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ABSTRACT

Free-space optical (FSO) links provide gigabit per second data rates, but its
availability can easily be affected by fading due to different meteorological conditions
such as fog, haze, snow and rain. One of the feasible solutions to overcome this
problem is to employ a Radio-Frequency (RF) as a complimentary link to the FSO to
improve the link availability. Therefore, to mitigate the atmospheric effects on FSO
link led to the development of hybrid FSO/RF systems. The performance of hybrid
FSO/RF system is characterized by its link availability and high speed. Link
availability consists of many factors including equipment reliability and other internal
network design. However the factor which is very difficult to quantify is the fade
statistics of atmospheric attenuation due to different weather conditions. Despite the
licensed frequency bands, to achieve higher data rates in hybrid FSO/RF, higher
frequencies for RF link are the most desirable to maintain high data rates comparable
to the FSO link. In heavy rainfall regions, frequencies higher than 10 GHz are
relatively sensitive to rain. A key issue in the deployment of hybrid FSO/RF in the
tropical regions is the effects of rain on both FSO and RF links. Availability
prediction of hybrid FSO/RF with the selection of suitable RF is an indispensable task,
especially in tropical areas. Specific rain attenuation models namely, Carbonneau,
Japan, Prague, Malaysia (KL) and Malaysia (Johor) proposed for FSO are investigated
and a suitable one for the tropical areas is selected. Prediction methods for specific
(dB/km) and longer path rain attenuation are available for RF, while only specific
attenuation is available for FSO link. In this research, a total path rain attenuation
prediction model for FSO is proposed based on effective path length models
developed for microwave links. Rain intensity is measured with one-minute
integration time at International Islamic University Malaysia (IIUM) campus for three
years. Visibility data is also collected with one-hour basis at Subang airport in Kuala
Lumpur for three years. Based on the measurements of rain rate, the percentage of
time exceeding 0.01% level corresponds to nearly 100 mm/hr, while the highest of
168 mm/hr is observed at 0.000187%. Visibility ranged between 0.1 and 0.5 km under
dense haze condition, while the lowest visibility observed as almost 2 km under
normal haze condition. Fade margins for FSO and RF are investigated using measured
rain intensity and visibility data. For 99.7% availability, FSO fade margin is varied
from 6 dB to 31 dB over 1 km to 5 km links under normal haze; while fade margin is
varied from 32 dB to 77 dB over 1 km to 5 km links for > 99.999% under rain.
Empirical models are also developed and proposed to predict the availability of FSO,
RF, and hybrid FSO/RF links over path length ranges of up to 5 km. The RF
availability prediction model is developed for frequency range from 10 GHz to 100
GHz using the ITU-R rain attenuation model. FSO availability prediction model is
developed as a function of link distance and fade margin; while the RF availability
prediction model depends on link distance, fade margin, and radio frequency. The
proposed availability models can predict carrier as well as enterprise class availability.
Comparison of the availabilities predicted by proposed models show good agreement
with those based on tropical climate data and estimated by ITU-R.

