR can be

written as:
Py Py(r)
Vo = F[ = o N . (3.13)
le Pyi(rsi) + Zl Pyi(rsi)

where Py; and P,;[ W] are the average power level received from the ith interfering mobiles
at distances ry; [m] and r,; [m] in the first and second tier from the desired BS. Since the
signal powers for both the desired and interfering mobiles experience fluctuation, because
of the random location of MSs in their cells, 74 is also a random variable. 7, depends on
the distribution of Py, P¢;’s and Pg;’s, which in this thesis are assumed to be uniformly

distributed.

3.5 Summary

In this chapter, we have studied cellular site layout. An inductive approach was used to
generate formula for calculating the number of co-channel interfering cells in subsequent
tiers of a cellular wireless system site layout. It has been shown that for the three tessella-
tions of planar region used for cellular wireless communication cell site layout, the number

of co-channel interfering cells in any tier is the product of the tier number and the number
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of co-channel interfering cells in the first tier. Next, an improved co-channel interference
model has been proposed. Unlike the conventional, co-channel interference model in [77],
the proposed interference model includes the second tier co-channel interfering cells.

In the greater most part of this chapter we have proposed a formula for calculating
the number of co-channel interfering cells in cell site layout, and a co-channel interfer-
ence model which includes the first and second tier co-channel interfering cells. These
we will use in subsequent chapters for, (i) information capacity performance analysis,
and (ii) finding the theoretical limit to cell size radius reduction for information capac-
ity increase in cellular wireless systems operating at higher carrier frequencies. In the
next chapter, we mathematically characterize the area spectral efficiency, ASE as a func-
tion of the proposed co-channel interference model for information capacity performance
analysis. Information capacity performance analysis is performed to find out if at higher
microwave carrier frequencies and smaller cell size radius second tier co-channel interfer-
ing cells becomes active. This is achieved by comparing the ASE which incorporates our
proposed co-channel interference model with an existing ASE (reference [77]), of a cel-
lular mobile radio system. The next chapter studies the effect of system and propagation
loss parameters on the information capacity performance of cellular wireless networks op-
erating at higher carrier frequencies and smaller cell radius when both first and second tier

co-channel interfering cells are active.
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4.1 Introduction

In the previous chapter, we proposed a novel formula for calculating the number of co-
channel interfering cells in subsequent tiers of a cellular wireless communication system
site layout. A co-channel interference model which includes the second tier co-channel
interfering cells was proposed. In this chapter, using conventional and the proposed co-
channel interference model, an information capacity analysis for cellular wireless com-
munication system is performed.

The information capacity performance analysis was accomplished by comparing
the area spectral efficiency, which incorporates our proposed interference model, to the
area spectral efficiency, that incorporates the conventional interference model [77]. The
information capacity analysis shows that at carrier frequencies /. > 2 GHz (3.35 - 15.75
GHz), and cell size radius R < 500 m, second tier co-channel interfering cells become
active. Which is the bases for the decrease in the information capacity of the cellular
wireless system. A study on the impact of system and propagation loss parameters (such
as path loss exponent, effective road height, antenna height), on the information capacity
of a cellular wireless system is then performed. Results, show that for both distance -
dependent, and effective road height, the information capacity performance of a cellular
wireless communication system is sensitive to system and propagation loss parameters at
carrier frequencies f. > 2 GHz.

The propagation environment for wireless communications, has been one of the
major sources of information capacity performance degradation. That is to say that prop-
agation loss parameters affect the information capacity performance of cellular wireless
communication systems. In wireless propagation environments there are different cate-
gories of environments such as buildings, trees, roads water and homes [93]. The wireless
propagation environment therefore, requires an accurate modelling [52] for information
capacity performance analysis of a cellular system. Therefore, it is necessary to study the
information capacity performance of a cellular wireless network under different propaga-
tion loss parameters. System parameters also affect the information capacity performance
of cellular wireless systems. It is therefore, important to study the impact of system param-

eters on the information capacity performance of emerging and future cellular systems.
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The impact of propagation loss and system parameters on the information capacity
performance of land mobile cellular wireless networks has been studied and published
in previous literature [28, 46, 47, 77, 94-101]. However for most of these studies to
proceed analytically, only first tier co-channel interfering cells were incorporated into the
interference model. It was assumed that interference beyond the first tier (subsequent
tiers) was negligible. This assumption was based on large path loss exponent [7]. This
was suitable for microwave carrier frequencies f. = 0.9 and 1.8 GHz and cell size radius
R > 1 km, which was the case for conventional cellular wireless communication systems.

Cox et al. in [94], performed an experiment to show the dependence of wireless
signal attenuation on antenna height. However, the carrier frequency used for the exper-
iment was 815 MHz. Green in [95], carried out signal and path loss variability analysis
for small cells and concluded that path loss characteristics within smaller cells consist of
two distinct and separate regions (regions before and after the breakpoint g). The analy-
sis was for carrier frequencies f. > 2 GHz, but only first tier co-channel interfering cells
were considered. Cruz-Pérez and Lara-Rodriguez in [96] studied the impact of breakpoint
distance on the capacity of Manhattan like microcellular CDMA system. In the work of
Cruz-Pérez and Lara-Rodriguez interference was assumed to be from the first tier, and
they did not consider hexagonal cell site layout. In [97], Min and Bertoni studied the ef-
fect of path loss model on CDMA system design for highway microcells. However, they
considered a highway scenario where interference came from the first tier.

Alouini and Goldsmith, studied the effect of normalized reuse distance, path loss
and cell radius on the information capacity performance of cellular wireless communica-
tion system for carrier frequency f. = 0.9 and 2 GHz [77]. Alouini and Goldsmith did
not consider carrier frequencies f. > 2 GHz, and effective road height. Har and Bertoni,
studied the effect of cell parameters on microcell planning considering the first and second
tier co-channel interfering cells, without considering carrier frequencies f. > 2 GHz [100].
Hernandez et al. studied the effects of cell size radius reduction and path loss model pa-
rameters on the performance of microcellular networks without second tier co-channel
interfering cells [99]. In [28], Hernandez et al. studied the sensitivity of system per-
formance to propagation loss and system parameters in LOS microcellular environment

for carrier frequencies /. > 2 GHz. However, outage probability was used for the perfor-
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mance analysis. They considered only urban, and cigar-shaped microcellular environment
cellular site layout.

The influence of trees on the radio channel at carrier frequencies of 3 and 5 GHz,
was studied in [102]. Masui et al. in [85], proposed a new path loss model for the char-
acterization of microwave urban LOS propagation. That is, introducing effective road
height in cellular wireless communication system information capacity performance anal-
ysis. Anang et al. in [46, 47] studied the impact of base station antenna height and path
loss exponent on the uplink information capacity of a cellular wireless system operating
at carrier frequencies f. > 2 GHz. In their study, second tier co-channel interfering cells
were considered to be active. However, the effect of effective road height was not con-
sidered.

Emerging and future cellular wireless systems will be operating at microwave car-
rier frequency f. > 2 GHz and smaller cell size radii R < 1 km. From the previous chapter
we have proposed an interference model which includes second tier co-channel interfering
cells. It is therefore, necessary to provide information capacity performance comparison
between the conventional and our proposed co-channel interfering model. In this chapter

our contribution is as follows:

* This chapter provides an uplink information capacity performance comparison for
cellular wireless communication system using our proposed and conventional inter-

ference model.

* To study the impact of propagation loss and system parameters (such as BS an-
tenna height, effective road height) on the uplink information capacity of a cellular

wireless system using the proposed interference model.

* The numerical result shows that at carrier frequencies /. > 2 GHz and smaller cell

size radii R < 500 m second tier co-channel interfering cell becomes active.

* The numerical result shows that cellular wireless communication system informa-
tion capacity performance are sensitivity to system and propagation loss parameters,

even when second tier co-channel interfering cell becomes active.

The reminder of this chapter is organized as follows. Chapter 4.2, describes the general
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system models and outlines the basic assumption for our system modelling. Chapter 4.3,
presents the system model for information capacity performance analysis . The simulation
model and simulation parameters used for the information capacity performance compar-
ison are presented in Chapter 4.4. Chapter 4.5, provides numerical results for the infor-
mation capacity performance comparison. Finally, a summary of the chapter is presented

in Chapter 4.6. The work in this chapter is published in [46—49].

4.2 Two - Tier Co-channel Interference Model

For the information capacity performance comparison, a cellular wireless system operat-
ing at carrier frequencies f. > 2 GHz, and having smaller cell size radius R < 1 km is
considered. The first and second tier co-channel interfering cells are assumed to be active
as described in Chapter 3.3. Using the same notations in Chapter 3.4, the desired MS

carrier-to-interference ratio CIR, 7, is mathematically represented by equation (3.13).

4.2.1 Mobile and Interfering Users Distribution in Cells

For mathematical convenience and accuracy of the analysis, the cell shape is approximated
by a circle of radius R and all cells are assumed to have equal area. It is assumed erro-
neously that all MS are within the circle of radius R. Desired MS’s and interfering MS are
assumed to be uniformly, and independently distributed, [0,27] in their respective cells
as illustrated in Figure 4.1. The uniform and independent distribution of MS was chosen
(1) for its simplicity, and (ii) because it provides a general and realistic representation of
real life cellular wireless communication systems [103]. Note, we also assumed MS are
located in the far field region. Therefore, we describe the probability distribution function
(PDF) of a mobile location relative to a BS as

pra 1:0) = (=0

Ry<r <R, 0<60< 27, 4.1)
where R represents the minimum distance a mobile can be from a BS antenna. It defines
a small circular area around the MS to be kept free from interferes (that is , the far field
region). A reasonable value around 20 m is normally recommended for smaller cell size

cellular wireless systems.
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/ _________

Desired mobile (MS)

R = Cell radius

Figure 4.1: Geometry of desired user and interfering users in two co-channels cells; dif-
ferent tiers

1. BSy : the reference cell

2. BS; : first tier co-channel interfering cell

3. BS; : second tier co-channel interfering cell

4. D : distance of separation between BS, and BS;

. D : distance of separation between BS, and BS;
r : distance of separation between MS; and BS,

r;1 . distance of separation between BS; and X;;

r;0 : distance of separation between BS; and X,

© ® 3 2w

0,1 : direction of MS;; travel referenced to a vector from BS; to BS;

10. 6,5 : direction of MS,, travel referenced to a vector from BS, to BS;
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4.3 System Model for Information Capacity Analysis

An information capacity performance comparison for the two interference model (con-
ventional and proposed), is presented in this section. The analysis is based on the uplink
area spectral efficiency. It is an extension of the work in [77], to include second tier co-
channel interfering cells. The area spectral efficiency is defined as the achievable sum
rate of all users in a cell per unit bandwidth per unit area. The analysis applies to TDMA
cellular wireless communication systems. TDMA is the most representative of multiple
access cellular wireless communication systems. The cellular system is considered to be
fully loaded. That is, the cell’s resources (serviced channels), are fully used. The number
of interferers is constant and equals the sum of first and second tier co-channel interfering
cell Ng; + Ng;. The cellular system used for the analysis is non-sectorized. It must be

noted that our analysis can be extended to the downlink and sectorized cellular system.

4.3.1 Area Spectral Efficiency - Conventional

The area spectral efficiency for a fully loaded non-sectorized cellular wireless communi-

cation system is given by [77] as:

Ns

> Ck
A, = —kavz(lp T3 (4.2)
where W is the total bandwidth allocated to each cell. The reuse distance D [m] is defined
as the distance between BS’s using the same frequency set. Cy, is the achievable sum rate.
N, 1s the number of service channel per cell.

The achievable sum rate Cy, is the Shannon capacity of the kth user. Cj, depends on
~4» the received carrier to interference power ratio CIR of that user, and /W, the bandwidth
allocated to the user. The Shannon capacity formula assumes the interference has Gaussian
characteristics [104, 105]. Because it is assumed that the interference and signal power of

the kth user vary with mobiles location and propagation conditions, 7,4 varies with time.

Therefore, the average channel capacity of the kth user is given by

+oo
() =, /0 l0ga(1 4 7) po(7) 7, 43)
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where p.(7), is the probability distribution function (PDF) of the average mean CIR (74)
of the kth user.

The transmission rate is assumed to be continuously adapted relative to the CIR in
such a manner that the BER goes to zero asymptotically. In equation (4.3) if all users are
assigned the same bandwidth, (C}) = ((C)) becomes the same for all users. Therefore,

the area spectral efficiency (A.) is represented by

ANS(C) _ 4ANL(C)
T 7WD?  aWRZR? 4

(Ae)

where R, is defined as the normalized reuse distance and is given by the ratio of reuse
distance and cell radius (D/R). In TDMA cellular wireless communication systems, the
total bandwidth is allocated to only one active user per time slot (N = 1 and W = W).
Substituting W/N in equation (4.3) followed by substitution into equation (4.4) gives the

ASE as
4

mR2R?

+oo
(A,) = /O loga(1+ ) py(7) d. 4.5)

4.3.2 Area Spectral Efficiency for Two-Tier Interference Model

From section 4.2.1; users were assumed to be randomly located in their respective BS.
Therefore, v, is a random variable, and it depends on the random position of the user
and the sums of interference from the first and second tier. Without power control the
average-case interference configuration corresponds to the case where all the Np; and
N gy co-channel interferes are at the center of their respectively BSs. At distances r;; = D
[m] and ;5 = 2D [m] from the desired mobile’s BS. Note that we did not consider power
control, because it is essential for direct sequence CDMA systems [106]. As shown in
Figure 3.14, assuming that the transmitted power of all users are the same, and assum-

ing distance dependent path loss, using equation (3.7) and equation (3.13), we obtain the
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desired MS’s CIR as follows

Py(r
Ya(ry Npr, Nsp) = N ( J)Vsz — =
S Pa(ra) + > Pa(ri)
=1 =1

r(tr/g)”

Npr

Nsr
Yora (I 4rin/g) 4 > rp™ (14 1i2/g9)7F

11=1 i2=1
r(L+1/g)"

S Da(l4 Djg)r+ S (2D)-0(1 + (2D)/g) 7

i1=1 i2=1
r(L+ r/g)

S RRu-o(1+ RR,Jg)+ 3 (2RR,)->(1 + (2RR,)/q)"

i1=1 2=1
(QQ.NF[—FNS[) (RUR)a (g+2RuR)p (4 6)
NF[.NS] ’ r g—l-T' ’ '

where 7 is the distance from desired MS’s to desired BS’s. D is the distance between
two BSs’ using the same frequency, and it is the product of the cell size radius and nor-
malized reuse distance (R, x R). Since 7y, is a function of r, the desired user capacity

(C(r,Npr, Ngy)) is given by
<C(Ta NFIa NSI)> =W, 1092(1 + "y(r’ NF[7NSI))7 (47)

Substituting equation (4.7) in equation (4.4) yields the ASE conditioned on the desired
mobile position 7, for a fully-loaded system. Integrating equation (4.7) over the desired
user’s position PDF, equation (4.1) yields the average ASE for the average interference
configuration as:
A R
(Al Ner Noo) = s [ tom(1+ 9,7 @8)
The equation (4.8), shows that the average area spectral efficiency mainly depends on

the mean CIR, which is a function of random locations of the MS. This makes the ASE

mathematically intractable to solve. A computer simulation is therefore used to solve it.
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interference impact on cellular system
information capacity performance
A

[ Quantification of other tiers co-channel ]

Simulation environment

[ Validation of results ]

/ 3

r 3

[ Quantitative evaluation }

7

ASE with co-channel interference
model

A

[ Input parameters ]

Network performance
parameters

Figure 4.2: Integrated simulation environment for information capacity analysis

4.4 Simulation Model-Information Capacity Comparison

Computer simulations, were carried out to compare the cellular system information ca-
pacity performance for the conventional and our proposed two tier interference model.
The comparison was performed, for different carrier frequencies and cell size radii. Com-
puter simulations were used, because the analysis is mathematically intractable to solve
explicitly. In order that this simulation model can be used in a variety of tasks, flexibility
is provided in terms of its inputs and outputs. Figure 4.2, shows the simulation environ-
ment. The objective of this simulation is to generate sufficient data to examine the area
spectral efficiency, and related system and propagation loss parameters as a function of

cell size radius and normalized reuse distance.
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s>

 J

Input parameters

\

Polar coordinates (x;, 8;) of Njco-channel interfering cells are
randomly picked

-~ R
r=Ro) . pi<r<RO0<0<27

PLar0)=———"
| 7(R - Rp) Eq. (4.2)

L]

Repeat 100,000
times until statistics
have converged

A

Calculate distance between MSs’ and BSs’ (first tier co-channel
cell and desired BS)

Fa :\/D2 +xi12 —2Dx, cos(6,)

Eq.(4.10)

¥

Calculate distance between MSs' and BSs’ (Second
tier co-channel cell and desired BS)

ry =y(2D) +x," ~4Dx, cos(,)
Eq.(4.11)

Y

Desired user CIR, using two-ray model

Va=

Ney 1 Ney 1

ra(g—i—r)p[;’}za(g-i-rﬁ)p +§}ﬂﬂa(g+rﬂ)ﬂ} Eq (4 1 2)

1]
Calculatz area spectrum efficiency
(Ae)=—5—5log2(1+74)

ZR*y R Eq.(4.13)

________ ‘ L_ —_——————
Position of desired MS is randomly picked
- R
Yo, ,,(r):(r—O)z; Ry<r<R
7 (R = Ro) Eq.(4.2)

Figure 4.3: Flow chart for information capacity comparison simulations
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4.4.1 Simulation Setup for One and Two Tier Interference Model

A uniform distribution is assumed for the initial spatial location of the desired user as
described in subsection 4.2.1. This assumption is valid, because in a cellular wireless
network, the relative position of mobile users in cells varies randomly, giving on the av-
erage an approximately uniform distribution of possible positions. The polar coordinates
(xi1,0:1) and (x;2,0;2) of the N; and N; co-channel interfering mobiles in the first and
second tier are also assumed to be uniformly distributed according to equation 4.1. The
limits of the distribution are in the range of [0,27], with respect to current position of MS.
The geometry for calculation of interference for the simulation is shown in Figure 4.1.
How the simulation proceeds is illustrated by a flow chart in Figure 4.3. The distance 7;
for each co-channel interferer from the first tier to the desired BS for the simulation is

calculated by

Ty = \/D2 + l’?l — 2DZL‘Z‘1008(92‘1) (49)

The distance r,; for each co-channel interferer from the second tier to the desired BS for

the simulation is calculated by

Te = \/(QD)Q + :L’?z — 4D$i2005(9i2) (410)

The two-slope path loss model in equation (3.6), is used to calculate the average received
signal power for the desired MS (Pg), and interfering MSs’ (Py;’s and Py;’s), in the first
and second tier of co-channel cells for the simulation. Note that the average received
signal power based on the two-slope path loss model is distance dependent. Also ()
is a function of distance r. Therefore, the two-slope path loss model is still suitable for

the modelling the second tier co-channel interference. For the simulation, CIR (v,), is

calculated by
1
_ 4.11
Yd Npr . Nsi 1 ( |
AR P

where r, is the distance between a desired MS and its BS. Nr; and Ng;, are the number
of co-channel interfering cells in the first and second tier. « and p, are the basic and extra

path loss exponents. The area spectral efficiency (A, ), for a desired MS is then calculated
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Parameters Values

Cell radius 100 to 1000 m

Path loss exponent(«) 2,2.5,2.8and 3

Additional path loss exponent (p) | 4

Reference distance(dy) I m

Path loss constant(K) 20 logio(A./4mdy) dB

MS transmission power (P;) W

BS antenna height (h) 15,35 and 55 m [87, 107, 108]
MS antenna height (h,,) 1.5and 1.8 m [87, 107, 108]
Mobile Distribution Uniform and Random
Interference First and Second Tiers

Carrier frequencies f . 0.9, 2, 3.35, 8.45 and 15.75 GHz [77, 85]
Frequency reuse factor 4 [77]

Table 4.1: Simulation Parameters for Information Capacity Comparison

by

4
<Ae> = W 10g2(1 + 'Yd) (412)

where R, is the normalized reuse distance and R is the cell size radius. The system param-
eters used in the simulations are: basic path loss exponent o = 2, extra path loss exponent
p = 2, normalized reuse distance R, = 4, cell radii R = 100, 200 and 500 m, Bs antenna
hy, = 15 m and MS antenna height 4, = 1.5 m, and carrier frequencies f. = 0.9, 2, 3.35,
8.45, and 15.75 GHz. It has been reported that microwave bands, (3 - 60 GHz) are to be
used in future wireless communication systems [109, 110]. Now, it must be stated that the
physics of radio wave propagation tends to change at carrier frequencies above 20 GHz,
when rain attenuation begins to be significant [111, 112], therefore (i) for the work to be
practically applicable ahead of future wireless application, we consider carrier frequencies
below 20 GHz, (ii) in order not to divert into other research challenges relating to future
wireless system, such as propagation modelling [109], carrier frequencies f. = 3.35, 8.45
and 15.75 GHz were considered for the analysis and simulation in this work. These carrier
frequencies were considered, because the propagation modelling relating to those carrier

frequencies, /. = 3.35, 8.45 and 15.75 GHz have already be done [85]. We present a sum-
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mary of the simulation parameters in Table 4.1. The main emphasis of the simulation is to
reflect, as far as possible, a truly typical case of a cellular wireless communication system.
Therefore, the simulation process needs to be repeated a large number of times. Repeating
the simulation, will minimize the influence of initial conditions and the variation of the
stochastic processes. The simulation process was repeated 100 000 times for it to reach
a steady state condition. The value (A.), was then estimated by taking the average of all

the observations of 4..

4.5 Numerical Results-Information Capacity Comparison

In this section, we present simulation results for the information capacity performance
comparison between the conventional and proposed interference model, for cellular wire-
less communication systems. Our simulation results collaborates results in [77]. The re-
sults show that decreasing reuse distance and reducing cell size radius leads to an increase
in the information capacity of the cellular wireless communication system. Figures 4.4 -
4.8, show plots of average area spectral efficiency, ASE versus normalized reuse distance
R, for different carrier frequencies /. and cell size radius R. The plots show that at R =
500 m, for different /. = 0.9, 2, 3.35, 8.45, and 15.75 GHz, the information capacity for
the two interference models overlay each other. This means that for cell size radius R >
500 m the second tier co-channel interfering cells did not affect the information capacity
performance of the cellular wireless communication system.

Figure 4.4, shows that when /. = 900 MHz and R =200 m for a normalized reuse
distance R, = 4, there was a 4 % decrease in information capacity between the two inter-
ference models and for 100 m the decrease was 6 %. Figure 4.5, provides the decrease
in information capacity for /. = 2 GHz. The curve shows a decrease of 8 % in ASE for
R =100 m and R, = 4. When R = 200 m the decrease was 6 %. The curve for f. = 3.35
GHz is provided in Figure 4.6. The decrease in ASE for R = 100, and 200 m for R, =4 is
10.53 and 7.5 %. Figure 4.7, shows that when f. = 8.45 GHz and R, =4, for R=100 m
the decrease in ASE between the conventional and proposed interference model was 13.8
%. For R =200 m the decrease was 10.82 %. The curve for carrier frequency f. = 15.75

GHz is provided in Figure 4.7. The curves show that at a normalized reuse distance
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Figure 4.4: Comparison of the average area spectral efficiency, ASE for single and two
tier co-channel interference model for different normalized reuse distances R,, and cell size
radius R. (Fully loaded non-sectorized cellular system; carrier frequency f. = 900 MHz;
path loss exponent o = 2 and extra path loss exponent p = 2; BS antenna height 4, = 15
m and MS antenna height 4, = 1.5 m; number of co-channel interfering cells in the first
tier, Np; = 6, and second tier Ng; = 12)

1. ASE for conventional single tier co-channel interference model, R = 100 m [77]
2. ASE for proposed two tier co-channel interference model, R = 100 m
3. ASE for conventional single tier co-channel interference model, R =200 m [77]
4. ASE for proposed two tier co-channel interference model, R =200 m
5. ASE for conventional single tier co-channel interference model, R = 500 m [77]

6. ASE for proposed two tier co-channel interference model, R = 500 m
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Figure 4.5: Comparison of the average area spectral efficiency, ASE for single and two
tier co-channel interference model for different normalized reuse distances R,, and cell
size radius R. (Fully loaded non-sectorized cellular system; carrier frequency f. =2 GHz;
path loss exponent o = 2 and extra path loss exponent p = 2; BS antenna height 4, = 15
m and MS antenna height £, = 1.5 m; number of co-channel interfering cells in the first
tier, Np; = 6, and second tier Ng; = 12)

1. ASE for conventional single tier co-channel interference model, R = 100 m [77]
2. ASE for proposed two tier co-channel interference model, R = 100 m
3. ASE for conventional single tier co-channel interference model, R =200 m [77]
4. ASE for proposed two tier co-channel interference model, R =200 m
5. ASE for conventional single tier co-channel interference model, R = 500 m [77]

6. ASE for proposed two tier co-channel interference model, R = 500 m

87



Numerical Results-Information Capacity Comparison

55 T T T
f ' ' N Single tier interferers model
Two tier interferers model

50
",
a5k N

40

( ASE ) (BitsiSec/Hz/Km?)
2 B R 8 8

-
o

g

I hd ¥ > . 4
2 3 4 5 6 7 8 9 10
Normalized Reuse Distance (Ru)

=]

Figure 4.6: Comparison of the average area spectral efficiency, ASE for single and two
tier co-channel interference model for different normalized reuse distances R,, and cell
size radius R. (Fully loaded non-sectorized cellular system; carrier frequency f. = 3.35
GHz; path loss exponent o = 2 and extra path loss exponent p = 2; BS antenna height 4,
= 15 m and MS antenna height 4,, = 1.5 m; number of co-channel interfering cells in the
first tier, Ny = 6, and second tier Ng; = 12)

1. ASE for conventional single tier co-channel interference model, R = 100 m [77]
2. ASE for proposed two tier co-channel interference model, R = 100 m
3. ASE for conventional single tier co-channel interference model, R =200 m [77]
4. ASE for proposed two tier co-channel interference model, R =200 m
5. ASE for conventional single tier co-channel interference model, R = 500 m [77]

6. ASE for proposed two tier co-channel interference model, R = 500 m
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Figure 4.7: Comparison of the average area spectral efficiency, ASE for single and two
tier co-channel interference model for different normalized reuse distances R,, and cell
size radius R. (Fully loaded non-sectorized cellular system; carrier frequency f. = 8.45
GHz; path loss exponent a = 2 and extra path loss exponent p = 2; BS antenna height 4,
=15 m and MS antenna height 4,,, = 1.5 m; number of co-channel interfering cells in the
first tier, Ny = 6, and second tier Ng; = 12)

1. ASE for conventional single tier co-channel interference model, R = 100 m [77]
2. ASE for proposed two tier co-channel interference model, R = 100 m
3. ASE for conventional single tier co-channel interference model, R =200 m [77]
4. ASE for proposed two tier co-channel interference model, R =200 m
5. ASE for conventional single tier co-channel interference model, R = 500 m [77]

6. ASE for proposed two tier co-channel interference model, R = 500 m
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Figure 4.8: Comparison of the average area spectral efficiency for single and two tier co-
channel interference model for different normalized reuse distances R,, and cell size radius
R. (Fully loaded non-sectorized cellular system; carrier frequency f. = 15.75 GHz; path
loss exponent a = 2 and extra path loss exponent p = 2; BS antenna height 4, = 15 m and
MS antenna height 4,,, = 1.5 m; number of co-channel interfering cells in the first tier, N z;
=6, and second tier Ng; = 12)

1. ASE for conventional single tier co-channel interference model, R = 100 m [77]
2. ASE for proposed two tier co-channel interference model, R = 100 m
3. ASE for conventional single tier co-channel interference model, R =200 m [77]
4. ASE for proposed two tier co-channel interference model, R =200 m
5. ASE for conventional single tier co-channel interference model, R = 500 m [77]

6. ASE for proposed two tier co-channel interference model, R = 500 m
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h,=15m,h,=15m,a=2,p=2,R, =4
Cell Size Radius, R | Carrier Frequency, /. | Percentage Decrease (%)
900 MHz 6.0
2 GHz 8.55
100 m
3.35GHz 10.53
8.45 GHz 13.77
15.75 GHz 15.32
900 MHz 4.24
2 GHz 5.98
200 m
3.35GHz 7.52
8.45 GHz 10.82
15.75 GHz 12.87
900 MHz -
2 GHz -
500 m
3.35GHz -
8.45 GHz -
15.75 GHz -

Table 4.2: Percentage Decrease in Area Spectral Efficiency between single and two tier
Interference Model for Different Cell Size Radius R

R, =4, for cell size radius R = 100, and 200 m the decrease in information capacity is 15.32
and 12.87 %. These results show that as carrier frequency increases and cell size radius
decreases the percentage decrease in ASE between the conventional and proposed co-
channel interference model increases. A summary of the results is presented in Table 4.2.
From the results, it can be concluded that at higher carrier frequencies and smaller cell
size radii the second tier co-channel interfering cell become active. The interference from
the second tier co-channel interfering cells, therefore causes a reduction in the information

capacity of the cellular wireless communication system.

4.5.1 Effect of Basic Path Loss Exponent-Two Tier Interference

In this section, we present numerical results on the impact of basic path loss exponent

on the information capacity performance of a cellular wireless system. The aim of the
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results presented in this section is to make clear the influence of basic path loss exponent
on the information capacity performance of emerging and future cellular wireless sys-
tems. Our simulation compares results for the conventional model presented in [77] (first
tier co-channel interfering cell only), to our proposed model (first and second co-channel
interfering cell), presented in this work (4.8).

Figure 4.9 - 4.12, shows the curves, for area spectral efficiency ASE versus cell size
radius R. The curves, are for different basic path loss exponent « and carrier frequencies
fe¢. The figure quantify the fact that decreasing cell size increases the ASE. The curves
show that the ASE increases as the basic path loss exponent « becomes larger, which is in
agreement with existing work [77].

The curves in Figure 4.9, show that for basic path loss exponent o = 2, at f. =
0.9 and 2 GHz, the second tier co-channel interfering cells have no effect on the ASE.
Therefore, for both the conventional and proposed interference model the curves overlay
each other. For /. =3.35 GHz, and R = 100 and 200 m there was a decrease of 11.13% and
4.81% in ASE between the conventional and proposed model. For 300 m < R < 1000 m
the decrease in ASE < 2.98%. When f. = 8.45 GHz for 500 m < R < 1000 m the decrease
in ASE was between 1.92 - 3.80%. For 100 m < R < 400 m the decrease in ASE between
the two models is between 4.8 - 17.23%.

Figure 4.10 - 4.12, shows the curves for basic path loss exponent o = 2.5, 2.8 and
3 at different carrier frequencies. The curves show that for /. = 0.9, 2 and 3.35 GHz there
were no decrease in information capacity of the cellular wireless network. For o = 2.5
at f. = 8.45 GHz, when cell size radius R is between 100 - 500 m the decrease in ASE is
between 2.37 - 11.804%. For R > 500 m there was no decrease in ASE between the two
models. Atf.=15.75 GHz, the decrease was 14.23% at 100 m, 8.52% at 200 m and 3.9%
at 500 m and less for R > 500 m. The curves show that for « =2.8 and 3 at 8.45 and 15.75
GHz the decrease was between 2.44 - 11.3% for 100 < R <500.

Figures 4.10, 4.11 and 4.12, show that as « increases the decrease in information
capacity between the two interference model reduces, because for larger basic path loss
exponent («), interference from MSs before and after the breakpoint distance become less,
even at higher carrier frequencies. This is based on the fact that from the path loss model

the received signal power is inversely proportional to (distance)®. We therefore conclude
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Figure 4.9: Area spectral efficiency versus cell size radius for path loss exponent, o = 2,
and different carrier frequencies f.. (Fully-loaded system with first and second tier co-
channel interfering cells, Np; = 6 and Ng; = 12; extra path loss exponent, p = 4; MS and
BS antenna heights : 4, = 1.5 m and 4, = 15 m)
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Single tier co-channel interfering model (f. = 900 MHz) [77]
Two tier co-channel interfering model (f. = 900 MHz)
Single tier co-channel interfering model (f. =2 GHz) [77]
Two tier co-channel interfering model (f'. = 2 GHz)

Single tier co-channel interfering model (f. = 3.35 GHz) [77]
Two tier co-channel interfering model (f. = 3.35 GHz)
Single tier co-channel interfering model (f. = 8.45 GHz) [77]
Two tier co-channel interfering model (f. = 8.45 GHz)

Single tier co-channel interfering model (f. = 15.75 GHz) [77]

10 Two tier co-channel interfering model (f. = 15.75 GHz)
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Figure 4.10: Average uplink area spectral efficiency versus cell size radius for path loss
exponent, = 2.5, and different carrier frequencies f .. (Fully-loaded system with first and
second tier co-channel interfering cells, Npy = 6 and Ng; = 12; extra path loss exponent,
p =4; MS and BS antenna heights : 4, = 1.5 m and 4, = 15 m)

1 Single tier co-channel interfering model (f. = 900 MHz) [77]
2 Two tier co-channel interfering model (f'. = 900 MHz)

3 Single tier co-channel interfering model (f. =2 GHz) [77]

4 Two tier co-channel interfering model (f. = 2 GHz)

5 Single tier co-channel interfering model (f. = 3.35 GHz) [77]
6 Two tier co-channel interfering model (f. = 3.35 GHz)

7 Single tier co-channel interfering model (f. = 8.45 GHz) [77]
8 Two tier co-channel interfering model (f. = 8.45 GHz)

9 Single tier co-channel interfering model (f. = 15.75 GHz) [77]

10 Two tier co-channel interfering model (f. = 15.75 GHz)
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Figure 4.11: Average uplink area spectral efficiency versus cell size radius for path loss
exponent, o = 2.8, and different carrier frequencies f .. (Fully-loaded system with first and
second tier co-channel interfering cells, Npy = 6 and Ng; = 12; extra path loss exponent,
p =4; MS and BS antenna heights : 4, = 1.5 m and 4, = 15 m)

1 Single tier co-channel interfering model (f. = 900 MHz) [77]
2 Two tier co-channel interfering model (f'. = 900 MHz)

3 Single tier co-channel interfering model (f. =2 GHz) [77]

4 Two tier co-channel interfering model (f. = 2 GHz)

5 Single tier co-channel interfering model (f. = 3.35 GHz) [77]
6 Two tier co-channel interfering model (f. = 3.35 GHz)

7 Single tier co-channel interfering model (f. = 8.45 GHz) [77]
8 Two tier co-channel interfering model (f. = 8.45 GHz)

9 Single tier co-channel interfering model (f. = 15.75 GHz) [77]

10 Two tier co-channel interfering model (f. = 15.75 GHz)
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Figure 4.12: Average uplink area spectral efficiency versus cell size radius for path loss
exponent, o = 3, and different carrier frequencies f.. (Fully-loaded system with first and
second tier co-channel interfering cells, Npy = 6 and Ng; = 12; extra path loss exponent,

P
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=4; MS and BS antenna heights : 4, = 1.5 m and /4, = 15 m)

Single tier co-channel interfering model (f. = 900 MHz) [77]
Two tier co-channel interfering model (f. = 900 MHz)
Single tier co-channel interfering model (f. =2 GHz) [77]
Two tier co-channel interfering model (f. = 2 GHz)

Single tier co-channel interfering model (. = 3.35 GHz) [77]
Two tier co-channel interfering model (f. = 3.35 GHz)
Single tier co-channel interfering model (f. = 8.45 GHz) [77]
Two tier co-channel interfering model (f. = 8.45 GHz)

Single tier co-channel interfering model (f. = 15.75 GHz) [77]

10 Two tier co-channel interfering model (f. = 15.75 GHz)
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h,=15m,h,=15mand p=4

a | fe R [m] | Percentage Decrease (%)
900 MHz | 100 | 4.56
2 GHz 100 |8

2 3.35GHz | 100 11.13
8.45GHz | 100 17.23
15.75 GHz | 100 20.57
900 MHz | 100 3.22
2 GHz 100 5.45
2.51335GHz | 100 7.57
8.45 GHz | 100 11.80
15.75 GHz | 100 14.23
900 MHz | 100 2.61
2 GHz 100 4.34
2.8 1 335GHz | 100 6.01
8.45GHz | 100 9.38
15.75 GHz | 100 11.29
900 MHz | 100 2.27
2 GHz 100 3.77
3 3.35GHz | 100 5.17
8.45GHz | 100 8.06
15.75 GHz | 100 9.67

Table 4.3: Percentage Decrease in Area Spectral Efficiency between single and two tier
Interference Model for Different Basic Path loss Exponent and Cell Size Radius, R = 100
m.

that for a TDMA-based cellular system operating at higher carrier frequencies as cell size
radius reduces and basic path loss becomes smaller second tier co-channel interfering cells

become active. Table 4.3 and 4.4, shows summary of the result for R = 100 and 300 m.
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h,=15m,h,=15mand p=4
a | fe R [m] | Percentage Decrease (%)
900 MHz | 300 1.23
2 GHz 300 |2
2 | 3.35GHz | 300 3
8.45 GHz | 300 6.46
15.75 GHz | 300 9.86
900 MHz | 300 | 0.83
2 GHz 300 1.31
2.5 |13.35GHz | 300 1.1.92
8.45GHz |300 | 4.00
15.75 GHz | 300 6.10
900 MHz | 300 | 0.67
2 GHz 300 1.02
2.8 | 3.35GHz | 300 1.48
8.45 GHz | 300 3.05
15.75 GHz | 300 | 4.6
900 MHz | 300 | 0.57
2 GHz 300 | 0.87
3 3.35GHz | 300 1.25
8.45GHz |300 |2.54
15.75 GHz | 300 3.83

Table 4.4: Percentage Decrease in Area Spectral Efficiency between single and two tier
Interference Model for Different Basic Path loss Exponent and Cell Size Radius, R = 300

m.

4.5.2 Effect of Extra Path Loss Exponent-Two Tier Interference

This section presents results on the impact of extra path loss exponent on the information
capacity of cellular wireless network. Figures 4.13 - 4.16, illustrate the effect of extra
path loss exponent p on the information capacity performance of cellular wireless system
operating at higher carrier frequencies and smaller cell size radii, when both first and

second tier co-channel interfering cells are active. The curves show that as f. increases
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from 0.9 to 15.75 GHz, and cell size radius decreases from 1000 - 100 m, the ASE increases
exponentially, the figure confirms that ASE is an increasing function of both p and R.