i



Suand ,\Laﬁi

Bast gl Al cnlas I deal Gle ju (FSO) ASLad 4 padl SYLATY) 4585 )i 65
W il sy (mleds) ) A sgann Lpaia yay 38 4l 028 s 50 (Availability) L858 SI
Jslall aal Ja¥ly z Bl 5 Gl e i) Jlsdl 5 Claall Jie Laliall Jal pally
YAt AleSa ¢ 5S3 (RF) LS 005l s g aladiin) a A5 28 Jal 23l
Slo il ) Al Ayl J ) quins Juaiy) i sal ) s AL & jeal
5235 &g ) VLY e bayan 4 ) ) ol Ay el s pall Juasy) 56liS
et Al g sae gl il (e il 4 s3a (Hybrid FSO/RF) disell SL30)
Jiam Lgilal sasa s AT ) Adadi e 5 pilaall ey ASLLO) VLAY L Al 50l
BalieY) lgie pualic s il il dale Juaiy) 8 Al e L b
Lo Ll oSy Al Jalsall (e Lgmioas Learanal 4485 3 36aY) e (Reliability)
Oe Bl s ol sa¥) A A Al ) pla Laliall lE) s Leilas) 5l Lt yaa g
0l s ge (8 el g0l 1 B Apusilly o sy @83 sl g peai e Jgemnl) Ja i
L)) AL o) 1 5 &y yead) VL)) 48 aladi) die oY) & 2051 Al
YLt Gile pd Aadle 5 sS88 Jlat) Al ju e Addlall Cla gall o2 55843 Ll &l
Al i) 3hliall Jie 5 56 UaeY) lgd o685 A shlial (8 (ST ASLaSU 4 jua)
AUaal o ga aS3 1A JSLER A jae 38 Laoa 10 (e (el () sl 1 s g (4588
e (8 4 iy 3laliall 8 Ll AL gl g &y joamall VLAY 40585 pladin b
Cila ge JLER) (A A5 al) e il Jamay Ll 1), JUaaYL 533l 5 & eal) il gl i3
Al a8l A o3a aladiu) e age e da sh A9 giuY) Shlidl 8 Lo sead s cansl g0l )
el Ay yeadl s sall e dah oS ] ddlisdd JUae¥) Ll Gl Lalald) cilddlall 4 50
Aalal) cl8dlal) la ganl 51 il gl Aaailly 481 gy (Slaliall Casi) 28Rl jlsal 3 4fle
(8 Ayl s gall dpnailly (K15 65 8 s Ll ST 5 oS ] Adla ) U] il Gl
DAl (g8 Gl o 8 dpnly ) Al (BUELE) S i) e B oS ] ) daid 585
Glidle skl o Ll s oS 1 e Jshl il () 4 peail) VLY 4085 e jasY)
A peadl SYLATY) A8 5 g3l N5 &y peadl iVLaiY) Al a5 Janay Laill dualy
ol a3 81l g EO Bl AEY) Ayl s jlUaeY) Jasal il e el diagdl s I
Jdae 8 288N Ayl B A L ¢ saalV)6Ss dnallall e drala) i U] Jaza
A 10 Ge sl Sl sal Ly sl o3 g3 ) A Aalall) Laliall A83le ) saal¥) oS5 il
(TU-R)alladl &YLaty) alat) dadaia (e baaiee Qe aladinly 35a s 100
O Adliall o adiad ASLOU) 4y pead) cVLatY) A dalall sl a8 dually
et gl ) A AalAd) E ) Adle Ly Ao gad) el il dalaay) Jasall 5 Jlasy)
Fadiiaall da gall Loagl s dysadl el il _Llia) Jasally Jladyl o 4dlodl e
i Ll 3 gial) Lol i e A jiall Al 1 Bl (0 U Jie Jee sl o) il
Baaizall 8 gill Clily g da yidall CEMall 8T die

il



APPROVAL PAGE

The thesis of Student’s Name has been approved by the following:

Md Rafiqul Islam
Supervisor

Mohamed Hadi Habaebi
Co-Supervisor

Suriza Ahmad Zabidi
Co-Supervisor

Mohammad Umar Siddiqi
Internal Examiner

Suliman Wadi Harun
External Examiner

Abu Bakar Bin Mohammad
External Examiner

Akram M Z M Khedher
Chairman

Y



DECLARATION

I hereby declare that this dissertation is the result of my own investigations, except

where otherwise stated. I also declare that it has not been previously or concurrently

submitted as a whole for any other degrees at IIUM or other institutions.

(Ahmed Abdullah Sulaiman Basahel)

SIGNALUTE ...eovieeiieieeieececeie e Date ...coovveieciieeeeeee e



INTERNATIONAL ISLAMIC UNIVERSITY MALAYSIA

DECLARATION OF COPYRIGHT AND AFFIRMATION OF
FAIR USE OF UNPUBLISHED RESEARCH

AVAILABILITY MODELING OF TERRESTRIAL HYBRID FREE
SPACE OPTICAL/RADIO FREQUENCY(FSO/RF) LINK UNDER
TROPICAL CLIMATE CONDITION

I declare that the copyright holders of this dissertation are jointly owned by the student
and [TUM.

Copyright © 2017(Ahmed Abdullah Sulaiman Basahel) and International Islamic University Malaysia.
All rights reserved.

No part of this unpublished research may be reproduced, stored in a retrieval system,
or transmitted, in any form or by any means, electronic, mechanical, photocopying,
recording or otherwise without prior written permission of the copyright holder
except as provided below

1. Any material contained in or derived from this unpublished research may
be used by others in their writing with due acknowledgement.

2. UM or its library will have the right to make and transmit copies (print
or electronic) for institutional and academic purposes.

3. The IIUM library will have the right to make, store in a retrieved system
and supply copies of this unpublished research if requested by other

universities and research libraries.

By signing this form, I acknowledged that I have read and understand the ITUM
Intellectual Property Right and Commercialization policy.

Affirmed by (Ahmed Abdullah Sulaiman Basahel)

Signature Date

vi




ACKNOWLEDGEMENTS

It is my utmost pleasure to dedicate this work to my dear mother (Fatimah), wife
(Amanee) and daughters (Elaf & Joud), who granted me the gift of their unwavering
belief in my ability to accomplish this goal: thank you for your support and patience.

I wish to express my appreciation and thanks to those who provided their time,
effort and support for this thesis. To the members of my thesis committee, thank you

for sticking with me.

Finally, special thanks to Professor Md Rafiqul Islam for his continuous
support, encouragement and leadership, and for that, [ will be forever grateful.

vii



TABLE OF CONTENTS

ADSITACE ...t
ADSEIACt 1N ATADIC ...vvviiiiiieie i
APPIOVAl PAZE......oiiiiiiiiiiiciieieeeeee ettt
DEClarationN .......cooieiiiieeieee e
CopYTIght PAGE....cccvviiiiiiiciiie st
AcCKNOWIEAZEMENLES .......eeeeiieiieiieeie ettt
Table Of CONEENTS ...uvvviiiiiiiiiiiiiiieee e e e
LISt OF TabIES ..o
LiSt Of FIGUIES ...c.vvieiiieiieiieceeeete ettt ens
List Of ADDIeviations ......cooveeuueeiiiieiiiiiiieeeeeeee et
List 0f SYMDBOIS ....viiviiiiieiieiieceee et

CHAPTER ONE: INTRODUCTION

1.1 OVEIVIEW ..ottt
1.2 Statement of the Problem ...........cccoocoeiiiiinniiniei
1.3 Research ObJectiVES ......ccevveeeieriieiieeiieieeeee e
1.4 Research Philosophy........ccccceeciivieiciieciiiieceeeee
1.5 Research SCOPEe......oovvieiieriieiiicieeeecee e
1.6 Research Methodology ........ccceevvveeiieiieniieieeee e,
1.7 Thesis Organization...........cccccueeeveereerveecreeneeneesreesseenenns

CHAPTER TWO: LITERATURE REVIEW...

2.1 INtrodUCtion ..........coceveeiiiiiiieceeeee e
2.2 Hybrid FSO/RF SyStems .......cccccceeeeeeiieeiienienie e,

2.3 Hybrid FSO/RF Current and Future Applications

2.4 Hybrid FSO/RF Technology Challenging Issues.............
2.5 FSO Performance Parameters...........c.ccceevveeieveenreenneenen.
2.5.1 Optical POWET.......coerviiniiiiiiiiiirieieneceeee e
2.5.2 Divergence ANngle ........ccoeevveveeriiecieeeeieere e
2.5.3 Receiver Aperture Area ........cceccveeeveeereereeeseveenneenns
2.5.4 Optical Wavelength...........cccoeeveviiviieinieiiie e,
2.5.5 Geometrical LoSS .....ccooeveiiieiieniieiieeecieeeeeeee
2.5.6 PoINting LOSS....cccvvevviieiiieeiieesiee e esree e enee s
2.5.70ptical LOSS ....eoeeieiieiieieeeeeee et
2.6 RF Performance Parameters...........cccoceeeeveiieneenieeeeenen.
2.7 Link Availability and Fade Margin ...........ccceecvveevvennnnee.

2.8 Atmospheric Attenuation Due to Weather Impact

2.9 Haze Attenuation for FSO .......cccvvviriienienieeieeeeeee,
2.9.1 Beer-Lambert Law .......ccccocevieviniinenieiciiceee
2.9.2 Mie SCatteriNg .....c.ccovervrereerererreereereesieesereereennens
2.9.3 Kruse Model.........ccoooieiiiiiiiiieieeeeeeeeeeeeeee
2.9.4Kim Model .......cocoeiiiiiiiiiieeeeeeeee
2.9.5 [Jaz Model .......oooeriieiieciieecieece e