Figure 4.13, shows that, for extra path loss exponent p = 2 and carrier frequencies
fe=0.9, 2 and 3.35 GHz, there is a decrease in ASE, between 4.86 -17.21% from R <
300 m. However, for f. = 8.45, and 15.75 GHz, when R < 500 m the decrease in ASE
between our proposed model and the conventional model was between 8.645 - 23.22%.
An interesting observation is that for R = 400 m the ASE for our proposed interference
model for /. = 8.45 GHz is the same as the ASE for the conventional interference model at
15.75 GHz. This confirms the importance of the consideration of second tier co-channel
interference in cellular system information capacity performance analysis at higher carrier
frequencies and smaller cell size radii. Figure 4.14, shows that, for p=3 and /.= 0.9, 2
and 3.35 GHz, the curves of the ASE, for the two interference models overlay each other.
However, for f. = 8.45, and 15.75 GHz, when R < 500 m the decrease in ASE between
the proposed model and conventional were between 5 - 18%, and 21.74 - 7.36%.

Figure 4.15, shows the curves when p = 5. The figure illustrates that for carrier
frequencies /. = 0.9, 2 and 3.35 GHz, the curves for the two interference models overlay.
For f. = 8.45 GHz the curves overlay from R > 400. However, the curves show a decrease
in ASE of between 4.80 - 15.51% for 100 < R < 300 m. In the case of 15.75 GHz,
the curves overlay from 500 - 1000 m. For cell size radius R between 100 - 500 m the
decrease in ASE between the two interference models is between 6.1 - 19.38%. The curves
in Figure 4.16, illustrate the information capacity performance for the two interference
models, for extra path loss exponent p = 8. The figure, shows that for carrier frequencies
fe=0.9, 2 and 3.35, the curves overlay. For 8.45 GHz the curves overlay between R =
300 - 1000, and decrease in ASE is between 4.56 - 11.15% for R < 300 m. The graph,
illustrates that for a carrier frequency /. = 15.75 GHz, the curves for the conventional and
proposed interference model overlay each other from cell size radius R = 1000 m down to
R=300m. For 100 < R < 300 m the decrease in ASE between the two models is between
4.56 - 16.1%. Figure 4.15 and 4.16, reveals that as p increases the second tier co-channel
interference becomes less severe. This contributes to decrease in ASE between the two
models becoming minimal. Table 4.5 and 4.6, present a summary the result for R = 100

and 300 m.
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Figure 4.13: Average uplink area spectral efficiency versus cell size radius for extra path
loss exponent, p = 2, and different carrier frequencies, /.. (Fully-loaded system with first
and second tier co-channel interfering cells, Ny = 6 and N g = 12; path loss exponent, o
=2; MS and BS antenna heights : 4,, = 1.5 m and 4, = 15 m)

1
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Single tier co-channel interfering model (f. = 900 MHz) [77]
Two tier co-channel interfering model (f. = 900 MHz)
Single tier co-channel interfering model (f. =2 GHz) [77]
Two tier co-channel interfering model (f. = 2 GHz)

Single tier co-channel interfering model (. = 3.35 GHz) [77]
Two tier co-channel interfering model (f. = 3.35 GHz)
Single tier co-channel interfering model (f. = 8.45 GHz) [77]
Two tier co-channel interfering model (f. = 8.45 GHz)

Single tier co-channel interfering model (f. = 15.75 GHz) [77]

10 Two tier co-channel interfering model (f. = 15.75 GHz)
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Figure 4.14: Average uplink area spectral efficiency versus cell size radius for extra path
loss exponent, p = 3, and different carrier frequencies, /.. (Fully-loaded system with first
and second tier co-channel interfering cells, Ny = 6 and N g = 12; path loss exponent, o
=2; MS and BS antenna heights : 4,, = 1.5 m and 4, = 15 m)

1 Single tier co-channel interfering model (f. = 900 MHz) [77]
2 Two tier co-channel interfering model (f'. = 900 MHz)

3 Single tier co-channel interfering model (f. =2 GHz) [77]

4 Two tier co-channel interfering model (f. = 2 GHz)

5 Single tier co-channel interfering model (f. = 3.35 GHz) [77]
6 Two tier co-channel interfering model (f. = 3.35 GHz)

7 Single tier co-channel interfering model (f. = 8.45 GHz) [77]
8 Two tier co-channel interfering model (f. = 8.45 GHz)

9 Single tier co-channel interfering model (f. = 15.75 GHz) [77]

10 Two tier co-channel interfering model (f. = 15.75 GHz)
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Figure 4.15: Average uplink area spectral efficiency versus cell size radius for extra path
loss exponent, p =5, and different carrier frequencies, f.. (Fully-loaded system with first
and second tier co-channel interfering cells, Ny = 6 and N g = 12; path loss exponent, o
=2; MS and BS antenna heights : 4,, = 1.5 m and 4, = 15 m)

1 Single tier co-channel interfering model (f. = 900 MHz) [77]
2 Two tier co-channel interfering model (f'. = 900 MHz)

3 Single tier co-channel interfering model (f. =2 GHz) [77]

4 Two tier co-channel interfering model (f. = 2 GHz)

5 Single tier co-channel interfering model (f. = 3.35 GHz) [77]
6 Two tier co-channel interfering model (f. = 3.35 GHz)

7 Single tier co-channel interfering model (f. = 8.45 GHz) [77]
8 Two tier co-channel interfering model (f. = 8.45 GHz)

9 Single tier co-channel interfering model (f. = 15.75 GHz) [77]

10 Two tier co-channel interfering model (f. = 15.75 GHz)
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Figure 4.16: Average uplink area spectral efficiency versus cell size radius for extra path
loss exponent, p = 8, and different carrier frequencies, /.. (Fully-loaded system with first
and second tier co-channel interfering cells, Ny = 6 and N g = 12; path loss exponent, o
=2; MS and BS antenna heights : 4,, = 1.5 m and 4, = 15 m)
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Single tier co-channel interfering model (f. = 900 MHz) [77]
Two tier co-channel interfering model (f. = 900 MHz)
Single tier co-channel interfering model (f. =2 GHz) [77]
Two tier co-channel interfering model (f. = 2 GHz)

Single tier co-channel interfering model (. = 3.35 GHz) [77]
Two tier co-channel interfering model (f. = 3.35 GHz)
Single tier co-channel interfering model (f. = 8.45 GHz) [77]
Two tier co-channel interfering model (f. = 8.45 GHz)

Single tier co-channel interfering model (f. = 15.75 GHz) [77]

10 Two tier co-channel interfering model (f. = 15.75 GHz)
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h,,=1.5m hy=15mand a=2

plfe R [m] | Percentage Decrease (%)
900 MHz | 100 11.06
2 GHz 100 14.6

2 1335GHz | 100 17.21
8.45GHz | 100 21.30
15.75 GHz | 100 23.22
900 MHz | 100 7.78
2 GHz 100 10.76
31335GHz | 100 13.82
8.45GHz | 100 19.19
15.75 GHz | 100 21.85
900 MHz | 100 3.0

2 GHz 100 5.9

5 1335GHz | 100 8.93
8.45 GHz | 100 15.51
15.75 GHz | 100 19.39
900 MHz | 100 1.0

2 GHz 100 2.5

8 | 3.35GHz | 100 4.60
8.45GHz | 100 11.15
15.75 GHz | 100 16.9

Table 4.5: Percentage Decrease in Area Spectral Efficiency between single and two tier
Interference Model for Different Extra Path loss Exponent and Cell Size Radius, R = 100
m.
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h,,=1.5m hy=15mand a=2

plfe R [m] | Percentage Decrease (%)
900 MHz | 300 | 4.86
2 GHz 300 6.43

2 1335GHz | 300 7.95
8.45GHz | 300 11.77
15.75 GHz | 300 14.46
900 MHz | 300 2.40
2 GHz 300 3.55
31335GHz | 300 4.86
8.45 GHz | 300 11.99
15.75 GHz | 300 15.33
900 MHz | 300 0.66
2 GHz 300 1.77
5 13.35GHz | 300 1.87
8.45 GHz | 300 4.81
15.75 GHz | 300 8.15
900 MHz | 300 0.17
2 GHz 300 0.25
8 | 3.35GHz | 300 0.48
8.45 GHz | 300 1.99
15.75 GHz | 300 4.56

Table 4.6: Percentage Decrease in Area Spectral Efficiency between single and two tier
Interference Model for Different Extra Path loss Exponent and Cell Size Radius, R = 300
m.

4.5.3 Effect of Base Station Antenna Height-Two Tier Interference

A comparison of Figures 4.13, 4.17 and 4.18, shows the effect of BS antenna height /; on
the information capacity performance, at different carrier frequencies, for the conventional
and proposed interference model. The plot shows that when BS antenna height 4, = 15
m, basic path loss exponent o = 2, and extra path loss exponent p =2, for . = 0.9, 2 and

3.35 GHz, the decrease in ASE is between 4.9 - 17.21% for R < 300 m. For
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Figure 4.17: Average uplink area spectral efficiency versus cell size radius for BS station
antenna height 4, = 35 m, and different carrier frequencies, f.. (Fully-loaded cellular
system with co-channel interfering cells in first and second tier, Np; = 6, and Ng; = 12;
path loss exponent, o = 2, extra path loss exponent, p =2 ; MS antenna heights : 4, = 1.5
m)
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Single tier co-channel interfering model (f. = 900 MHz) [77]
Two tier co-channel interfering model (f'. = 900 MHz)
Single tier co-channel interfering model (f. =2 GHz) [77]
Two tier co-channel interfering model (f. = 2 GHz)

Single tier co-channel interfering model (. = 3.35 GHz) [77]
Two tier co-channel interfering model (f. = 3.35 GHz)
Single tier co-channel interfering model (f. = 8.45 GHz) [77]
Two tier co-channel interfering model (. = 8.45 GHz)

Single tier co-channel interfering model (. = 15.75 GHz) [77]

10 Two tier co-channel interfering model (f. = 15.75 GHz)
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Figure 4.18: Average uplink area spectral efficiency versus cell size radius for BS station
antenna height 4, = 55 m, and different carrier frequencies, f.. (Fully-loaded cellular
system with co-channel interfering cells in first and second tier, Np; = 6, and Ng; = 12;
path loss exponent, o = 2, extra path loss exponent, p =2 ; MS antenna heights : 4, = 1.5
m)
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Single tier co-channel interfering model (f. = 900 MHz) [77]
Two tier co-channel interfering model (f'. = 900 MHz)
Single tier co-channel interfering model (f. =2 GHz) [77]
Two tier co-channel interfering model (f. = 2 GHz)

Single tier co-channel interfering model (. = 3.35 GHz) [77]
Two tier co-channel interfering model (f. = 3.35 GHz)
Single tier co-channel interfering model (f. = 8.45 GHz) [77]
Two tier co-channel interfering model (. = 8.45 GHz)

Single tier co-channel interfering model (. = 15.75 GHz) [77]

10 Two tier co-channel interfering model (f. = 15.75 GHz)
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fe=8.45 and 15.75 GHz, the decrease in ASE between the two interference models in-
creases as the cell size radius R decreases. Figure 4.17 and 4.18, shows that as the BS
antenna height and carrier frequency increases, the decrease in ASE between the two in-
terference models also increases. This is, because as 4, increases the breakpoint distance g
increases, causing the second tier interfering cell to be in the region before g. This makes

the second tier co-channel interfering cells to become more severe.

4.5.4 Effect of Vehicular Traffic-Two Tier Interference

Figure 4.19 - 4.22, illustrates the effect of the effective road height, # on ASE at carrier
frequencies greater than 2 GHz, when first and second tier co-channel interfering cells are
active. The figures show that previous results still hold. The figures show that the decrease
in ASE between the conventional and proposed interference model increases as the carrier
frequency increases and cell size radius reduces. The figures illustrate that the decrease
in ASE is lesser for heavy vehicular traffic as compared to light vehicular traffic. For the
case of light vehicular traffic at R =100 m, for /. = 3.35, 8.45 and 15.75 GHz the decrease
in ASE 1s 17.18, 21.22 and 23.18%, whilst for heavy vehicular traffic itis 11.63, 16.00 and
19.00%. We therefore, conclude that at microwave carrier frequencies greater than 2 GHz
and smaller cell size radius the effect of second tier co-channel interference is minimal
during heavy vehicular traffic (day time), relative to light vehicular traffic (night time).
This is because the breakpoint distance during day time is shorter as compared to night
time, which is due to the increment of the effective road height [refer to equation (3.9)].
The figures also show that increasing the base station antenna height, 4, leads to second
tier co-channel interference becoming more severe. The figure, also reveals that even if
hy 1s increased, the decrease in ASE between the two interference model is still less for

day time as compared to the night time.
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Figure 4.19: Average uplink area spectral efficiency versus cell size radius for light vehic-
ular traffic with effective road height and BS antenna height, 2= 0.3 m and 4, = 15 m, for
different carrier frequencies, f .. (Fully-loaded cellular system with co-channel interfering
cells in first and second tier, Np; = 6, and Ng; = 12; path loss exponent, o = 2 and extra
path loss exponent p =2 ; MS antenna height, 4,, = 1.8 m)

1 Single tier co-channel interfering model (f. = 3.35 GHz)
2 Two tier co-channel interfering model (f. = 3.35 GHz)

3 Single tier co-channel interfering model (f. = 8.45 GHz)
4 Two tier co-channel interfering model (f. = 8.45 GHz)

5 Single tier co-channel interfering model (f. = 15.75 GHz)

6 Two tier co-channel interfering model (f. = 15.75 GHz)
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Figure 4.20: Average uplink area spectral efficiency versus cell size radius for heavy
vehicular traffic with effective road height and BS antenna height 2 = 1.29 m and 4, =
15 m, for different carrier frequencies, f.. (Fully-loaded cellular system with co-channel
interfering cells in first and second tier, Ny = 6, and N g; = 12; path loss exponent, o =2
and extra path loss exponent p = 2 ; MS antenna height, 4,, = 1.8 m)

1 Single tier co-channel interfering model (f. = 3.35 GHz)
2 Two tier co-channel interfering model (f. = 3.35 GHz)

3 Single tier co-channel interfering model (f. = 8.45 GHz)
4 Two tier co-channel interfering model (f. = 8.45 GHz)

5 Single tier co-channel interfering model (f. = 15.75 GHz)

6 Two tier co-channel interfering model (f. = 15.75 GHz)
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Figure 4.21: Average uplink area spectral efficiency versus cell size radius for light vehic-
ular traffic with effective road height and BS antenna height, 2= 0.3 m and 4, = 35 m, for
different carrier frequencies, f .. (Fully-loaded cellular system with co-channel interfering
cells in first and second tier, Np; = 6, and Ng; = 12; path loss exponent, o = 2 and extra
path loss exponent p =2 ; MS antenna height, 4,, = 1.8 m)

1 Single tier co-channel interfering model (f. = 3.35 GHz)
2 Two tier co-channel interfering model (f. = 3.35 GHz)

3 Single tier co-channel interfering model (f. = 8.45 GHz)
4 Two tier co-channel interfering model (f. = 8.45 GHz)

5 Single tier co-channel interfering model (f. = 15.75 GHz)

6 Two tier co-channel interfering model (f. = 15.75 GHz)
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Figure 4.22: Average uplink area spectral efficiency versus cell size radius for heavy
vehicular traffic with effective road height and BS antenna height, 2 = 1.29 m and 4, =
35 m, for different carrier frequencies, /.. (Fully-loaded cellular system with co-channel
interfering cells in first and second tier, N z;y = 6, and N g; = 12; path loss exponent, o =2
and extra path loss exponent p = 2 ; MS antenna height, 4,, = 1.8 m)

1 Single tier co-channel interfering model (f. = 3.35 GHz)
2 Two tier co-channel interfering model (f. = 3.35 GHz)

3 Single tier co-channel interfering model (f. = 8.45 GHz)
4 Two tier co-channel interfering model (f. = 8.45 GHz)

5 Single tier co-channel interfering model (f. = 15.75 GHz)

6 Two tier co-channel interfering model (f. = 15.75 GHz)
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4.6 Summary

Building upon the work presented in chapter 3, in this chapter using the proposed co-
channel interference model we mathematically characterized the area spectral efficiency
ASE as a function of normalized reuse distance and cell size radius, for information ca-
pacity performance analysis. Comparing the ASE which incorporates our proposed co-
channel interference model with an existing ASE of cellular mobile radio systems [77];
simulation results show that as carrier frequency increases and cell size radius decreases
the ASE of a cellular wireless decrease. The information capacity performance analysis
results also suggested that at higher microwave carrier frequencies and smaller cell size
radii second tier co-channel interfering cells become active. Because co-channel inter-
ference is the major limiting factor that affect the information capacity performance of
cellular wireless systems [3]. The results of our study show the need to incorporate the
second tier co-channel interfering cells in the information capacity analysis of emerging
and future wireless systems.

We also studied the impact of propagation loss and system parameters on the in-
formation capacity performance of cellular wireless communication system. The study
was for cellular system operating at higher microwave carrier frequencies greater than 2
GHz and smaller cell size radii, when both the first and second tier co-channel interfering
cells are active. It was shown that at higher carrier frequencies and smaller cell size radius
the information capacity of a cellular wireless system was affected by propagation loss
and system parameters. Now, the case of including other tiers (multiple tiers) apart from
the first and second tiers and studying, (i) the information capacity performance, (ii) the
effect of system and propagation loss parameters on the information capacity, will be an
important extension of this chapter. In the next chapter, a multiple tier co-channel inter-
ference model is proposed, and we study the information capacity of the cellular system,
when multiple tiers of co-channel interfering cells are active. The impact of propagation
loss and system parameters on the information capacity performance of cellular wireless,

when multiple tiers of co-channel interfering cells are active is also studied.
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5.1 Introduction

In the previous chapter, a two tier co-channel interference model was proposed for emerg-
ing and future cellular wireless communication systems. It was shown that for emerging
and future cellular wireless communication systems, second tier co-channel interference
become active, as cell size radius decreases and carrier frequency increases. A study of the
impact of system and propagation loss parameters on information capacity performance
of cellular system model was also performed.

In this chapter, we propose a co-channel interference model which includes mul-
tiple tiers of co-channel interfering cells. Mathematical analysis, supported by computer
simulation is used to show that at higher microwave carrier frequencies and smaller cell
size radii, multiple tiers of co-channel interfering cell becomes active. Our analysis is
based on the uplink information capacity performance of a cellular wireless communica-
tion system, operating at higher microwave carrier frequencies greater than 2 GHz and
small cell size radius (1 - 1000 m). We then study the impact of both propagation loss
and system parameters on the information capacity performance of the cellular wireless
communication system, when multiple tiers of co-channel interference are active. Results
show that the system information capacity is still sensitive to propagation loss and system
parameters as the cell size radius decreases and carrier frequency increases.

The information capacity performance of cellular wireless communication net-
works is an important issue, for efficient management of the limited radio spectrum. The
greatest improvement of the cellular network information capacity has come from cell
size reduction, by installing more base stations [39, 113]. For the successful implemen-
tation of a high-speed data service it is imperative that we use design and planning tools,
which can accurately predict the information capacity of cellular wireless networks. This
depends on a fundamental understanding of the signal propagation mechanism, resulting
channel characteristics, interference level, and the effect of system parameters. Unlike
conventional wireless networks emerging and future wireless networks will be operating
at microwave carrier frequencies greater than 2 GHz, to enable wireless communication
systems provide high-speed data service [85]. Multi-antenna can also improve the sys-

tem capacity of cellular wireless communication system proportionally with the minimum
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number of antennas at the transmitter and receiver in a single cell wireless communica-
tion system [114]. However, in multiple cell wireless communication systems the system
information capacity is degraded by co-channel interference even with multiple anten-
nas at the transmitters and receivers [115, 116]. Therefore, co-channel interference (CCI)
modelling and information capacity analysis are of great importance in the next genera-
tion cellular wireless communications systems. However, most research work still uses
previous co-channel interference models for information capacity performance analysis,
for next generation cellular wireless communication systems, which will be operating at
higher carrier frequencies and smaller cell size radii.