2.10 Meteorological Visual Range / Visibility ..........c............

2.11 FSO Specific Rain Attenuation Models ............c.c........

viil



2.11.1 Carbonneau MOEL....... ..o 38

2.11.2 Japan Model .......cccoooieriiiiniiiiiiiieieeeee e 38
2.11.3 Prague Model ........oooiieiieiieiecieeeeeeee et 39
2.11.4 Malaysia (KL) Model........ccccovveiieciieieiieeiieeeceee e 39
2.11.5 Malaysia (Johor) Model..........ccccverierciieciieniecie e 40
2.12 RaIN INEENSIEY ...evieiieiiieiieieecie ettt 41
2.13 Measured Rain Attenuation for LASER Beam ............ccccoviiieenee. 41
2.14 Atmospheric Attenuation Due to Turbulence for FSO......................... 43
2.15 Atmospheric Attenuation Considerations for RF Channel................... 44
2.16 Active Redundancy Availability Model...........ccccoeevviiviiencreniiieeieens 45
2.17 Related Works on FSO and Hybrid FSO/RF.........ccccccvveviiniiiicienn, 46
2.17.1 FSO Link Performance and Availability ..........cccceeieeiieninnenn. 47
2.17.2 Hybrid FSO/RF Link Performance and Availability .................. 56
2,18 SUMMATY ...ttt ettt sttt e sbee e eaee e 66
CHAPTER THREE: RESEARCH METHODOLOGY .....uccovvruierensuecsessancrecan 68
3.1 INtrOAUCHION ...eeiiieeiieiieeie ettt ettt e eseesseeeneeennees 68
3.2 Research Methodology Stages........c.cecveeeerieiiieiieiie e 70
3.3 Visibility Data Collection and Processing...........ccccecvveeveevvenieeveenneennen. 74
3.4 Rain Intensity Measurement............cccveerveeereeerreeerreesieeesreesseneesseneees 80
3.4.1 Rain Gauge SyStem SEtUP......eevcvvrerreeeiieerrieerreeeireesereeeeneeesenes 80
3.4.2 Rain Intensity Measurement and Data Processing............c........... 83
3.4.3 Validation of Measured Rain Rate............cccecveiiiiiniiiiicie, 86
3.5 SUIMIMATY .ttt ettt et et e et e st e e sabe e sbeeesbeeenas 88
CHAPTER FOUR: PROPOSED RAIN ATTENUATION PREDICTION
MODEL FOR FSO ...uuciiniininsnnsnensnnssesssssnssanssesssanee 89
4.1 TNEOAUCTION ..ottt &9
4.2 Total Path Rain Attenuation for FSO ........ccccooiviiiininiiniieccceeee, 89
4.2.1 FSO Specific Rain Attenuation.........ccceecveeevveencreeenveesnreeseneenenes 90
4.2.2 Effective Path Length..........ccoceeviiiiiiiiieceecee e 92
4.3 Earlier Approach on Total Attenuation Estimation for FSO.................. 94
4.4 Reduction Factor Models for Microwave...........ccocceevvevienieeierecceeene 95
4.4.1 Indian Model.........coooiieiieiiieeeeee e 96
4.4.2 Abdulrahman Model ...........cccceveiieiiiiienieeiee e 97
4.4.3 ITU-R Distance Factor Model ...........cccecveeienienciiiieieeie e, 98
4.5 Development of Total Rain Attenuation Model for FSO....................... 99
4.6 Comparisons of the Proposed Model with Mesured Data...................... 104
4.7 SUMIMATY ...eeuveeeeieeeiieeeieeesereesseeessseeessseesseeesssesssssessssseessseessssesssssesssseees 106
CHAPTER FIVE: AVAILABILITY ANALYSIS 107
5.1 INErOUCLION ..ottt et 107
5.2 Haze Effects on FSO Availability ......cccccceeiiieiiiiiieiieieeee e 107
5.2.1 Considering All Weather Conditions...........ccoeeveveeniiesieecieeneenne. 108
5.2.2 Considering Dense Haze Condition..........ccccceeeeeevienieeiieecieenienne. 111
5.2.3 Considering Normal Haze Condition............cccccevevreeiieniieneeennnnne. 115
5.3 Rain Effects on FSO Availability .........ccoceveeriiiiininiiniiienieieecieee 117
5.3.1 Availability Estimation Using Link Budget of FSO System........ 120
5.4 Haze and Rain Effects on FSO Availability..........cccccoeevveeiievieneennnenen, 123

X



5.5 Rain Effects on RF Availability .........ccoooeeiiiiniiiiiie e, 125
5.6 Availability Estimation Using Link Budget for Hybrid FSO/RF

SYSTEIM Lttt ettt ettt ettt st e e e 129
5.7 SUMMATY ..covtiiiieiteeteee ettt sttt sttt e st sttt sbeesareeneees 131
CHAPTER SIX: AVAILABILITY MODELING OF HYBRID FSO/RF........ 132
6.1 INtrOAUCHION ...ttt 132
6.2 Development of Hybrid FSO/RF Model ..........cccoeveiiivciiiiieecie e, 132
6.2.1 FSO Outage Probability-Empirical Modeling ............c.ccccveeeenn.ne 133
6.2.2 RF Outage Probability-Empirical Modeling..........c...ccceeevvveennnen. 136
6.2.3 Hybrid FSO/RF Availability-Empirical Modeling........................ 142
6.3 Comparsion of the Predicted Hybrid FSO/RF link Availability with
EStimated ......oooieieeeee e s 144
6.3.1 Comparison of the Proposed FSO Outage Model with the
Estimated for FSO ..o 144
6.3.2 Comparison of the Proposed RF Outage Model with RF
Estimated by ITU-R.....ccccoconiiiiiiiiiieeeeeen 146
6.4 Comparison of the Proposed Model with ITU-R Hybrid FSO/RF
Availability EStimation...........ccccccvieviierieniiniieieeseceeeere et 147
6.5 SUIMIMATY ....vvvieerieeiiie it eereeerreestreeebeeesebeesseeesssaeessseesssseesssessssseesssseenes 147
CHAPTER SEVEN: CONCLUSIONS AND RECOMMENDATIONS .......... 149
7.1 CONCIUSIONS ...coneiieiiieiieeie ettt ettt ettt e ae e neeenees 149
7.2 CONLTIDULIONS ...ieeiiieiieiie ettt eete ettt e st e ente e e seeeeneeeneeas 152
7.3 Recommendations for Future Works...........ccceccvevieiciniciienieieeee e, 153
REFERENCES.....uiininiiiininnniinisssnssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 155
PUBLICATIONS ..ccooiiiininnncsncsnissanossssssssssssossssssssssssossssssssssass 168




Table 2.1

Table 2.2

Table 2.3

Table 3.1
Table 3.2
Table 3.3

Table 3.4

Table 3.5
Table 3.6

Table 3.7

Table 3.8

Table 4.1

Table 4.2

Table 5.1
Table 6.1

Table 6.2

LIST OF TABLES

Specific Rain Attenuation Models of FSO

Measured Rain Attenuation in Holmdel, New Jersey over 2.6
km Using 600 nm Wavelength

Summary of Average Yearly Performance of Typical FSO
Systems

Visibility Sensor Specifications
Sample of Raw Data (Normal Haze)
Sample of Raw Data (Dense Haze)

Monthly Averaged Visibility Data (km) Collected at Sepang-
Kuala lumpur International Airport from 2007 to 2015

Casella Rain Gauge Specifications
Sample of Raw Data Measured on 4 January 2013

Highest Rainfall Amount in Millimetre Recorded for the
Various Durations in Hour

Measured Rainfall Intensity for Three Locations for Two to
Four Years in Malaysia

Developed of 74 over Different Link Distances

Comparison between Measured Rain Attenuation in Las Vegas

and Proposed Model for Different Distances and Rain Rates
FSO Transceiver Specifications
R? and RMSE Values of Coefficient b for RF Link

Comparison with [TU-R Availability Estimation due to Rain

X1

40

42

49

75

76

77

80

81

&3

84

87

100

106

120

141

147



Figure 1.1

Figure 1.2
Figure 1.3
Figure 2.1
Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5
Figure 2.6
Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10
Figure 2.11
Figure 2.12

Figure 2.13

Figure 2.14

Figure 2.15

Figure 3.1

LIST OF FIGURES

Categorization of Wireless Communications Based on the
Research Scope

Hybrid FSO/RF System’s Components
Research Methodology Stages Flow Chart
Electromagnetic Spectrum

Propagation of the Light Beam

Geometric Loss as a Function of Divergence Angle for D =0.2
m&d=>5km.

Geometrical Loss as a Function of Receiver Aperture for § =1
mrad & d =5 km

Geometrical Loss as a Function of Distance
Hybrid FSO/RF Fade Margin under Tropical Environment
Earth's Atmosphere Layers

Prediction Based on Modified k£ and a Values and Power
Curve of best-fit Against the Measured Attenuation and Rain
Rate at [ITUM Campus

Effect of Rain Attenuation as a Function of Distance for
Terralink FSO Installed on Las Vegas

Dual Redundant System
Comparison between Measured Attenuation with Carb. Model
Hybrid FSO/2.4 GHz System Availability

Predicted Maximum Ranges for Hybrid FSO/60 GHz for
Different Rain Regions for Statistical Availability

Outage Probability as a Function of Transmit Power for FSO,
RF and Hybrid FSO/RF under Rain Condition

Outage Probability as a Function of Transmit Power for FSO,
RF and Hybrid FSO/RF under Moderate Rain Condition

Research Methodology Approach.