In [101], Ahmed et al., studied the capacity and interference statistics of highways
W-CDMA microcellular wireless system operating in the UHF band, without considering
multiple tiers of co-channel interference. Ahmed et al., in their work introduced a model
for cigar-shaped cells in rural zones. They used the two-slope path loss model with a
general propagation exponent to investigate the interference statistics of the uplink and
the sector capacity.

Hernandez-Valdez et al., [28], studied the impact of both propagation and sys-
tem parameters on the performance of microcellular networks. They considered cellular
systems operating at higher carrier frequencies well above the 2 GHz band used by third-
generation wireless systems. However, outage probability was used for the study and mul-
tiple tiers of co-channel interfering cells was not considered. Anang et al., in [46], studied
the sensitivity of cellular system information capacity performance to BS antenna height.
The study was for land mobile cellular systems operating at microwave frequencies be-
yond 2 GHz. The evaluation was done in terms of the information capacity of the cellular
wireless network, when both the first 6, and second 12, co-channel interfering cells were
active, without considering multiple tiers of co-channel interfering cells. The recent work
by Anang et al., [47], has taken an initial step to include second tier co-channel interfer-
ence in the study of the impact of propagation loss parameters on the uplink information
capacity of a cellular wireless network, operating at higher microwave carrier frequencies
and smaller cell radii. However, Anang et al., did not consider multiple tiers of co-channel
interference.

In previous studies [88], Singh et al., proposed a model for uplink interference with
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power control and cell selection. In the model only first and second tier co-channel inter-
fering cells were considered to be active. Ge et al. in [79], also proposed a co-channel
interference model for multi-cell wireless communication systems. However, the model
and capacity analysis were for multiple-input multiple-output (MIMO) cellular wireless
systems. Xiaohu et al. in [79], reported that co-channel interference modelling and capac-
ity analysis is of great importance in the next generation cellular wireless communication
systems, because of the higher carrier frequencies.

Although numerous co-channel interference models have been proposed most are
based on the first and second tier co-channel interfering cells and are models for lower
carrier frequencies. Likewise, extensive research work has been carried out on the effect
of propagation loss and system parameters on the information capacity of cellular wireless
communication system for design and planning purposes. However, most of this work,
did not consider multiple tiers of co-channel interference. In this chapter the following

contribution is made:

» We propose a co-channel interference model, which includes multiple tier of co-
channel interfering cells. It is shown that as carrier frequency increases and cell

size radius reduces, multiple tiers of co-channel interfering cell become active.

* We provide an analysis on the impact of system parameters (such as cell size, an-
tenna height, operating frequency, and reuse factor), on the information capacity
performance of emerging cellular wireless systems, when multiple tier of co-channel

interfering cells are active.

* We study the impact of propagation loss parameters (such as breakpoint, effective
road height, and path loss exponent), on the information capacity performance of
emerging cellular wireless networks operating at carrier frequencies greater than 2

GHz, when multiple tier interferers are active.

The remainder of this chapter is organized as follows: Chapter 5.2, provides general sys-
tem and channel models for cellular wireless communication systems. It shows the re-
lationship between cell size radius, frequency, breakpoint and the number of active co-
channel interfering cells. Chapter 5.3, presents our proposed multiple tier co-channel in-

terference model and outlines the basic assumptions used in the modelling. Chapter 5.4,
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provides expression for the area spectral efficiency (4SE), for a time division multiple-
access (TDMA) cellular system. In Chapter 5.5, the impact of system/propagation param-
eters on the information capacity in the presence of multiple tier interference is studied.
The numerical simulation setup for propagation/system parameter impact analysis is pre-
sented in Chapter 5.6. Chapter 5.7, compares the information capacity performance of a
cellular wireless system which incorporates the existing (conventional) interference model
to a cellular wireless system which incorporates the proposed multiple tier interference
model. Computer simulation is used for the comparison. Finally, a summary is presented

in Chapter 5.8. The work in this chapter has been published in [50, 117, 118].

5.2 Multiple Tier Interference General System Model

As stated in the previous chapters, wireless channels are characterized by the following
physical phenomena: (1) mean path loss, (2) shadowing (slow fading). and (3) small scale
fading (fast fading). However, as stated earlier ‘snapshot’ measurement results are still
valid for information capacity analysis. We consider the distance dependent path loss
wireless channel as described in Chapter 3.3.1, for our proposed multiple tier interference
model. In the quest to facilitate reading of this thesis, we copy the mathematical descrip-
tion of the propagation channel from Chapter 3.3.1. Let K be the constant path loss factor,
and let 7 be the distance between BS and MS. The basic path loss exponent is represented
by « and the extra path loss exponent is represented by p. Notice that power transmitted
from a transmitting antenna is for now only affected by path loss and it is represented by
P;. It must be noted that the channel model presented in this work has been experimentally
validated for a smaller cell size radius environment, and for both UHF, and super high fre-
quency (SHF) band [72, 83, 84]. The received signal P, is mathematically represented

as:

K
Pb=——"FP, (5.1)
re(1+4r/g)r

The g represents the break point distance and is given as 44,4,/ .. As described earlier in

Chapter 3.3.1, because K and P, cancel out for simplicity we assume K = 1, P; = 1 without
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loss of generality and define the received signal power as
P.=r1+r/g)". (5.2)

In the following section, we describe the relationship between carrier frequency, break-

point distance and the number of tiers of co-channel interferers.

5.2.1 Relationship between Breakpoint Distance, Carrier Frequency

and Number of Co-channel Tiers

An explanation is given in this section of (i) the relationship between breakpoint distance,
and carrier frequency and (ii) the reason why, at higher microwave carrier frequencies,
multiple tiers of co-channel interfering cells may become active. To facilitate the un-
derstanding of the relationship between breakpoint distance g, carrier frequency /. and
number of co-channel interfering tier N, first refer to the mathematical description of the
breakpoint distance g, equation (3.8) in subsection 3.3.2.

To make the relationship understandable and to express physical meaning, we plot
a graph of distance dependent averaged received signal power P, (equation (5.1)), against
distance, for carrier frequencies f.s’ = 0.9, 2, 3.35 and 8.45. Figures 5.1 - 5.4, shows the
individual breakpoints distance g1, g-, g3 and g, for the two slope path loss model when
carrier frequencies f.s’ = 0.9, 2, 3.35 and 8.45 GHz. Figure 5.5, shows the combined
breakpoint distances; g1, g2, g3 and g, from their relative BS, for carrier frequencies f.s’
=0.9, 2, 3.35 and 8.45 GHz. BS and MS antenna height 4, = 15 m, and 4,,, = 1.5 m; these
values were used in previous work [85, 108]. The curves show that as f. increases g be-
comes longer. As stated earlier before the breakpoint, power falls off in inverse proportion
to the square power of distance between transmitter and receiver. After the breakpoint the
power falls off in inverse proportion to the fourth power of distance between transmit-
ter and receiver. As g becomes longer other tiers of co-channel interfering cells may be
in the same region as those of the first tier co-channel interfering cells, as compared to
shorter breakpoint distance g. This may cause multiple tiers of co-channel interference to
become active, which may lead to an increase in co-channel interference. The purpose of
subsequent sections of this chapter is to use mathematical analysis supported by computer

simulation,
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Figure 5.1: Two-slope received signal power, P, versus distance. Showing breakpoint
distance g at carrier frequency, f. = 900 MHz. (Transmitted power P, = 1 W, MS and BS
antenna gain G, = G; = 1, basic path loss exponent o = 2, extra path loss exponent p = 4,
MS and BS antenna heights: 4, =1.5 m and A, = 15 m)
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Figure 5.2: Two-slope received signal power, P, versus distance. Showing breakpoint
distance g at carrier frequency, f. = 2 GHz. (Transmitted power P, = 1 W, MS and BS
antenna gain G, = G; = 1, basic path loss exponent o = 2, extra path loss exponent p = 4,
MS and BS antenna heights: 4, =1.5 m and A, = 15 m)

1. Free Space Path Loss [86]
2. Power falls off oc 1/(distance)*

3. Two Ray path loss [68]

121



Multiple Tier Interference General System Model

-40

60y

-80

=100

-120

-140

Received Signal Power (P I,), [dBW]

Region I

n Region Il
BRI 11 CH U N B 11 A
160k et T NI O SO VA"
g, |
10' 10° 10° 10 10°

Distance from the transmitter (R}, [m]

Figure 5.3: Two-slope received signal power, P, versus distance. Showing breakpoint
distance g at carrier frequency, f. = 3.35 GHz. (Transmitted power P, =1 W, MS and BS
antenna gain G, = G; = 1, basic path loss exponent o = 2, extra path loss exponent p = 4,
MS and BS antenna heights: 4, =1.5 m and A, = 15 m)
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Figure 5.4: Two-slope received signal power, P, versus distance. Showing breakpoint
distance g at carrier frequency, f. = 8.45 GHz. (Transmitted power P, =1 W, MS and BS
antenna gain G, = G; = 1, basic path loss exponent o = 2, extra path loss exponent p = 4,
MS and BS antenna heights: 4, =1.5 m and A, = 15 m)

1. Free Space Path Loss [86]
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3. Two Ray path loss [68]

123



Multiple Tier Interference General System Model

40 — ] AL A R R
1 SRR P ; Pk — 900 MHz

=== 335 GHz
===8.45 GHz

' e - H : : T : :

SO L TRe i A i ; : : Ll R
- BT T 3 Wy W FR S T S ST PPN S
gy " : Rl g : : : v pe o

- ey i ‘Fad ' : : : Do s

L ey : : : : Do B

Ata
-S04

-100

-120

TR
i,
)

‘e
Sl

<140

Received signhal power [dBW]

-160

g, lo, la, o, :
-1801 HE ;..a;;z A i I .2.33 Rl ol NN i HIF
10 10 10 10 10
Distance from the transmitter [m]

Figure 5.5: Two-slope path loss model received signal power P, versus distance R. Show-
ing breakpoint distances g1, g2, g5 and g, at carrier frequencies, /. = 0.9, 2, 3.35 and 8.45
GHz. (Transmitted power P, =1 W, MS and BS antenna gain G, = G; = 1, basic path loss
exponent o = 2, extra path loss exponent p = 4, MS and BS antenna heights: 4,, = 1.5 m
and 4, = 15 m)

1. Two Ray path loss at 0.9 GHz [68]
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4. Free Space Path Loss Model at 2 GHz [86]
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to show that as the break point distance increases other tiers of co-channel interfering
cell become active. This other tiers co-channel interfering cell leads to a decrease in the

information capacity of the cellular wireless system.

5.2.2 Relationship between Breakpoint Distance, Cell Size Radius and

Number of Co-channel Tiers

In this section, the relationship between breakpoint distance, cell size radius and the num-
ber of active co-channel interfering tiers is explained intuitively, whilst it will become
clearer as we go through section 5.4, using mathematical analysis. To show this relation-
ship, we plot a geometrical circular cell site layout. The plot shows the breakpoint distance
g, for different carrier frequencies, /. = 0.9, 2, 3.35 and 8.45 GHz, and cell radius size R
=100 m. Figure 5.6, shows the plotted circular cell site layout.

From Figure 5.6, a cellular system with cluster size N, will have its first tier co-
channel interfering cells on a circle of radius D = /3 x N_R. R, being the cell radius. For
a cell size radius R = 100 m, and cluster size, N. = 7, the reuse distance is given by D =
V/3 X 7 x 100 ~ 458 m. That is, first tier co-channel interfering cells will be on a circle of
radius D =458 m, from the desired MS’s base station BS, (refer to Figure 5.6). A second
tier co-channel interfering cell, reuse distance D;, will be on a circle of radius twice that
of the radius for the first tier co-channel cells. Hence, D; =2 X 458 m ~ 916 m. For a
third tier co-channel interfering cell, it will be on a circle of radius Ds, which is thrice the
radius D of the first tier co-channel cells. Therefore Dy =3 x 458 m = 1374 m. It follows,
that the nth tier reuse distance D,, is the product of the nth tier number (n = 1,2,3,4,...),
and first tier reuse distance D, (D,, = n x D). Figure 5.6, shows that for . = 900 MHz,
the first tier co-channel interfering cells are after the breakpoint, g,. When f. = 2 GHz,
the breakpoint g, is before the second tier co-channel interfering cells. In the case of /.
= 3.35 GHz, the breakpoint g3, is after the second tier co-channel interfering cells. For
f¢=8.45 GHz, the breakpoint gy, is after the third tier co-channel interfering cells. From
the explanation, we can conclude that as carrier frequency increases, and cell size radius

reduces, the number of co-channel interfering tiers before the breakpoint increases.
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Figure 5.6: Uplink co-channel interference on a desired BS of a fully loaded non-
sectorized cellular system, with 6, 12 and n co-channel interference cells in first, second
and nth tier. (Cell radius R = 100 m, cluster size N. = 7 and breakpoint distance g; =270
m, go =600 m, g3 = 1005 m and g, = 2535 m, at microwave carrier frequencies, /. = 0.9,
2, 3.35 and 8.45 GHz), BS antenna height, 4, = 15 m and MS antenna height, /,, = 1.5 m.
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nth tier

Second tier

First tier

Figure 5.7: Multiple tier uplink co-channel interference on a desired BS of a fully loaded
non-sectorized cellular system site layout, showing n tiers of co-channel interfering cells.

1. BSy : the reference cell
2. MS, : the desired MS
3. R : the cell radius

4. BS,,;, : the nth tier BS
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As stated in previous sections, before the breakpoint, power falls off in inverse proportion
to the second power of distance. After the breakpoint power falls off in inverse proportion
to the fourth power of distance. Therefore insofar as much as co-channel interfering cells

are before the breakpoint, they tend to become active.

5.2.3 Mobile and Interfering Users Distribution in Cells

As stated earlier in section 4.2, the hexagonal cell site layout shape is approximated by a
circle of radius R. This approximation is for mathematical convenience, and accuracy dur-
ing our analysis. Therefore, the probability distribution function (PDF) of a MS location

relative to a BS is described by equation (4.1) in subsection 4.2.1.

5.3 Multiple Tier Interference Modelling

The system for our interference modelling is a two-dimensional hexagonal non-sectorized
smaller cell size network. The system is considered to have multiple tiers of co-channel in-
terfering cells. Base stations are assumed to be uniformly distributed. The system model is
depicted in Figure 5.7. For the system model the hexagonal cells have been approximated
by circular cells with equal area, for mathematical simplicity and accuracy as in [89, 90].
All cells are assumed to have omnidirectional antennas. From Figure 5.7, cell BSy, is re-
ferred to as the reference cell, with n-tiers of co-channel interfering cells surrounding it.
Now a cell j 1s served by BS;, which is located at the cell’s center, with 1 < j < 6, for
first tier co-channel interferes, 7 < j < 18, for second tier co-channel interferes, and [((n
-1) x6)+ 1] <j<[((n-1) x 6)+ 6n], for the nth tier co-channel interferes. Let D (refer
to Figure. 5.7) stand for the distance between BS; and a first tier BS. A second tier BS
is then at a distance of 2D from BSy. An nth tier BS will be located at distance nD. We

consider each cell site to be having a single user for the modelling.

5.3.1 General Interference Model

We consider a cellular system with one user per cell and multiple cells. For the uplink,

each BS receives co-channel interference from M users in neighboring BSs’. The number
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of M interferers depends on the cell site geometric layout and active co-channel interfering

tiers.

5.3.2 Proposed Model - Multiple Tier Interference

For the proposed multiple tier co-channel interference model, we consider an uplink cel-
lular wireless network consisting of MSs’ and BSs’ as shown in Figure. 5.7. The system
under consideration has a single - user (desired MS), of interest affected by co-channel in-
terference from multiple users (interfering MSs”), from multiple tier co-channel cells. The
system is considered to be interference-limited (meaning that the receiver noise power is
generally much less than the interference power). Thermal noise power is negligible rela-
tive to the co-channel interference power. Inter-channel interferences are also considered
to be negligible. Mobile stations are assumed to transmit the same power and radio chan-
nels fluctuate according to path loss. The inter - cell interference is dependent on the
frequency reuse factor. Note that we do not use power control in this model, because it is
essential in direct sequence CDMA networks. Considering the desired MS to be located
in the central cell (BS) of a cellular wireless network and the interfering MSs’ to be lo-
cated in co-channel interfering cells. The desired user carrier-to-interference ratio, CIR,
v, 1s defined as the ratio of the average received signal power level, P; [W] from a MS at
a distance  [m], from the desired BS to the sum P; [W], of interfering power at distance
i1, Fio, - - +, i, from the interfering BSs’. We therefore write the desired user CIR, , for

the multiple tier co-channel interference as follows

Py Pa(r)
,7 - FI B NIl NIZ NIn ’ (53)
> Pa(rin) + X2 Po(ri) +--+ > Pin(rin)
11=1 12=1 n=1

where P;1, P;; and P;, [W] are the average received power from the ith interfering BSs’.
Npi, Npp - - -, Ny, are the maximum number of co-channel interferers in the respective
tiers.

The interference model applies to bandwidth limited systems, such as TDMA, and
it is based on a fully loaded non-sectorized cellular wireless communication system. The
analysis from previous chapters has shown that v, is a function of received signal power

from the desired and interfering users. As we have stated earlier the desired MS’s and
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interfering MSs’ are randomly located, + is also a random variable (RV). In a smaller cell
size radius wireless environment, where frequencies are reused over a urban area with
different cluster size N, for a hexagonal tessellation with N. = 7, the total number of co-
channel interfering cells in the first tier equals to six. The number of co-channel interfering
cells in a known tier is given by 6 x n [45], where 7 is the nth tier. For a cellular wireless
communication system with N. =7, the desired user CIR, y for the multiple tier co-channel

interference is given by:

Pd Pd(T)
Vd = P, =~ % 12 6x Ny, (5-4)
> Pu(ra) + X2 Poa(ra) + -+ > Pulrin)
i1=1 i2=1 in=1

where N,, is the maximum number of co-channel interfering tiers. It is assumed that all
MS transmit the same power. A distance dependent path loss is assumed and for sim-
plicity and clarity P is dropped from equation (5.3), without loss of generality. Using
equation (5.2), (5.4), and substituting the reuse distance D, with the product of the nor-
malized reuse distance R,,, and cell size radius R (that is, D = R, R), we obtain the desired
MS’s CIR as follows

Pa r(+r/g)”"

:PI_

Td 6X N,

6 12 n
Sra“Q+rafg) P+ > rt (I +rie/g) P+ 4+ Y (1 + i /g) P
12=1 3 1

il=1 in=
r(+r/g)""

> D01+ D/g) 7+ 3 (D) (1+ D))+ 4 3 (NaD)=o(1+ (NuD)/g)

i=1
-pP
1@ r
6X N

6 —p 12 —p —p
1 (RR.) 1 (2RR,,) 1 (NnRRy)
l; RRS (1 T ) +i§1 (2RR.)* (1 T ) Tt z; (N.RRy)® (1 5 )

L

7

(5.5)

Note that (N,,D), is the reuse distance between the N,, tier co-channel cell and the de-
sired BS. Using the summation properties, and representing the total tiers of co-channel

interferers by N,, and simplifying (5.5), we can write the desired MS’s CIR as follows
r~(1+4r/g)""

Ya(Noy 1)) = —— (5.6)

L

Z Z (nRuRin>_a(1 + (nRuRm)/g)_p

5.4 Information Capacity - Multiple Tier Interference

We still quantify the information capacity, for our impact analysis by the Area Spectral

Efficiency (4SE), since the ultimate capacity of a land mobile radio system is directly
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Figure 5.8: Average area spectrum efficiency versus number of co-channel interfering
tiers. Path loss exponent, o = 2, extra path loss exponent p = 4, carrier frequency /. = 900
MHz, cell size radius R = 100 m, MS and BS antenna heights : 4, = 1.5 m and 4, = 15 m.

related to its spectral efficiency [29], and also for the consistence of this thesis. As stated
earlier in Chapter 4.3, the ASE used for the analysis is in relationship to a fully loaded
cellular wireless system. However, this time around the interference are assumed to be
coming from multiple tiers. Using the same notation in Subsection 4.3.1, such that N
represent the total number of active serviced channels per cell, Cy, [bits/sec] the maximum
data rate of the kth user. W [Hz] the total bandwidth allocated to each cell. D the frequency
reuse distance. The ASE is expressed by equation (4.2) as in Chapter 4.3.