X1l

10

24

25

26

27

28

31

31

40

42

46

50

57

59

65

66

69



Figure 3.2

Figure 3.3

Figure 3.4
Figure 3.5

Figure 3.6

Figure 4.1

Figure 4.2
Figure 4.3
Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Cumulative Distribution of the Visibility Data Measured in
Malaysia from January 1 2005 to December 31 2007

Experimental Setup of Casella 0.2 mm/tip Rain Gauge and
Data Logger

Installation Site of 0.2 mm/tip Rain Gauge.
Installation Site of 0.2 mm/tip Tipping Bucket.

Cumulative Distribution of the Rain Rate Measured in [IUM
from January 1 2011 to December 31 2013

Comparison of Specific Rain Attenuation Models Developed
for FSO: (a) for all Rain Rates (b) for Rain Rate > 10 mm/hr

Concept of Effective Path Length
Comparison of Proposed Path Reduction Factor
Exponential Equation of best fit Curve of

Comparison of » between Abdulrahman and the Proposed
Model

Comparison of Total Path Attenuation for 0.01% Using
Abdulrahman Reduction Factor Model and Proposed

Path Distance Factors Using Indian Model & Proposed as a
Function of Rainfall for Different Distances

Comparison of Measured Rain Attenuation in Holmdel, New
Jersey over 2.6 km with Proposed Model

CDFs of the Attenuations Predicted by Kim Model on the
Basis of Visibility Data > 1 km Measured in Malaysia from
Janaury 1 2005 to December 31 2007

CDFs of the Attenuations Predicted by Ijaz Model on the Basis

of Visibility Data < 1 km Measured in Malaysia from Janaury
12005 to December 31 2007

Attenuations Predicted Using Kim Model at Different
Percentage of Time under Rain and Dense Haze Conditions

Distributions of the Visibility Data Measured in Malaysia over

a Period of Three Years in the Absence of Rain

CDFs of the Attenuations Predicted by Kim Model on the
Basis of Visibility Data Measured in Malaysia from January 1
2005 to December 31 2007 in the Absence of Rain

Xiil

79

81

82

82

86

91

93

98

100

103

103

104

105

109

110

111

112

113



Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 6.1

Figure 6.2

Figure 6.3

CDFs of the Attenuations Predicted by Ijaz Model on the Basis
of Visibility Data Measured in Malaysia from January 1 2005
to December 31 2007 in the Absence of Rain.

Attenuations Predicted by Kim Model for Different Percentage
of Time under the Dense Haze Conditions

Distributions of Visibility Data Measured in Malaysia over a
Period of Three Years in the Absence of Rain and Dense Haze

CDFs of Attenuations Predicted by Kim Model on the Basis of
Visibility Data Measured in Malaysia from January 1 2005 to
December 31 2007 in the Absence of Rain and Dense Haze

Attenuations for Different Percentages of Time under the
Normal Haze Condition

Cumulative Distribution of Predicted Attenuation Based on
Rain Rate Data Measured in I[IUM from January 1 2011 to
December 31 2013

Attenuation Predicted at Different Percentages of Time up to 5
km for FSO Link Based on the Average Rain-Rate Data
Measured in IIUM from January 1 2011 to December 31 2013

Fade Margin Variations for Different Percentages of Time
over FSO Link Distances

Availability Estimation of FSO Link under the Influence of
Rain: Enterprise Class and Carrier Class

Combined CDF’s of Predicted Attenuation Based on Average
Rain-Rate and Visibility Data Measured in Malaysia from 1
km to 5 km FSO Link Distance

The Predicted Rain Attenuation at Different Percentage of
Time for RF Link Based on Average of 3 Years Rain Rate
Data Measured in [IUM, (a) for 1km, (b) for 2 km, (c) 3 for
km, (d) 4 for km, (e) for 5 km.

Flow Chart of the Hybrid FSO/RF Availability Prediction
Approach

Combined CDF’s of Predicted Attenuation Based on Average
Rain-Rate and Visibility Data Measured in Malaysia from 0.1
km to 5 km FSO Link Distance

The Coefficient ay and Power Curve Fitting for FSO

The Coefficient by and Power Curve Fitting for FSO

X1v

114

114

115

116

117

118

119

121

122

124

128

130

134

135

136



Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

The Coefficient a and Power Curve Fitting for RF Link
Distance

The Coefficient b and Power Curve Fitting for RF for Link
Distance, (a) for 1km, (b) for 2 km, (¢) for 3 km, (d) for 4 km,
(e) for 5 km

Outage Probability of the Proposed Model for RF

Predicted Availability of Hybrid FSO/RF Link under Tropical
Weather Condition: Enterprise and Carrier Class

Comparison between Predicted Outage Probability Model with
FSO Estimated (a) over 1 km, (b) 2-5 km

Comparison between Proposed Outage Probability Model with
Estimated ITU-R Model over 5 km RF Link Distance

XV

138

140

142

143

145

146



LIST OF ABBREVIATIONS

5G 5th Generation

BER Bit Error Rate

CDF Cumulative Distribution Function
Exabytes 500xone billion gigabytes

f frequency

FSMC Finite-State Markov Chain

FSO Free Space Optics

GHz GigaHertz

IR Infrared Radiation

ISP Internet Service Provider

ITU-R International Telecommunication Union-Radio
LAN Local Area Network

LASER Light Amplification by Stimulated Emission of Radiation
LED Light-Emitting Diodes

LOS Line Of Sight

LWC Liquid Water Content

MANETs Mobile ad hoc Networks

MATLAB Matrix laboratory

MIMO Multiple Input Multiple Output

MMD Malaysian Meteorological Department
MMW Millimeter Wave

Xvi



MODTRAN

N»
NASA

0,

RSSI

SNR
SPSS
Tx
WLAN

WSN

Moderate Resolution Atmospheric Radiance and
Transmittance Tool

Nitrogen molecules

National Aeronautics and Space Administration
Oxygen molecules

Radio Frequency

Received Signal Strength Indicator

Receiver

Signal-to-Noise Ratio

Software Program For Social Scientists
Transmitter

Wireless Local Area Network

Wireless Sensor Network

XVii



LIST OF SYMBOLS

mm Millimetre

A Link availability

Fm Fade margin

mwW MilliWatt

dBm Decibel miliwatt

0 Divergence angle

mrad Miliradian

A, Receiver aperture area

A Wavelength

nm Nanometre

Geomipss Geometrical loss or attenuation
Ay Area of the beam at distance d
D Receiver capture diameter

T Pi

d Link distance

dB Decibel

um Micrometer

1y Detected intensity at distance d
Iy Initial launched intensity or power
o Scattering coefficient

XViil



Vo
n;

O

N(D.)

Vr

Particles’ radius size

Distribution of the ith particle

Scattering efficiency of the ith particle
Visibility

Contrast (visible) threshold

Maximum spectrum of the solar band or visibility
reference

Size distribution of the scattering particles
Rain attenuation or extinction coefficient
Extinction cross section

Drop diameter

Complex refractive index of water m
Specific rain attenuation

Rain intensity

Power law parameter

Power law parameter

Millimetre/hour

Rytov variance

Refractive index structure parameter

Total path attenuation induced by rain for 0.01%
Effective path length

Path length distance factor

Rain attenuation for other percentage of time p

Coefficient of determination

X1X



RMSE Root Mean Square Error

CF Curve Fitting

mm/min Millimetre/minute

d, Equivalent rain cell

w Water on the FSO transceiver window

7 Normalized path reduction factor

70.01% Reduction factor for 0.01%

T (d,%p) Distance factor for all percentage of time

Aoy Total path rain attenuation for FSO at p percentage of a
year

Praineipi) Exceedance probability of rain at %p;

Phazerip2) Exceedance probability of haze at %p,

Prainhazeip) Joint exceedance probability of rain and haze for a
given fade in (dB)