For this work both multiple tier interference, and signal the power of the kth user
varies with mobile locations and propagation conditions. Therefore, the carrier-to-interference
ratio CIR, ~y will also vary with time. Hence the information capacity, Cj, of the kth user
equals the average channel capacity of that kth user and is given by equation (4.5), refer

to Chapter 4.3.
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Figure 5.9: Average area spectrum efficiency versus number of co-channel interfering
tiers. Path loss exponent, o = 2, extra path loss exponent p =4, carrier frequency f. = 3.35
GHz, cell size radius R = 100 m, MS and BS antenna heights : 4,, = 1.5 mand 4, = 15 m.

5.4.1 Tiers of Co-channel Interfering Cell for Consideration in Smaller

Cell Size Radius System

In this section, we find the maximum number of co-channel tiers N,, to be considered in
our analysis and simulation. To justify the choice for N,, we consider an arrangement of
hexagonal coverage area as described in section 5.3. Using equations (5.6) and (4.5), a
graph of area spectral efficiency versus number of co-channel interfering tiers, for cell
radius R = 100 m and carrier frequencies f. = 0.9, 3.35 and 15.75 GHz is plotted. Noting
that for hexagonal coverage, there are 6 co-channel interfering cells in the first tier and 6n
co-channel interfering cells in the nth tier.

The curve in Figure 5.8 is for carrier frequency f. = 900 MHz, the curve shows that
the area spectral efficiency ASE tends to remain constant after the third tier. Figure 5.9

shows the curve for carrier frequency f. = 3.35 GHz. The curve shows that the area
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Figure 5.10: Average area spectrum efficiency versus number of co-channel interfering
tiers. Path loss exponent, o = 2, extra path loss exponent p = 4, carrier frequency f. =
15.75 GHz, cell size radius R = 100 m, MS and BS antenna heights : /,, = 1.5 m and 4, =
15 m.

spectral efficiency ASE tends to be constant after the fifth tier. Figure 5.10 depicts the
curve for carrier frequency f. = 15.75 GHz. The curve shows that the area spectral effi-
ciency ASE tends to be the same after the tenth tier. From Figures 5.8 - 5.10, it is con-
cluded that for the chosen carrier frequencies used in this thesis, the maximin number of

co-channel interfering tier N,, used for analysis and simulation should be ten tiers.

5.5 Propagation/System Parameter Impact Analysis

This analysis applies to bandwidth limited systems such as TDMA, and it is based on a
fully loaded non-sectorized cellular wireless communication system. Our analysis so far
has shown that v is a function of received signal power from the desired and interfering
users. Since we assume transmission rate to be continuously adapted relative to the CIR

in such a manner that the BER goes to zero asymptotically. If we assume that all user
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are assigned the same bandwidth, (Cy) = ((C')), becomes the same for all users, therefore

(A.) can be written as

ANS(C) _ 4NL(C)
" 7BD*  1WRRY S

In a TDMA system, the total bandwidth is allocated to only one active mobile user per

(Ae)

time slot. Keeping in mind that for the multiple tier interference impact analysis, we still
consider a TDMA system for consistence of the thesis. The equation for the information
capacity, which is the ASE remains the same as that of equation (4.5).

Since the average CIR of the desired MS, + is a function of both the number of
co-channel interferers, and the desired MS’s position, r, the desired MS’s capacity re-
mains the same as equation (4.7). However, we replace N p; and N g, the first and second
tier co-channel interfering cells by the total number of the multiple tier interfering cells.
Integrating the equation, over the desired MS’s position PDF equation (4.1), yields the av-
erage information capacity ASE for the multiple tier co-channel interference configuration

as presented by equation (4.8).

5.6 Numerical Simulation Setup for Propagation/System
Parameter Impact Analysis

Computer simulation by Monte Carlo method is provided to compare the information
capacity performance, between the conventional and our proposed multiple tier co-channel
interference model. The comparison is for different propagation loss/system parameters at
higher microwave carrier frequency and smaller cell size radius. Without loss of generality
only ten tiers of co-channel interfering cells were considered for interference generation
for simulation. Ten tiers were considered, because by successive numerical runs with an
increased number of tiers, we found that the addition of further tiers beyond ten had no
effect on the accuracy of the results. Note also that in subsection 5.4.1 we justify the use
of ten tiers.

For the multiple tier interference simulation, the simulation environment is sim-
ilar to that of Figure 4.2. The simulation model geometry is as shown in Figure 5.11.

Figure 5.12, shows a simplified flow chart for the simulation setup. First the desired MS
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Desired Mobile (Ms;/)

mobile (MS,)
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Figure 5.11: Geometry of desired user and interfering users in different co-channel tiers.

1. BS, : the reference cell

2. BS; : first tier co-channel interfering cell

3. BS; : second tier co-channel interfering cell

4. BS; : jth tier co-channel interfering cell

5. D : distance of separation between BS, and BS;

6. D, : distance of separation between BS, and BS;

7. D, : distance of separation between BS;, and BS;

8. r: distance of separation between MS, and BS,

9. r;; : distance of separation between BS, and X,

10. ;5 : distance of separation between BS, and X

11. r;; : distance of separation between BS; and X;;

12. 6, : direction of MS;; travel referenced to a vector from BS, to BS;
13. 6, : direction of MS;, travel referenced to a vector from BS, to BS~

14. 0,; : direction of MS;; travel referenced to a vector from BS, to BS
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Figure 5.12: Flow chart for multiple tier interference information capacity simulations.
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position is located using the uniform distribution given by equation (4.1). The polar coor-
dinates (xij,01j), of the jth interfering MS position of the Nij co-channel interfering mobiles
are also located according to the uniform distribution. The limits of the distribution are in
the range of [0,2n], with respect to current position of MS. To ensure consistence in this
thesis the same simulation parameters used in Chapter 4.4.1, is used for the simulation in
this chapter. From the simulation model geometry in Figure 5.11, the distance 7;; is given

as

ry = \/(jD)2 + a2 — 2 D g cos(dy). (5.8)
Using the two-slope path loss model the desired user CIR for the simulation is given by

T EA s pp— r*(14r/g)" ' (5.9)

> > (nri) (14 nrin/g)=°

=1 n=1

The information capacity given by the average ASE, 4. for the simulation is given by

(A logy (1 + va(Nn, 7)) (5.10)

)= 4

“ TR2R2
We then estimated (A.), by taking the average of all the observations of 4., in equa-
tion (5.10), after repeating the simulation procedure 100 000 times. The simulation pro-

cedure is repeated 100 000 times so that the sample mean will converge to the true expected

value.

5.7 Numerical Results

In this section, we present the results from the Monte-Carlo simulations, for the informa-
tion capacity performance comparison between the conventional interference model and
the proposed multiple tier interference model presented in Chapter 5.3. The results show
that, (1) at higher microwave carrier frequencies greater than 2 GHz and smaller cell size
radius multiple tiers of co-channel interference become active and (ii) propagation loss and
system parameters still affect the information capacity performance of a cellular wireless
communication system when multiple tiers of co-channel interference are active.

Figures 5.13 - 5.17, illustrate the effect of reuse pattern and cell radius on informa-

tion capacity performance of emerging cellular wireless communication networks. The
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figures confirm that the average ASE is an increasing function of reuse factor. The curves
show that the decrease in information capacity between the two interferers model at carrier
frequency of 900 MHz was less, compared to higher carrier frequencies f. = 2, 3.35, 8.45
and 15.75 GHz.

The curves in Figures 5.18 - 5.22, shows the comparsion in information capacity
performance between the two and multiple tier interference model. The curves show that
the decrease in information capacity between the two interferers model, (two and Multiple
tier) at carrier frequency of 900 MHz was less, compared to higher carrier frequencies /. =
2,3.35, 8.45 and 15.75 GHz. The curves also show that the decrease was less as compared
to the case of the single tier and multiple tier as expected, because second tier co-channel
interference are less as compared to that from that first tier.

The figures shows that multiple tiers of co-channel interfering cells caused the
ASE to decrease more at higher microwave carrier frequencies The decrease in ASE also
becomes larger as the cell size radius reduces. This illustrates the fact that at higher carrier
frequencies and smaller cell size radius multiple tiers of co-channel interfering cells cause
interference to be severe. The curves also illustrate the fact that the information capacity

of a cellular wireless network depends on the cell size radius and the carrier frequency.
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Figure 5.13: Comparison of the average area spectral efficiency, ASE for single and mul-
tiple tier interferers model for different normalized reuse distances R, and cell radius R.
(Fully loaded non-sectorized cellular system; carrier frequency f. = 900 MHz; path loss
exponent o = 2 and extra path loss exponent p = 2; BS antenna height /4, = 15 m and MS
antenna height 4, = 1.5 m; number of co-channel interfering cells; single tier = 6 and
multiple tier = 330.

1.
2.

ASE for conventional single tier co-channel interferers model, R = 100 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 100 m

. ASE for conventional single tier co-channel interferers model, R = 200 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 200 m

ASE for conventional single tier co-channel interferers model, R = 500 m [77]

. ASE for proposed multiple tier co-channel interferers model, R = 500 m
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Figure 5.14: Comparison of the average area spectral efficiency, ASE for single and mul-
tiple tier interferers model for different normalized reuse distances R, and cell radius R.
(Fully loaded non-sectorized cellular system; carrier frequency /. = 2 GHz; path loss ex-
ponent o = 2 and extra path loss exponent p = 2; BS antenna height 4, = 15 m and MS
antenna height 4, = 1.5 m; number of co-channel interfering cells; single tier = 6 and

multiple tier = 330)

1.
2.

ASE for conventional single tier co-channel interferers model, R = 100 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 100 m

. ASE for conventional single tier co-channel interferers model, R = 200 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 200 m

ASE for conventional single tier co-channel interferers model, R = 500 m [77]

. ASE for proposed multiple tier co-channel interferers model, R = 500 m
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Figure 5.15: Comparison of the average area spectral efficiency, ASE for single and mul-
tiple tier interferers model for different normalized reuse distances R, and cell radius R.
(Fully loaded non-sectorized cellular system; carrier frequency f. = 3.35 GHz; path loss
exponent o = 2 and extra path loss exponent p = 2; BS antenna height /4, = 15 m and MS
antenna height 4, = 1.5 m; number of co-channel interfering cells; single tier = 6 and

multiple tier = 330)

I.
2.

ASE for conventional single tier co-channel interferers model, R = 100 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 100 m

. ASE for conventional single tier co-channel interferers model, R = 200 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 200 m

ASE for conventional single tier co-channel interferers model, R = 500 m [77]

. ASE for proposed multiple tier co-channel interferers model, R = 500 m
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Figure 5.16: Comparison of the average area spectral efficiency, ASE for single and mul-
tiple tier interferers model for different normalized reuse distances R, and cell radius R.
(Fully loaded non-sectorized cellular system; carrier frequency f. = 8.45 GHz; path loss
exponent o = 2 and extra path loss exponent p = 2; BS antenna height /4, = 15 m and MS
antenna height 4, = 1.5 m; number of co-channel interfering cells; single tier = 6 and

multiple tier = 330)

I.
2.

ASE for conventional single tier co-channel interferers model, R = 100 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 100 m

. ASE for conventional single tier co-channel interferers model, R = 200 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 200 m

ASE for conventional single tier co-channel interferers model, R = 500 m [77]

. ASE for proposed multiple tier co-channel interferers model, R = 500 m

142




Numerical Results

(32
o

--------- - Single tier interferers model

=
(22l
T

..... — Multiple tier interferers. model |

« o
L3, (=]

w
o

¢ ASE ) (Bits/Sec/Hz/Km?)
N N
[=] (3,

-
L)

2 3 4 5 6 7 8 9 10
Normalized Reuse Distance (Ru)

Figure 5.17: Comparison of the average area spectral efficiency, ASE for single and mul-
tiple tier interferers model for different normalized reuse distances R, and cell radius R.
(Fully loaded non-sectorized cellular system; carrier frequency f. = 15.75 GHz; path loss
exponent o = 2 and extra path loss exponent p = 2; BS antenna height /4, = 15 m and MS
antenna height 4, = 1.5 m; number of co-channel interfering cells; single tier = 6 and
multiple tier = 330)

I.
2.

ASE for conventional single tier co-channel interferers model, R = 100 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 100 m

. ASE for conventional single tier co-channel interferers model, R = 200 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 200 m

ASE for conventional single tier co-channel interferers model, R = 500 m [77]

. ASE for proposed multiple tier co-channel interferers model, R = 500 m
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Figure 5.18: Comparison of the average area spectral efficiency, ASE for two and multiple
tier interferers model for different normalized reuse distances R,, and cell radius R. (Fully
loaded non-sectorized cellular system; carrier frequency f'. = 900 MHz; path loss exponent
a =2 and extra path loss exponent p = 2; BS antenna height 4, = 15 m and MS antenna

height 4,,, = 1.5 m; number of co-channel interfering cells; two tier = 18 and multiple tier
= 330.

1.
2.

ASE for conventional single tier co-channel interferers model, R = 100 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 100 m

. ASE for conventional single tier co-channel interferers model, R = 200 m [77]
. ASE for proposed multiple tier co-channel interferers model, R =200 m

. ASE for conventional single tier co-channel interferers model, R = 500 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 500 m
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Figure 5.19: Comparison of the average area spectral efficiency, ASE for two and multiple
tier interferers model for different normalized reuse distances R,, and cell radius R. (Fully
loaded non-sectorized cellular system; carrier frequency /. = 2 GHz; path loss exponent
a =2 and extra path loss exponent p = 2; BS antenna height 4, = 15 m and MS antenna
height 4,,, = 1.5 m; number of co-channel interfering cells; two tier = 18 and multiple tier

=330)

1.
2.

ASE for conventional single tier co-channel interferers model, R = 100 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 100 m

. ASE for conventional single tier co-channel interferers model, R = 200 m [77]
. ASE for proposed multiple tier co-channel interferers model, R =200 m

. ASE for conventional single tier co-channel interferers model, R = 500 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 500 m
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Figure 5.20: Comparison of the average area spectral efficiency, ASE for two and multiple
tier interferers model for different normalized reuse distances R,, and cell radius R. (Fully
loaded non-sectorized cellular system; carrier frequency f. = 3.35 GHz; path loss exponent
a =2 and extra path loss exponent p = 2; BS antenna height 4, = 15 m and MS antenna
height 4, = 1.5 m; number of co-channel interfering cells; two tier = 18 and multiple tier

=330)

1.
2.

ASE for conventional single tier co-channel interferers model, R = 100 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 100 m

. ASE for conventional single tier co-channel interferers model, R = 200 m [77]
. ASE for proposed multiple tier co-channel interferers model, R =200 m
. ASE for conventional single tier co-channel interferers model, R = 500 m [77]

. ASE for proposed multiple tier co-channel interferers model, R = 500 m
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Figure 5.21: Comparison of the average area spectral efficiency, ASE for two and multiple
tier interferers model for different normalized reuse distances R,, and cell radius R. (Fully
loaded non-sectorized cellular system; carrier frequency f. = 8.45 GHz; path loss exponent
a =2 and extra path loss exponent p = 2; BS antenna height 4, = 15 m and MS antenna
height 4,,, = 1.5 m; number of co-channel interfering cells; two tier = 18 and multiple tier

=330)

1.
2.

ASE for conventional single tier co-channel interferers model, R = 100 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 100 m

. ASE for conventional single tier co-channel interferers model, R = 200 m [77]
. ASE for proposed multiple tier co-channel interferers model, R = 200 m

. ASE for conventional single tier co-channel interferers model, R = 500 m [77]

ASE for proposed multiple tier co-channel interferers model, R = 500 m
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Figure 5.22: Comparison of the average area spectral efficiency, ASE for two and mul-
tiple tier interferers model for different normalized reuse distances R, and cell radius R.
(Fully loaded non-sectorized cellular system; carrier frequency f. = 15.75 GHz; path loss
exponent o = 2 and extra path loss exponent p = 2; BS antenna height 4, = 15 m and
MS antenna height 4, = 1.5 m; number of co-channel interfering cells; two tier = 18 and
multiple tier = 330)

1. ASE for conventional single tier co-channel interferers model, R = 100 m [77]
2. ASE for proposed multiple tier co-channel interferers model, R = 100 m
3. ASE for conventional single tier co-channel interferers model, R = 200 m [77]
4. ASE for proposed multiple tier co-channel interferers model, R = 200 m
5. ASE for conventional single tier co-channel interferers model, R = 500 m [77]

6. ASE for proposed multiple tier co-channel interferers model, R = 500 m
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5.7.1 Impactof Basic Path Loss Exponent-Multiple Tier Interference

Figures 5.23 - 5.26, show the simulation results for different basic path loss exponent «.
This is for the study of the impact of propagation loss parameters at higher carrier frequen-
cies, and small cell size radius, when multiple tiers of interference are active. Figure 5.23,
compares the information capacity for the single and multiple tier co-channel interference
models for different carrier frequencies /., when basic path loss exponent o = 2. The
curves show that when /. = 900 MHz, and R = 0.1 km, there is a 5.67% decrease in in-
formation capacity between the single and multiple tier interferers model. At 0.3 km, the
decrease is 1.47%, and still less for greater values of R. For f. =2 GHz at 0.1 km, the
decrease in ASE was 10.45%. At 0.3 km, it was 2.46%, and less still for greater values
of R. For 3.35 GHz, the decrease was 15.60% and 3.78%, at 0.1 and 0.3 km. Now for
8.45 GHz the decrease in ASE was 27.86% at 0.1 km, 9.05% at 0.3 km, 4.13% at 0.6 km,
2.74% at 0.8 km, and less still for greater values of R. For 15.75 GHz the decrease at 0.1,
0.3, 0.6 and 0.8 km was 36.41, 15.27, 7.44 and 5.45%.

Figure 5.24, compares the ASE for the two interference models, when av =2.5. At
f¢=900 MHz and 0.1 km, the decrease was 3.78%, and less for greater values of R. For
2 GHz, at 0.1 km, the decrease was 6.88%. At 0.3 km it was 1.43%, and less for greater
values of R. For f. = 3.35 GHz, the decrease was 10.00% and 2.23% at 0.1 and 0.3 km.
At 8.45 GHz and 0.1 km the decrease in ASE was 17.69% at 0.3 km it was 5.26% and at
0.6 km was 2.86% and less for greater values of R. For 15.75 GHz, the decrease at 0.1,
0.3 and 0.6 km, was 23.17, 8.69 and 4.27%.

Figure 5.25, compares the ASE for the two interference models, when o =2.8. For
fe=900 MHz, 2 GHz and 3.35 GHz, the curves show a lesser decrease in information
capacity between the two interference models. For 8.45 GHz, at 0.1 km, there was 13.40%
decrease in ASE. At 0.3 km, it was 3.85%. For 15.75 GHz, the decrease at 0.1, 0.3 km,
was 17.52 and 6.27%.

Figure 5.26, compares the ASE for the two interference models, when o = 3. For
fe =900 MHz, 2 GHz and 3.35 GHz, at R = 0.1 km, the decrease in ASE between the
two models was 2.60%, 4.51% and 6.49%. It was however, less than 1.5% at R =0.3 km.
However, for 8.45 GHz, at 0.1 km, there was 11.18% decrease in ASE. At 0.3 km, the
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decrease was 3.2%, and still less for greater values of R. For 15.75 GHz, the decrease at
0.1 and 0.3 km, was 17.48% and 6.27%.

Figures 5.27 - 5.30, compares the ASE for two and multiple tier interference mod-
els. The information capacity comparison is for different basic path loss exponent «, and
carrier frequencies /.. The curves show a lesser decrease in ASE as carrier frequency de-
crease. The curves also show a lesser decrease in ASE as the basic path loss exponent
increases.

From the graphs we can conclude that for carrier frequencies greater than 2 GHz;
at lower path loss exponent and smaller cell radius, multiple tiers of interference become
active, which causes co-channel interference to be severe. This causes a decrease in the
information capacity of a cellular wireless communication system. The curves also show
the impact of basic path loss exponent on the information capacity performance of a cel-
lular wireless network, operating at higher carrier frequencies and having a smaller cell

size radius.

150



Numerical Results

-----f--- single tier interferers model
Muftiple tier interferers model

3 :

-—
o
-

¢ ASE ) (Bits/Sec/Hz/Km?)

-
o
]

I 1 i
01 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1
Cell Radius (R), km

Figure 5.23: Average uplink area spectral efficiency versus cell radius for path loss ex-
ponent, o = 2, and different carrier frequencies f.. (Fully-loaded cellular system with
co-channel interfering cells in first tier, N py = 6, and multiple tier, N y; = 330; extra path
loss exponent, p = 4; MS and BS antenna heights : /,, = 1.5 m and 4, = 15 m)
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Single tier co-channel interfering model (f. = 900 MHz) [77]
Multiple tier co-channel interfering model (f'. = 900 MHz)
Single tier co-channel interfering model (f. =2 GHz) [77]
Multiple tier co-channel interfering model (f. = 2 GHz)
Single tier co-channel interfering model (. = 3.35 GHz) [77]
Multiple tier co-channel interfering model (f. = 3.35 GHz)
Single tier co-channel interfering model (f. = 8.45 GHz) [77]
Multiple tier co-channel interfering model (f. = 8.45 GHz)

Single tier co-channel interfering model (f. = 15.75 GHz) [77]

10 Multiple tier co-channel interfering model (f. = 15.75 GHz)
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Figure 5.24: Average uplink area spectral efficiency versus cell radius for path loss ex-
ponent, a = 2.5, and different carrier frequencies f.. (Fully-loaded cellular system with
co-channel interfering cells in first tier, N py = 6, and multiple tier, N y; = 330; extra path
loss exponent, p = 4; MS and BS antenna heights : /,, = 1.5 m and 4, = 15 m)
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Single tier co-channel interfering model (f. = 8.45 GHz) [77]
Multiple tier co-channel interfering model (f. = 8.45 GHz)

Single tier co-channel interfering model (f. = 15.75 GHz) [77]
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Figure 5.25: Average uplink area spectral efficiency versus cell radius for path loss ex-
ponent, o = 2.8, and different carrier frequencies f.. (Fully-loaded cellular system with
co-channel interfering cells in first tier, N py = 6, and multiple tier, N y; = 330; extra path
loss exponent, p = 4; MS and BS antenna heights : /,, = 1.5 m and 4, = 15 m)
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Figure 5.26: Average uplink area spectral efficiency versus cell radius for path loss ex-
ponent, o = 3, and different carrier frequencies f.. (Fully-loaded cellular system with
co-channel interfering cells in first tier, N py = 6, and multiple tier, N y; = 330; extra path
loss exponent, p = 4; MS and BS antenna heights : /,, = 1.5 m and 4, = 15 m)
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Figure 5.27: Average uplink area spectral efficiency versus cell radius for path loss ex-
ponent, o = 2, and different carrier frequencies f.. (Fully-loaded cellular system with
co-channel interfering cells in two tier, N z;y = 18, and multiple tier, N 5y = 330; extra path
loss exponent, p = 4; MS and BS antenna heights : 4,, = 1.5 m and /4, = 15 m)
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Figure 5.28: Average uplink area spectral efficiency versus cell radius for path loss ex-
ponent, o = 2.5, and different carrier frequencies f.. (Fully-loaded cellular system with
co-channel interfering cells in two tier, N z;y = 18, and multiple tier, N 5y = 330; extra path
loss exponent, p = 4; MS and BS antenna heights : 4,, = 1.5 m and /4, = 15 m)
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Figure 5.29: Average uplink area spectral efficiency versus cell radius for path loss ex-
ponent, o = 2.8, and different carrier frequencies f.. (Fully-loaded cellular system with
co-channel interfering cells in two tier, N z;y = 18, and multiple tier, N 5y = 330; extra path
loss exponent, p = 4; MS and BS antenna heights : 4,, = 1.5 m and /4, = 15 m)
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Figure 5.30: Average uplink area spectral efficiency versus cell radius for path loss ex-
ponent, o = 3, and different carrier frequencies f.. (Fully-loaded cellular system with
co-channel interfering cells in two tier, N z;y = 18, and multiple tier, N 5y = 330; extra path
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5.7.2 Impact of Extra Path Loss Exponent-Multiple Tier Interfer-

ence

Figures 5.31 — 5.34, depict the effect of the extra path loss exponent, p on the information
capacity, when basic path loss exponent « is constant, and equals two. The figures confirm
that ASE increases as p becomes bigger, which is verified in [77], for the conventional
interference model and also holds for the proposed interference model. The ASE tends to
increase because p affects the far field interferer [77].

The curves in Figure 5.31, show that for p =2 and f. = 900 MHz, the difference
in ASE between the two interferers model was 17.09% and 7.43%, at 0.1 and 0.3 km. For
2 GHz, at R = 0.1 km, there was 24.08% decrease in ASE between the two interferers
models. At R = 0.3 km, the decrease was 10.11%. For f. = 3.35 GHz, the decrease in
information capacity between the two interferers models was 29.39% and 12.9%, at 0.1
and 0.3 km. For f. = 8.45 GHz, the decrease in ASE between the two models was 39.48%
at 0.1 km and 20.56% at 0.3 km. For /.= 15.75 GHz the decrease was 45.18% and 26.96%
at 0.1 and 0.3 km.

The curves in Figure 5.32, show that for p = 3, and /. = 900 MHz, the difference
in ASE between the two interferers model was 9.60% and 3.12% at 0.1 and 0.3 km. For 2
GHz, at R =0.1 km, there was a 15.58% decrease in ASE between the two models. At R =
0.3 km, the decrease was 4.75%. For f. = 3.35 GHz, the decrease in ASE between the two
interferers models was 21.21% at 0.1 km, and 6.65% at 0.3 km. For f. = 8.45 GHz, the
decrease in ASE between the two models was 33.09% at 0.1 km and 13.38% at 0.3 km.
For . =15.75 GHz, at R = 0.1 and 0.3 km, the decrease was 40.53 and 20.18%.

Figure 5.33, shows that for p =5, f. = 900 MHz, and 2 GHz, there was not much
difference in ASE between the two interferers models, as compared to when /. =3.35, 8.45
and 15.75 GHz. For 3.35 GHz, the decrease was 11.66% at 0.1 km. For 8.45 GHz, the
decrease in ASE between the two interferers models at 0.1 km, was 23.63%, and 6.00% at
0.3 km. For f.=15.75 GHz, at R = 0.1 and 0.3 km, the decrease was 32.77 and 11.71%.

Figure 5.34, shows that for p = 8 and /. = 900 MHz, 2 GHz and 3.35 GHz, there
was not much difference in ASE between the single and multiple tier interferers model.

However, at 8.45 GHz, there was a decrease of 14.86% at R=0.1 km, and 2.19% at R =
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0.3 km. For f.=15.75 GHz, at R=0.1 and 0.3 km, the decrease was 24.34% and 5.61%.

An important conclusion derived from the curves in Figure 5.31 - 5.34, is that at
higher carrier frequencies and smaller extra path loss exponent, other tiers of co-channel
interfering cells apart from those in the first tier become active. Other tiers of co-channel
interfering cells become active because as carrier frequency increases the breakpoint dis-
tance of the two-slope path loss model increases (refer to Figure 5.5). The increase in
breakpoint distance allows other co-channel interfering cells to be in the same region (ba-
sic path loss exponent, («) region), as those of the first tier. Likewise, as the extra path
loss exponent p increases the decrease in ASE between the two interferers model turns to
decrease. The ASE tend to decrease, because interference after the breakpoint becomes

less severe, even in the case of higher carrier frequency and smaller cell size radius.
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Figure 5.31: Average uplink area spectral efficiency versus cell radius for extra path loss
exponent, p = 2, and different carrier frequencies, /.. (Fully-loaded cellular system with
co-channel interfering cells in first tier, N z; = 6, and multiple tier, N y; = 330;; path loss
exponent, o = 2; MS and BS antenna heights : /,, = 1.5 m and /4, = 15 m)
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Figure 5.32: Average uplink area spectral efficiency versus cell radius for extra path loss
exponent, p = 3, and different carrier frequencies, /.. (Fully-loaded cellular system with
co-channel interfering cells in first tier, N z; = 6, and multiple tier, N y; = 330;; path loss
exponent, o = 2; MS and BS antenna heights : /,, = 1.5 m and /4, = 15 m)
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Figure 5.33: Average uplink area spectral efficiency versus cell radius for extra path loss
exponent, p = 5, and different carrier frequencies, /.. (Fully-loaded cellular system with
co-channel interfering cells in first tier, N z; = 6, and multiple tier, N y; = 330;; path loss
exponent, o = 2; MS and BS antenna heights : /,, = 1.5 m and /4, = 15 m)
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Figure 5.34: Average uplink area spectral efficiency versus cell radius for extra path loss
exponent, p = 8, and different carrier frequencies, /.. (Fully-loaded cellular system with
co-channel interfering cells in first tier, N z; = 6, and multiple tier, N y; = 330;; path loss
exponent, o = 2; MS and BS antenna heights : /,, = 1.5 m and /4, = 15 m)
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5.7.3 Impact of Antenna Height-Multiple Tier Interference

Figures 5.31, 5.35 and 5.36, show the plot of information capacity versus cell radius. The
plot is for different BS antenna heights, when o =2, p =2, and f. = 0.9, 2, 3.35, 8.45
and 15.75 GHz. The plots are for studying the impact of BS antenna height on a cellular
system operating at a higher carrier frequency and having a smaller cell size radius. For
Figure 5.31, the decrease in information capacity between the two interference models has
been given in Chapter 5.7.2. For base station antenna height h, =35 m, Figure 5.35, shows
that at 900 MHz, the decreases at 0.1 and 0.3 km, were 24.37% and 10.34%. For 2 GHz,
when R = 0.1 and 0.3 km, the curves show a decrease in ASE of 33.06% and 15.28%. At
R =0.1 and 0.3 km, for 3.35 GHz, the decrease was 38.71% and 19.81%. For 8.45 GHz,
at R = 0.1 and 0.3 km, the decrease in ASE was 46.89% and 29.31%. Finally for 15.75
GHz, the decrease was 50.53% and 35.38% at 0.1 and 0.3 km.

Fig. 5.36, compares the information capacity for the two interference models, when
h, =55 m. For . = 900 MHz, the curves show that at R = 0.1 and 0.3 km, the decrease in
ASE was 29.16% and 12.82%. At f.=2 GHz, the curves show thatat R=0.1 and 0.5 km,
the decrease in ASE was 38.02% and 19.20%, likewise for /. = 3.35 GHz, at R = 0.1 and
0.3 km the decrease in ASE was 43.07 and 24.35%. For 8.45 GHz, the curves show that
at R =0.1 km, the decrease in ASE was 49.66%, and at 0.3 km, it was 33.81%. Finally for
15.75 GHz, the decrease was 52.31% and 38.98% at 0.1 and 0.3 km.

By examination of Figures 5.31, 5.35 and 5.36, we can concluded that at carrier
frequencies greater than 2 GHz as the BS antenna height increases co-channel interference
from other tiers becomes more severe. This leads to a much decrease in ASE. The reason
being that as the BS antenna height increases more co-channel interfering cells are in the

region before the breakpoint, where power fall off is oc 1/(distance)?.
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Figure 5.35: Average uplink area spectral efficiency versus cell radius for BS antenna
height 4, = 35 m, and different carrier frequencies, f.. (Fully-loaded cellular system with
co-channel interfering cells in first tier, N p;y = 6, and multiple tier, N y; = 330; path loss
exponent, o = 2, extra path loss exponent, p = 2 ; MS antenna heights : 4, = 1.5 m)
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Figure 5.36: Average uplink area spectral efficiency versus cell radius for BS antenna
height 4, = 55 m, and different carrier frequencies, f.. (Fully-loaded cellular system with
co-channel interfering cells in first tier, N p;y = 6, and multiple tier, N y; = 330; path loss
exponent, o = 2, extra path loss exponent, p = 2 ; MS antenna heights : 4, = 1.5 m)
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5.7.4 Impact of Vehicular Traffic - Multiple Tier Interference

Figures 5.37 - 5.40, show the simulation result for the impact of vehicular traffic, (effective
road height, /) on the information capacity of a cellular wireless system operating at higher
carrier frequencies. The curves for light vehicular traffic, and BS antenna 4, = 15 m, are
shown in Figure 5.37. The curves show that for /. = 3.35, 8.45 and 15.75 GHz, at R = 100
m, the decrease in the information capacity between the two interference model was 29.18,
39.29 and 45.01%. At R =300 m, the decrease was 12.80, 20.36 and 26.75%. Figure 5.38,
shows the case for heavy vehicular traffic, and 4, = 15 m. At 100 m, the decrease in ASE
was 18.18, 26.65 and 33.60%. At 300 m, the percentage decrease in ASE between the two
interference models was 7.79, 11.47, 15.672%.

The numerical simulation result in Figure 5.39, shows the curve for light vehicular
traffic, and BS antenna height 4, =35 m. For carrier frequencies /. = 3.35, 8.45 and 15.75
GHz, at 100 m, cell size radius the decrease in ASE was 38.63, 46.83, 50.50%. For 300 m,
it was 19.73, 29.22 and 35.27%. Finally Figure 5.40, shows the curve for heavy vehicular
traffic, and 4, = 55 m. For carrier frequencies f. = 3.35, 8.45 and 15.75 GHz, at 100 m,
cell size radius the decrease in ASE was 26.47, 36.66, 42.90%. For 300 m, it was 11.34,
18.01 and 24.17%.

The numerical simulation result shows that even for different vehicular traffic con-
ditions as the carrier frequency increases, and cell size radius decreases multiple tiers of
co-channel interference become active. This, therefore, leads to interference becoming
severe, thus decreasing the information capacity of the cellular wireless communication
system. The curves also show that for both light and heavy vehicular traffic conditions
as the BS antenna height increases, co-channel interference becomes more severe. It be-
comes severe because as the BS antenna height increases the breakpoint distance increases
and more co-channel cells are in the free space region of the path loss model.

From Figures 5.37 - 5.40, it is evident that the information capacity performance
for both co-channel interference models improves for heavy vehicular traffic as compared
to that of light vehicular traffic, which is in agreement with the work in [28].

The figures also reveal that the decrease in ASE between the two interference mod-

els is less, when vehicular traffic is heavy as compared to light vehicular traffic. From
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Figure 5.37: Average uplink area spectral efficiency versus cell radius for heavy vehicular
traffic with effective road height, # = 0.3 m and BS antenna height, 4, = 15 m for different
carrier frequencies, f.. (Fully-loaded cellular system with co-channel interfering cells
N gy = 6 in the first tier, and N y; = 330, multiple tier co-channel interferers; and path loss
exponent, o = 2 and extra path loss exponent p = 2; MS antenna height, /,, = 1.8 m)
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2 Multiple tier co-channel interfering model (f. = 3.35 GHz)
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4 Multiple tier co-channel interfering model (f. = 8.45 GHz)
5 Single tier co-channel interfering model (f. = 15.75 GHz)
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169



Numerical Results

e e & s Single tier interferers ri.'lod.el...
1 : - Multiple tier interferers: model
A Y : : :

¢ ASE ) (Bits/Sec/Hz/Km?)

-—
(=)
T

1 I
0.1 0.2 0.3 04 0.5 0.6 0.7 0.3 0.9 1
Cell Radius (R), km

Figure 5.38: Average uplink area spectral efficiency versus cell radius for heavy vehicular
traffic with effective road height, 2= 1.29 m and BS antenna height, 4, = 15 m for different
carrier frequencies, f.. (Fully-loaded cellular system with co-channel interfering cells
N gy = 6 1in the first tier, and N y; = 330, multiple tier co-channel interferers; and path loss
exponent, o = 2 and extra path loss exponent p = 2; MS antenna height, /,, = 1.8 m)
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6 Multiple tier co-channel interfering model (f. = 15.75 GHz)

170



Numerical Results

---2-“ Sin'gle tier interferers mddel
Multiple tier interferers model

X f

¢ ASE ) (Bits/Sec/Hz/Km?)
—
=

¢

I 1 p

0.1 0.2 0.3 04 0.5 0.6 0.7 0.3 0.9 1
Cell Radius (R), km

Figure 5.39: Average uplink area spectral efficiency versus cell radius for heavy vehicular
traffic with effective road height, # = 0.3 m and BS antenna height, 4, = 35 m for different
carrier frequencies, f.. (Fully-loaded cellular system with co-channel interfering cells
Np; = 6 in the first tier, and N y; = 330, multiple tier co-channel interferers; and path loss
exponent, o = 2 and extra path loss exponent p = 2; MS antenna height, h,, = 1.8 m)

1 Single tier co-channel interfering model (f. = 3.35 GHz)
2 Two tier co-channel interfering model (f. = 3.35 GHz)

3 Single tier co-channel interfering model (f. = 8.45 GHz)
4 Two tier co-channel interfering model (f. = 8.45 GHz)

5 Single tier co-channel interfering model (f. = 15.75 GHz)

6 Two tier co-channel interfering model (f. = 15.75 GHz)
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Figure 5.40: Average uplink area spectral efficiency versus cell radius for heavy vehicular
traffic with effective road height, #=1.29 m and BS antenna height, 4, = 35 m for different
carrier frequencies, f.. (Fully-loaded cellular system with co-channel interfering cells
N gy = 6 1in the first tier, and N y; = 330, multiple tier co-channel interferers; and path loss
exponent, o = 2 and extra path loss exponent p = 2; MS antenna height, /,, = 1.8 m)

1 Single tier co-channel interfering model (f. = 3.35 GHz)
2 Two tier co-channel interfering model (f. = 3.35 GHz)

3 Single tier co-channel interfering model (f. = 8.45 GHz)
4 Two tier co-channel interfering model (f. = 8.45 GHz)

5 Single tier co-channel interfering model (f. = 15.75 GHz)

6 Two tier co-channel interfering model (f. = 15.75 GHz)

172



Summary

the result we can conclude that communication during the day when traffic is heavy takes

advantage of the favorable propagation conditions to improve information capacity.

5.8 Summary

In this chapter, because of the dependence of cellular wireless communication system
information capacity on propagation loss and system parameters we have analyzed, and
studied the impact of both system and propagation loss parameters on the information ca-
pacity performance of a TDMA based LOS microcellular wireless network. The wireless
network is operating at carrier frequencies greater than 2 GHz, and multiple tier of co-
channel interferers are considered to be active. Our performance analysis was based on
the uplink information capacity, the two-slope propagation loss model, and the character-
ization of ASE as a function of cell size radius.

Based on our interference model, coupled with mathematical analysis, and simula-
tion. It was found that at microwave carrier frequencies greater than 2 GHz as, (i) BS an-
tenna height increases (ii) cell size radius reduces (iii) basic path loss exponent decreases,
and (iv) extra path loss exponent decreases; multiple tiers of co-channel interfering cells
become active. They become active because the breakpoint location is far from the trans-
mitting source. This makes other tiers of co-channel interfering cells to be in the same
region as that of the first tier, which is the free-space region of the two-slope path loss
graph (that is before the break-point). Unlike carrier frequencies less than 2 GHz, where
the breakpoint is closer to the transmitting source, hence only the first tier co-channel in-
terfering cells are in the free-space region of the two-slope path loss graph. The other tier
co-channel interfering cells are in the region after the breakpoint, which makes them neg-
ligible. Interference becomes negligible, because after the breakpoint the received signal
power decreases in inverse proportion to the fourth power of distance. Our analysis and
simulation supports the claim that as cell size radius reduces, other tier co-channel inter-
ference becomes active. The analysis shows that the information capacity of a cellular
wireless system depends on the frequency of operation, which is related to the breakpoint
distance.

The result from this chapter also shows that the uplink information capacity of
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cellular wireless networks is sensitive to propagation/system parameters. Hence it is im-
perative to have a proper characterization of the propagation conditions to plan accurately
and design a cellular network. In addition, it is shown that for heavy vehicular traffic the
effect of other tier co-channel interfering cells on the uplink information capacity of the
cellular wireless network is less as compare to light vehicular traffic. We therefore, con-
clude that communication during the day, when traffic is heavy, takes advantage of the
favorable propagation conditions to increase the uplink information capacity of a cellular

wireless communication system.
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6.1 Introduction

The main goal, of this thesis is to find a minimum cell size for information capacity in-
crease in cellular wireless communication systems. The minimum cell size is found for a
cellular network operating at higher carrier frequencies, greater than 2 GHz and smaller
cell size radius less than 1000 m. This is a very challenging problem due to the fact that
it is difficult to find the exact theoretical limit.

In the previous chapters, we have proposed a two tier and a multiple tier co-channel
interference model. Using the conventional and proposed co-channel interference model,
we provided information capacity performance analysis on a cellular wireless communica-
tion system operating at higher carrier frequencies and smaller cell size radius. We have
shown, that in cellular wireless communication systems operating at higher microwave
carrier frequencies greater than 2 GHz, and smaller cell size radius, multiple tiers of co-
channel interference become active.

In the past wireless communication systems were required to accommodate a large
number of voice and/or low-speed data services. Now, as stated in earlier chapters of this
thesis emerging wireless communication systems require large system capacity. They
require large capacity, because of the increase of mobile subscribers, and the introduc-
tion of multimedia services by network providers, which require high speed data-rate [2].
Therefore there is a need to utilize the limited radio spectrum available for wireless com-
munication systems efficiently, because it is regulated by governments, and international
agreements [26, 27].

Cellular systems have partly been used to achieve high spectrum efficiency by ex-
ploiting the power falloff with distance of signal propagation to reuse the same frequency
channel at a spatially separated location [4]. Other techniques such as, (i) combination of
bandwidth efficient coding/modulation techniques at the communication link level (ii) the
use of sophisticated channel allocation schemes that minimize the overall carried traffic
at the network or system levels, have also been employed to to increase the spectral ef-
ficiency [31]. However, a high overall spectrum efficiency is achieved at the frequency
planning level by cell size radius reduction [37, 38]. The growth in information capacity

of wireless communication systems have led to cell sites being installed in ever-increasing
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densities, leading to cell size radius becoming smaller [16]. In conventional cellular wire-
less communication system the assumption of increase in information capacity by cell size
radius reduction was based on a large path loss exponent [7].

Higher carrier frequencies are also employed to increase the data rate in a wireless
network [28]. However, as the carrier frequency increases both the free space path loss
and diffraction loss increases according to increase in frequency [2]. The increase in path
and diffraction loss leads to a reduction in cell size radius [2]. Cell size radius reduction in
the center of Tokyo led to an increase in co-channel interference [1]. The decrease in cell
size radius causes co-channel interference to become severe and difficult to control [2].
Though, smaller cell size radius increases the information capacity of a cellular wireless
system, other-cell interference lower it [40]. Therefore, for cellular wireless systems re-
gardless of the cell size radius, co-channel interference is a limiting factor for information
capacity increase [38, 120]. Reducing cell size radius in a cellular wireless system, means
more cells are required, which is always costly [41].

In general, because of co-channel interference cell size radius cannot be reduced
indefinitely to achieve higher information capacity [121]. Therefore, there is a limit to
cell size reduction, which is in agreement with the suggestion by Zhou ef al. in [7]. In
previous research works ranges for maximum and minimum cell size radius and the fact
that shrinking cell size increase information capacity of cellular system have being re-
ported [4-7]. However, quantitatively there is no theoretical limit to cell size reduction.
The majority of the research work on cell size radius reduction for information capacity
increase was based on technical gains, such as spectral efficiency, neglecting economic
efficiency, such as cost. The economic efficiency is as important as the technical gains,
because as cell size radius reduces for the information capacity to be increased, the cost
of the cellular network also increases.

In this chapter, using the proposed multiple tier interference model from the previ-
ous chapters, mathematical analysis, supported by computer simulation, is used to find a
theoretical limit to cell size reduction in cellular wireless networks. Capacity - cost, based
on the uplink information capacity of TDMA based cellular wireless communication sys-
tem, is used in finding the theoretical limit. Our main contribution in this chapter is as

follows:
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* Information capacity - cost performance analysis is used to find a theoretical limit

to cell size radius reduction in cellular wireless network.

The reminder of this chapter is organized as follows. The system model is presented in
Chapter 6.2. Chapter 6.3, presents the cost estimation model. In Chapter 6.4, we present
the analysis of information capacity/cost, for the cellular wireless communication system.
The setup for numerical simulation is presented in Chapter 6.5. Numerical results from
the simulation are then presented in Chapter 6.6, followed by a summary in Chapter 6.10.

The work presented in this chapter is published in [45, 51].

6.2 System Model for Finding Minimum Cell Size Radius

We consider a cellular wireless communication system operating at higher carrier frequen-
cies (f. > 2 GHz), and having smaller cell size radius, (100 m < R < 1000 m). Co-channel
interference is from multiple tiers. A two-dimensional hexagonal non-sectorized, smaller
cell size radius network as described in Chapter 5.3.2, and depicted in Figure 5.7 is con-
sidered. All cells are assumed to have omnidirectional antennas. Cell BS,, we refer to
as the reference cell and there are n-tiers of co-channel interfering cells. Now a cell j is
served by BS;, which is located at the cell’s center, with 1 <j < 6, for first tier co-channel
interferes, 7 < j < 18, for second tier co-channel interferes, and [((n - 1) x6) + 1] <j <
[((n - 1) x 6) + 6n], for the nth tier co-channel interferes. D (refer to Figure. 5.7), is the
distance between BS, and a first tier BS. A second tier BS is therefore, at a distance 2D

from BSy. An nth tier BS is located at distance nD. Each cell site has a single user.

6.2.1 Multiple Tier Co-channel Interference Model

The co-channel interference model is described in Chapter 5.3.2, but for ease of reading
we repeat the mathematical description. Let » [m], denote the distance from the desired
MS to desired BS. g the breakpoint distance from the transmitting source. Let n denote

the nth tier, R, the reuse distance. R;, is the nth interfering cell size radius. The multiple
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tier desired MS’s carrier-to-interference ratio is mathematical represented as

rY*(14+r/g)™°
'Yd(NnaT): — ( / )

S5 ()1 + i/ g) 0

i=1n=1

(6.1)

where a and p denotes the basic and extra path loss exponent.

6.3 Cost Estimation System Model

The cost of a cellular wireless communication system is a multi-disciplinary subject that
extends to economic and business aspects. They extends as well to various technical dis-
ciplines, such as network planning, radio resource management and physical layer perfor-
mance. Therefore, there is a need to simplify the model used in this work. We considered
one technology strategy for the wireless communication system, where one technology is
used as far as possible even for service where it is not optimal.

In practice there is a very large number of possible configurations of base stations,
including different alternatives for sites, transmission, etc. In the cost analysis, we con-
sider an omni-directional smaller cell size radius cellular base station, with antennas below
rooftop. In the following section, we describe the general infrastructure cost model for a
smaller cell size radius cellular wireless communication system. The key assumptions

made in the infrastructure cost analysis in our system model are as follows:

6.3.1 Infrastructure Cost

We limit the infrastructure cost to the radio access network as shown in Figure 6.1. Core
networks, signalling protocols, service delivery platforms, marketing and administration
costs are explicitly excluded. They are excluded because of their low cost in comparison
to radio access infrastructure cost. We also excluded the cost of radio spectrum as it is to
a large extent driven by aspects that are difficult to model and predict; aspects such as the
entrance of a new operator and political environment.

To quantify the cost of the cellular wireless network, we adopt the infrastructure

cost model in which the total infrastructure cost is modelled linearly proportional to the
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Figure 6.1: Infrastructure cost model for finding minimum cell size radius.

number of BS and is given by [122].
Te = BScNps (6.2)

where N g 1s the number of BSs’. BS¢ is a constant, which corresponds to the cost per
BS. We assumed BS¢ to be the same for all BS and it is independent of the BS char-
acteristics, which is not the case in practical system. In a practical system a number of
different BS types can be used for different deployment scenarios. As a consequence the
cost structure of a radio access network is dependent on the system configuration. For the
cost structure we took into account both the capital expenditure (CAPEX) and operation
expenditure (OPEX). The cost drivers with respect to CAPEX and OPEX, for the radio
access network are summarized in Table 6.1. In the infrastructure cost model discount rate
and transmission prices yearly erosion are neglected. Base station CAPEX is estimated to
be 150000 per unit cost (£, $, etc), and OPEX to be 75000 per unit cost (£, $, etc).
Now the total cost per BS BS¢ is given by

BSe = CAPEX + OPEX (6.3)
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CAPEX OPEX

Base station equipment Electric power

Base station (site) installation Operation and maintenance
Site buildout (p) Site lease

Backhaul transmission equipment Backhaul transmission lease
Radio network controller equipment

Table 6.1: Basic cost drivers for radio access network

where CAPEX is the capital expenditure, and OPEX is the operation expenditure. Note
that the network being considered can either be coverage or capacity limited. The number

of BS required per square kilometer is dimensioned by

1

Nos =T

(6.4)

where R is the cell radius. We also assume a continuous service area. From equation (6.2), (6.3)
and (6.4), the total infrastructure cost 7¢ is expressed as a function of cell size radius R,
and it is written as

1

The unit cost per km?, of a cellular wireless communication system, as a function of cell
size radius, using the linear cost model in equation (6.5), is illustrated in Figure 6.2. The
linear cost model shows, that as cell size radius reduces the unit cost per km? increases in

proportional to 1/R?.

6.4 Information Capacity/Cost Performance Analysis

The information capacity model described in Chapter 6.2, for multiple tier co-channel
interference, and the cost model presented in Chapter 6.3, are used to formulate a mu-
tual information capacity - cell size radius - cost relationship. The relationship is used to
find the minimum cell size radius for information capacity increase in a cellular wireless
communication system.

The formulated relationship is given by the ratio of ASE for multiple tier co-channel
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Figure 6.2: Cellular system unit cost per km? versus cell radius R.

interference to the total infrastructure cost 7¢. Therefore, the ratio of ASE and T¢, ARgtio

1S written as

(A, N 7z Jay 10ga(L+7)py (r) dr
Te 5 (CAPEX + OPEX)

ARatio - (66)

where R is the cell size radius. R, is the normalized reuse distance, and R, corresponds to
the closest distance a MS can be from a BS antenna. v represents the desired MS carrier-
to-interference ratio, C/R. The distribution of the user’s CIR is described by the probability
density function (PDF) p.,(r) as in subsection 4.2.1.

Simplifying equation (6.6), we re-write A g, as follows

4 R
Apatio = 1+ :
Ratio R2(CAPEX + OPEX) /Ro loga ’Y)Pv(r) dr 6.7)

Note that 4., given in equation (6.7), is for omni-directional small cell size radius

deployment, and interference limited cellular wireless communication environment.
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Figure 6.3: Integrated simulation environment for information capacity/cost.
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Figure 6.4: Flow chart for information capacity/cost simulations.
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6.5 Numerical Simulations for Information Capacity/Cost

From equation (6.7), because MS are randomly located ( 4gusi0), is mathematically in-
tractable to explicitly solve analytically. Therefore, we used Monte Carlo simulation to
estimate it. Figure 6.3, illustrates the integrated simulation environment for the informa-

tion capacity/cost model.

6.5.1 Numerical Simulations Setup

The simulation result are aimed at finding a minimum cell size radius, for information
capacity increase in cellular wireless communication systems when multiple tier of co-
channel interference are active. The simulation setup follows the setup described in Chap-
ter 5.6. Figure 6.3 shows an integrated simulation environment for information capac-
ity/cost analysis, and Figure 6.4 shows a flow chart for the simulation setup. In the simu-
lation the desired and interfering users’ positions are assumed to be uniformly distributed
as described in Chapter 4.2.1 by equation (4.1). Now one step is added the algorithm de-
scribed in Chapter 5.6 as follows to incorporate the total infrastructure cost 7'¢, to calculate
the ASE to cost ratio Arqio. The ASE and Cost,y, ratio for the cellular wireless system

is then calculated by

4

(Aratio) = R2(CAPEX + OPEX

jloga(1+ 7). (6.8)

We then repeat the procedure 100 000 times, after locating the desired user position. The
values of (A.) and (ARga.), were then estimated by taking the average of all the observa-
tions of and A .0, as given by equation (6.8). To ensure consistences we have used the
same system parameters as used in previous simulations. Note that we considered only
ten tiers of co-channel interfering cells, as successive numerical runs with an increasing

number of tiers beyond ten had no effect on the accuracy of our simulation results.

6.6 Numerical Results

In this section, we present simulation results, for the performance comparison, of the infor-

mation capacity/cost ratio (Agau,). The information capacity/cost performance compari-
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son is between cellular systems using our proposed interference model, and those using the
conventional interference model. Our information capacity results are an extension of the
analysis by [77]. In other to facilitate the understanding of the information capacity/cost
ratio (ARgatio), a review of the information capacity performance for TDMA cellular wire-
less communication systems operating at higher carrier frequencies and smaller cell size

radius in Chapter 5.5 is necessary.

6.6.1 Information Capacity/Cost Ratio Numerical Results

In Figures 6.5 - 6.9, we present curves of the ratio of area spectral efficiency ASE to total
infrastructure cost T¢, A ratio Versus cell size radius R at a desired MS, for the conventional
and proposed interference model. These figures show that the information capacity per
unit cost (£, $, etc), for a given cellular wireless network, tends to increase as the cell size
radius reduces. The reason for this is that as cell radius decreases more cells (BS) are
required in the network.

Figure 6.5, shows that for /. = 900 MHz, the multiple tier interference model incurs
a loss of between 4.20 - 9.65 %, (that is cell radius 1 - 0.1 km), in information capacity
per unit cost (£, $, etc), as compared to the single tier interference model. This decrease
in information capacity per unit cost, is due to interference from other tiers of co-channel
cells.

For f.=2 GHz, Figure 6.6, shows that multiple tier co-channel interference, causes
a loss of between 4.93 - 14.61 %, in the information capacity per unit cost (£, $, etc) as
compared to the single tier. When f. = 3.35 GHz, Figure 6.7, the information capacity
per unit cost (£, $, etc), loss incurred between the two interference models is between 5.76
- 18.89 %. For f. = 8.45 GHz, Figure 6.8, shows that the loss incurred in information
capacity per unit cost (£, $, etc) between the two interference models is between 8.56 -
27.41 %. Finally for f. = 15.75 GHz, Figure 6.9 the decrease in information capacity per
unit cost (£, $, etc) between the two interference models is between 11.76 - 32.52 %.

The results show that, when the carrier frequency increases the loss incurred in
information capacity per unit cost (£, $, etc), between the two interference models also

increases. As an example, for carrier frequency /. = 900 MHz, at cell size radius
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Figure 6.5: Cost comparison between the average uplink area spectral efficiency ASE for
single and multiple tier co-channel interference model for different cell radius R. Carrier
frequency f. = 900 MHz; service area A,.,,. = 1 km?; capital cost; CAPEX = 150000 per
unit cost (£, $, etc) and operation cost OPEX = 7500 per unit cost (£, $, etc).

1. Conventional interferers model, ASE per unit cost for single tier model.

2. Proposed interferers model, ASE per unit cost for multiple tier model.
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Figure 6.6: Cost comparison between the average uplink area spectral efficiency ASE for
single and multiple tier co-channel interference model for different cell radius R. Carrier
frequency f. = 2 GHz; service area A,..,. = 1 km?; capital cost; CAPEX = 150000 per
unit cost (£, $, etc) and operation cost OPEX = 7500 per unit cost (£, $, etc).

1. Conventional interferers model, ASE per unit cost for single tier model.

2. Proposed interferers model, ASE per unit cost for multiple tier model.
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Figure 6.7: Cost comparison between the average uplink area spectral efficiency ASE for
single and multiple tier co-channel interference model for different cell radius R. Carrier
frequency f. = 3.35 GHz; service area 4., = 1 km?; capital cost; CAPEX = 150000 per
unit cost (£, $, etc) and operation cost OPEX = 7500 per unit cost (£, $, etc).

1. Conventional interferers model, ASE per unit cost for single tier model.

2. Proposed interferers model, ASE per unit cost for multiple tier model.
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Figure 6.8: Cost comparison between the average uplink area spectral efficiency ASE for
single and multiple tier co-channel interference model for different cell radius R. Carrier
frequency f. = 8.45 GHz; service area 4., = 1 km?; capital cost; CAPEX = 150000 per
unit cost (£, $, etc) and operation cost OPEX = 7500 per unit cost (£, $, etc).

1. Conventional interferers model, ASE per unit cost for single tier model.

2. Proposed interferers model, ASE per unit cost for multiple tier model.
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Figure 6.9: Cost comparison between the average uplink area spectral efficiency ASE for
single and multiple tier co-channel interference model for different cell radius R. Carrier
frequency f. = 15.75 GHz; service area A,..,. = 1 km?; capital cost; CAPEX = 150000
per unit cost (£, $, etc) and operation cost OPEX = 7500 per unit cost (£, $, etc).

1. Conventional interferers model, ASE per unit cost for single tier model.

2. Proposed interferers model, ASE per unit cost for multiple tier model.
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R = 200 m, the information capacity per unit cost is 6.06 x 107, and 5.659 x 10~
[Bits/sec/Hz/unit cost], for the single, and multiple tier interference model. This is repre-
sented on Figure 6.5, by the points A, and E. For /. = 3.35 GHz, at cell size radius R = 200
m, the information capacity per unit costis 4.52 x 1076, and 3.94 x 10~° [Bits/sec/Hz/unit
cost], for the single, and multiple tier interference model. This is also represented on Fig-
ure 6.6, by the points A, and E. Finally, when /. = 15.75 GHz, at cell size radius R =200 m,
the information capacity per unit cost is 3.56 x 1075, and 2.649 x 1076 [Bits/sec/Hz/unit
cost], for the single, and multiple tier interference model.

The results also show that as cell size radius R reduces, the cell size radius R, re-
quired to achieve the same information capacity per unit cost, for both interference models,
tends to increase for the multiple tier interference model. For example, for /. = 900 MHz,
the information capacity per unit cost [Bits/sec/Hz/unit cost] at R = 200 m, for the single
tier interference model, equals that at 260 m, for the multiple tier interference model. This
is represented in Figure 6.5, by the points C, and D. When carrier frequency f. = 3.35
GHz, the information capacity per unit cost [Bits/sec/Hz/unit cost] at cell size radius R
=200 m, for the single tier interference model equals that at cell size radius R = 300 m,
for the multiple tier interference model. For carrier frequency f. = 15.75 GHz, the infor-
mation capacity per unit cost [Bits/sec/Hz/unit cost] at cell size radius R = 200 m, for the
single tier interference model equals that at cell size radius R = 560 m, for the multiple tier
interference model.

These results show that, at higher carrier frequencies, when multiple tier co-channel
interference becomes active, there is a limit to cell size radius reduction. There is a limit,
because the information capacity gain at a smaller cell size radius, will not be commen-
surate to the cost invested in obtaining that information capacity gain. The results also
indicate that the theoretical limit to cell size radius reduction in cellular systems depends
on the carrier frequency.

Figure 6.10 shows a graph of cost per information capacity versus cell size radius
R, for both interference model at carrier frequency f. = 8.45 GHz. The curves indicate
that, between 0.4 to 1 km the cost per information capacity for both interference model
remains almost the same. However, for R < 0.3 km there tend to be an increase in the cost

per information capacity for the multiple tier interference model. This implies that
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Figure 6.10: Cost per information capacity comparison between single and multiple tier
co-channel interference model for different cell radius R. Carrier frequency f. = 8.45 GHz;
service area 4., = 1 km?; capital cost; CAPEX = 150000 per unit cost (£, $, etc) and
operation cost OPEX = 7500 per unit cost (£, $, etc).

1. Conventional interferers model, cost per information capacity for single tier model.

2. Proposed interferers model, cost per information capacity for multiple tier model.
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the theoretical limit for cell size radius reduction ranges between 0.3 to 0.4 km for f. =

8.45 GHz.

6.7 Wireless Network

The wireless possible future development direction is to provide a broader range of wire-
less product, higher data rates and quality. The previous chapters show that for cellular
wireless systems, as carrier frequencies increases and cell size radius decreases other tier
co-channel interference becomes active. This leads to a decrease in the information capac-
ity performance of the wireless system. We now consider current development in cellular
mobile communication technologies and relate it to our work. We begin this section by
outlining some of the current developed cellular mobile communication technologies. We
then examine the frequency reuse strategy be employed by this current networks.

We conclude this section with a brief elaboration and comment on how our research
work can be applied to this current developed cellular mobile communication technolo-

gies.

6.7.1 Current Cellular Mobile Communication Technologies

In this section the current developed cellular technologies are described. More details on

these developed technologies can be found in [123—125], and the reference therein.

Long Term Evolution (LTE)

The long term evolution (LTE) as defined by the 3rd Generation Partnership Project (3GPP),
is a highly flexible radio interface; which uses Orthogonal Frequency Division Multiplex-
ing (OFDM) wireless broadband technology. LTE offers (i) high spectral efficiency (ii)
low latency and (iii) high peak data rates. LTE leverages the economies of scale of 3G, as
well as the ecosystem of infrastructure to provide the highest information capacity perfor-
mance in a cost effective manner. LTE supports more advanced multi - antenna schemes.
LTE also supports both Frequency Division Duplex (FDD) and Time Division Duplex
(TDD). The information capacity performance targets for both LTE downlink and uplink
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have been tabulated in [125].

Long Term Evolution - Advanced (LTE - Advanced)

Comparing the system performance of 3G and its evolution to LTE, LTE does not offer
anything unique to improve spectral efficiency that is the bps/Hz [126]. In order to enhance
the overall system performance of the network, LTE - Advanced, (that is LTE Release
10) proposed the use of advanced technologies [124]. In other words, LTE - Advanced
needs to provide a uniform user experience to users anywhere inside a cell by changing
the topology of the conventional networks. This is achieve by shrinking cells size radius,
by deployment of a diverse set of base station such as Macrocell, Microcell, Femtocell,
Picocell and Relays. This key aspect of the LTE Advanced deployment strategy is termed
heterogeneous networks. The research question in this thesis has been - at higher carrier
frequencies and smaller cell size radius does other tier co-channel interference become
active? In the proceeding sections, an elaboration on the relevancy of the research question
to current/latest development in cellular mobile communications are presented. We also
give a brief analysis and description on how our research work could be applied to this

current/latest development in cellular mobile communications.

6.7.2 Heterogeneous Networks

In this section, we give a brief description of (i) conventional cellular wireless networks
site layout deployment, (homogeneous networks) and (ii) the alternative and current cel-

lular wireless networks site layout approach, heterogeneous networks.

Homogeneous Networks Deployment

In the previous chapters it has been reported, that conventional cellular wireless networks
are deployed as homogeneous networks by using micro-centric planned process. As de-
scribed earlier in the thesis homogeneous cellular system is a network of base stations in a
planned layout and collection of user terminal, in which all the base stations have transmit
power levels, and receiver noise floors. For the conventional cellular wireless networks,

all base stations offer unrestricted asses to user terminals in the network, and serve ap-
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proximately the same number of user terminals, all of which carries similar data flow with
similar QoS requirements.

In homogeneous cellular system, the location of base stations are carefully cho-
sen by network planning, and the settings of the base stations are properly configured to
ensure maximization of coverage and the control of interference between base stations.
For the conventional cellular networks as traffic demand increases and the RF environ-
ments changes, as stated earlier in previous chapters, cell splitting or additional carriers
are employed to overcome capacity and link budget limitations to maintain uniform user
experience. Currently with the dense population in urban areas, site acquisition for con-
ventional base station with big towers are becoming more difficult. Therefore, there was
a need for new site layout deployment model, which led to deployment of heterogeneous

networks

Heterogeneous Networks Deployment

Heterogeneous network is a network consisting of infrastructure points with various wire-
less access technologies, each of them having different capabilities, constraints, and oper-
ating functionalities [127]. Basically in heterogeneous networks low-power base stations
are distributed throughout macrocell networks. These low-power base stations can be
micro, pico, home (femtocells), relays, and distributed antenna systems [124]. The low
power base stations are deployed to get rid of coverage holes in the macrocell-only system
and improve capacity in hot-spots [126]. While the placement of macrocell base stations
are based on careful planning, the placement of low power base stations may be ad hoc,
based only on a rough knowledge of coverage issues and traffic density in the network.
Figure 6.11 depicts a heterogeneous cellular wireless network.

Unlike the conventional cellular network, where each mobile terminal is served by
the base station with the strongest signal strength, while the unwanted signals received
from other base stations are taken care of as interference. In heterogeneous network, the
inter tier and intra tier interference problem becomes challenging, which can lead to sub-
optimal performance if more advanced efficient techniques is not employed for interfer-

ence management [126].
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Figure 6.11: Heterogeneous Network, showing a mixture of macro, pico, femto and relay
base station [126].

In the following section, we look at some of the interference management techniques em-

ployed in heterogeneous networks and relate it to the research question of this thesis.

6.8 Fractional Frequency Reuse

In the previous chapters of the thesis, frequency reuse in conventional cellular wireless
system was described as the use of the same carrier frequencies f . to cover different geo-
graphical areas. The different geographical areas are separated from each other by suffi-
cient distances so that co-channel interference will be reduced.

Unlike conventional cellular networks, in heterogeneous networks, the inter-cell
interference are challenging, because heterogeneous networks are unplanned and consist
of a mixture of different cell types [128]. To manage the interference in heterogeneous
networks, Fractional Frequency Reuse, (FFR) technique has been proposed for OFDMA
based cellular wireless networks [129]. Fractional frequency reuse partitions a cell into
two areas: central and edge area [130]. In the central areas, frequency can be reused
in every cell, whilst in the edge areas, frequency cannot be used in adjacent cells [131].
Basically for fractional frequency reuse, a reuse factor 1 is use at the cell centres where
interference is low, and a reuse factor of 1/3 at the cell edge. It have been shown that FFR

can greatly improve the spectrum efficiency for a OFDMA based cellular system [132].
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Figure 6.12: A cellular system site layout with fractional frequency reuse [131].
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A current developed cellular mobile communication system site layout using a reuse factor
of 1/3 at edge cells, and a reuse factor of 1 at centre cells is illustrated in Figure 6.12, for
the fractional frequency reuse scheme.

LTE, although offers information capacity improvement over 3G networks, it will
still be insufficient to address future expected capacity demands [126]. Therefore ac-
quiring more spectrums and using wider bandwidth would help operates provided more
information capacity [133]. The use of FFR in current developed cellular networks leads
to natural tradeoffs between improvement in rate and coverage for cell edge users and sum
network throughput and spectral efficiency [130]. For operators to address the future ex-
pected capacity demands, LTE cellular network may have to be operated at higher carrier
frequencies, f ., which make our research questions relevant to the latest development in
cellular mobile communications. In the next section we will discuss the possible impact
of fractional frequency reuse on the minimum cell size radius for information capacity

increase in cellular wireless networks.

6.9 Possible Impact of Fractional Frequency Reuse on the
Minimum Cell Size Radius

Based on the earlier analysis, we study the possible impact of fractional frequency reuse on
the information capacity performance in the context of current developed cellular system
operating at higher carrier frequencies. Although there are two FFR modes: Strict FFR
and Soft Frequency Reuse (SFR) [130], this study focuses on the Strict FFR.
Considering Figure 6.11, the frequency reuse factor in the central area is one,
whereas the frequency reuse factor in the edge area is 1/3. The figure shows that the
same frequency can be reused among the areas with the same pattern of shadow. For a
reference user, MS; in the central area, BS, all MSs outside BSy may cause co-channel
interference through uplink transmission to the reference user. Now comparing the ge-
ometrical pattern in Figure 3.7 to Figure 6.12, it can be seen that the proposed formula
for calculating the number co-channel interfering cells in a cellular site layout still holds.

However the frequency reuse distances will be different as the reuse distance depends on
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Figure 6.13: Average uplink area spectral efficiency versus cell radius for path loss ex-
ponent, o = 2, and different carrier frequencies f.. (Fully-loaded cellular system with
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1 Single tier co-channel interfering model (f. = 900 MHz) [77]
2 Multiple tier co-channel interfering model (f'. = 900 MHz)
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the reuse factor.

In the information capacity analysis/simulation a single user was considered. For
an OFDMA based system it is assumed that each time/frequency subband is allocated to a
single user per cell [134], therefore the analysis/simulations in Chapter 5, can be applied to
current developed mobile technologies. To indicate whether our approach can be applied
to current developed mobile cellular system a simulation was run following the procedure
in Section 5.6, however a reuse factor of one and 1/3 were considered.

Figure 6.13 and 6.14 shows the area spectral efficiency ASE as a function of the cell
size radius R, for different carrier frequency f . and reuse factor 1/3 and one. Comparing the
two figures, Figure 6.14 show an increase in ASE as expected, as the number of available
resources depends on the reuse factor [134]. The figures show that as carrier frequencies
increases and cell size radius reduces the decrease in information capacity between the
two interference model increases. The decrease in information capacity is due to other
tier co-channel interference becoming active as the carrier frequency increases and cell
size radius reduces. The decrease in information capacity between the two interference
model tends to increase for higher reuse factor, because the reuse distance between co-

channel interfering cells decreases as the reuse factor becomes higher.

6.10 Summary

In this chapter, because the information capacity alone, could not be applied directly to
find the minimum cell size radius, for information capacity increase in cellular wireless
communication systems. An information capacity/cost approach was used in finding the
minimum cell size radius. The information capacity/cost was therefore, defined as the
data rate/Hz/km?/unit cost, with the effects of interference included in the data rate calcu-
lation. We computed the information capacity/cost ratio for a conventional interference
model, and our proposed interference model. We show that at 900 MHz, the informa-
tion capacity/cost for the conventional interference and our proposed interference model
were almost the same at cell size radius R = 230 m. However, in the case of 15.75 GHz,
the information capacity/cost for the conventional model at R = 200 m, equals that of the

proposed model at R = 560 m. This result shows that, there is a limit to cell size radius
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reduction, in terms of information capacity gain, and cost, as carrier frequency increases,
and as cell size radius decreases.

After outlining some of the current and propose development in cellular mobile
communication technologies, we discuss and elaborate on how this research work can be
applied to the current and proposed development, and its relevance to the research question
in this thesis. However it must be stated that, the discussion does not give a definitive
answer to the research question of this thesis, but rather outlines how our approach can be

applied to current and proposed cellular mobile communication technologies.
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Conclusions and Future Work
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Conclusions

7.1 Conclusions

Cellular wireless networks are one of the most useful wireless communication system.
The design, and planning of cellular wireless networks has the objective of increasing
the information capacity of the systems. Now the most improvement of cellular wireless
system information capacity has come from reducing cell size radius, by installing more
base stations. However, in the center of Tokyo, when cell size radius was reduced to 300
m and less there was a problem of co-channel interference. The philosophy of this thesis

is therefore to “answer the questions” :

* why does co-channel interference, become a problem as cell size radius reduces?

and

* is there a theoretical limit to cell size radius reduction for information capacity in-

crease in cellular wireless system in terms of information capacity/cost?

In view of the significance of co-channel interference on the information capacity of cel-
lular wireless communication systems, in Chapter 3, using an inductive approach we have
generated a formula for calculating the number of co-channel interfering cells beyond the
first tier, for a cellular wireless system site layout. The generated formula shows that the
number of co-channel interfering cells in a given tier of a cellular wireless system site lay-
out, regardless of the tessellation, is the product of the number of co-channel interfering
cells in the first tier, and the tier number. We proposed a carrier-to-interference model,
which includes the first and second tier co-channel interfering cells.

From Chapter 4, we conclude that at carrier frequencies greater than 2 GHz and
smaller cell size radius, second tier co-channel interference becomes active. This leads
to co-channel interference becoming severe in the cellular network, therefore leading to a
decrease in the information capacity of the cellular wireless system. We also concluded
that as the basic path loss exponent «, decreases the second tier co-channel interference
becomes more severe. We found out that at higher frequencies, and smaller cell size radius,
when the second tier co-channel interference become active, the information capacity of

the cellular wireless system is sensitive to propagation loss and system parameters.
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In Chapter 5, based on the conclusion in Chapter 4, we looked at the case of mul-
tiple tier co-channel interfering cells. From Chapter 5, it was found that at higher carrier
frequencies, because the breakpoint location is further away from the transmitting source,
for smaller cell size radius cellular systems, multiple tiers of co-channel interfering cells
are in the free space region. In the free space region, the received signal power decreases
in inverse proportion to the second power of distance. However, after the breakpoint,
the received signal power decreases in inverse proportion to the fourth power of distance,
which renders interference in that region negligible. We conclude that at higher carrier
frequencies and smaller cell size radius, multiple tiers of co-channel interfering cells be-
come active. The multiple tier co-channel interfering cells, therefore, cause interference
to be more severe, which leads to a decrease in information capacity. The decrease is
greater in the case of multiple tiers interference as compared to the first, and second tier
co-channel interference cells case. We also found that the information capacity is still
sensitive to propagation loss and system parameters.

The main conclusion, to draw from Chapter 6, is that as carrier frequency increases
it is not cost effective to reduce the cell size radius below a certain limit. Therefore, for
emerging and future cellular wireless communication systems, which will be operating at
carrier frequencies greater than 2 GHz, it will not be advisable to reduce the cell size radius
indefinitely in terms of cost and the information capacity gain of the cellular wireless
network. The theoretical limit for the cell size radius reduction depends on the carrier
frequency. For example at a carrier frequency of 8.45 GHz the theoretical limit for cell
size radius reduction for information capacity increase in terms of cost per information

capacity ranges from 0.3 to 0.4 km.

7.2 Future Work

While this thesis provides an in depth insight into (i) the problem of characterizing co-
channel interference in cellular systems, operating at carrier frequencies greater than 2
GHz, and smaller cell size radius (ii) the information capacity performance of emerging
cellular systems, and finally, (ii1) finding a minimum cell size for information capacity

increase in emerging cellular systems, a variety of fruitful areas remain for future research.
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We emphasize the following major interrelated research directions.

In order to estimate the information capacity of the cellular wireless network, we
have presented a simplified propagation model. While it can be argued that the accuracy
of the simplified model (proposed in Chapter 3), used for our analysis and simulation
may be poor. For future work, we suggest the development of a new model. The new
model, should not be significantly more complex than our simplified model, yet should
incorporates shadowing effects, small-scale fading, and noise.

It is worth pointing out that the proposed co-channel interference model, for cellular
wireless communication networks operating at carrier frequencies greater than 2 GHz,

may be further improved to be realistic in various ways:

* Information capacity performance analysis for different statistical path loss models
scenarios, such as indoor, and outdoor users connecting to an indoor or outdoor base

station.

* Information capacity performance analysis for non-uniformly distributed mobile

users, using the proposed interference model.

It will also be interesting to characterize the co-channel interference, for the case of down-
link, sectorized, and other multiple access scheme, such as code division multiple access
(CDMA) cellular wireless communication systems. The developed cost model may be

further improved to be realistic in various ways:
* When different BS station types are considered for the infrastructure cost model.

* When net revenue generated per cell per year, and the profit generated per cell per

year is also included in the analysis.

It will also be valuable to consider a three dimension interference model, as most
cities are now filled with highrise building, therefore cell sites may be separated in three
dimensions. Consequently interference in city centres may be in three dimensions. Re-
garding the minimum cell size radius, it would be interesting if a definite optimal cell size
radius that maximizes the information capacity of the cellular wireless communication

were obtained. It is important for one to confirm whether the simulation results shown
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in this thesis continue to hold for Poisson distributed cells [135], which have been shown
recently to be a better model, for interference in cellular wireless communication systems.

Finally this work would have been more valuable if the simulated result were com-
pared with experimentally observed results. Unfortunately it will be very expensive to

carry out such an experiment.
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