% Lowest exceedance probability that occur

e Excess attenuation due to rainfall

LM Link Margin

Amybria Link availability of hybrid FSO/RF

Arso Link availability of FSO

Agrr Link availability of RF

Pouirso Outage probability of FSO

Pourr Outage probability of RF

Fmrso FSO fade margin

Fmgr RF fade margin

XX



CHAPTER ONE
INTRODUCTION

1.1 OVERVIEW

At the early stage of human history, people used different tools to transmit messages
through unguided transmission media over certain distances. They used visual signals
through beacon fires, ship flags and smoke for communication purposes (Huurdeman,
2003). Ancient civilizations, such as Greeks and Romans used to transmit messages
using their polished shields to reflect the sunlight during battles (Holzmann &
Pehrson, 1995). In 1880, the first wireless telephone system ‘photophone’ was
invented by Alexander Graham Bell (Phillipson, 2010). He used sunlight as a medium
to transmit voice data over 213 meters with no wiring, and a solid state detector as the
receiver that converted the light signal back into voice. The concept of Free Space
Optics (FSO) started from the invention of photophone (Bouchet, Sizun, Boisrobert, &
De Fornel, 2006). Free Space Optics is a wireless technology that uses light as a
medium of transmission between transmitter and receiver (Kedar & Arnon, 2004).
Currently, FSO systems are categorized under optical wireless technology (Uysal &
Nouri, 2014). After the invention of laser, numerous scientists have conducted
experiments to transmit different types of lasers using different modulation schemes
(Goodwin, 1970). Bell Labs used ruby laser to communicate over 40 km (Hecht,
2009). Lightpointe is one of the most popular FSO commercial manufacturers. The
chief scientist of Lightpointe developed the prototype for FSO system in Germany in
the late 1960’s (Lightpointe, 2009). Due to a large divergence of the propagated laser
beams and nature conditions, FSO systems were able to operate over short distances.

Transmitting optical laser in a confined medium will tackle the FSO distance



limitations. In 1970’s, fiber optic was invented and operates as a confined medium
carrying light from one point to another at low cost. It became an alternative solution
for optical transmission over long distances (Buck, 2004). Meanwhile, FSO continued
to be developed by the military and NASA for military and space applications
(Begley, 2002; Rabinovich et al., 2010). Over the last three decades, fiber optic
infrastructure has expanded, covering most of the worldwide backbone networks.
However, some of the areas are still challenging or it is not possible to install the fiber
due to existing copper based network, wherein end users are unable to get access to
the networks resulting in last mile “bottleneck” problem. In addition, scalability
constraints of fiber installation cost and time, such as digging and permissions to lay
fiber, make telecom service providers relook for feasible solutions (Sadiku, Musa, &
Nelatury, 2016). Therefore, FSO systems start attracting attention as being a
reasonable alternative solution to the last mile problem. Over the years, FSO
technology has gained acceptance in telecommunication industry mostly in enterprise
campus network. Thereby, FSO has become an emerging high speed point-to-point
broadband technology.
FSO has many advantages such as (Khalighi & Uysal, 2014; Majumdar & Ricklin,
2010):

e Very High bandwidth which can support higher data rate,

e FEasy to install where transmitter and receiver can be installed beside a window

and within days,
e FSO systems, to date, have free licensing of frequency, above 300 GHz (Chan,
2006),
e Cost effectiveness compared to fiber optic,

e Very high security due to its narrow laser beams,



e Immune to electromagnetic interference due to different transmission windows
that FSO used compared to RF.

The ultimate challenge facing FSO technology is that it can easily be affected by
weather conditions such as fog and snow in temperate regions (Buckley, 2001;
Flecker, Gebhart, Leitgeb, Muhammad, & Chlestil, 2006; Kalashnikova, Willebrand,
& Mayhew, 2002; Willebrand & Ghuman, 2001) and rain in tropical regions (Zabidi,
Islam, Al-Khateeb, & Naji, 2012). In addition to that, turbulence might be another
factor affecting the FSO performance (Epple & Henniger, 2007; Raj, 2016; Ricklin &
Davidson, 2002) .Thus, under the impact of adverse weather conditions, signal
degradation may cause a link failure resulting in huge data lost. In order to
compensate for the loss of data by ensuring efficient link availability performance, a
comprehensive solution is needed. One of the solutions is to implement FSO link with
a complementary RF link to create hybrid FSO/RF system. Thereby, the influences of
different weather phenomena on the optical channel lead to the development of hybrid
FSO/RF network. Hybrid FSO/RF system may enhance the performance of FSO
system and optimize the link quality such as the availability performance of FSO link.
Adopting hybrid FSO/RF link is a potential candidate to increase the link availability
from enterprise class (> 99%) to carrier class (> 99.999%) compared to FSO link.
Hybrid FSO/RF is a combination of two technologies, FSO and RF, in one system.
Hybrid FSO/RF systems can be categorized under wireless communication

technology as illustrated in Figure 1.1.



Wireless Communication

Optical

Visible light communication (VLC) Free Space Optical (FSO) Microwave Wi-Fi Mobile
e Earth to Satellite Terrestrial Terrestrial Satellite
Point-to-point
o Satellite-to-Satellite Line of Sight (LOS)
e Aircraft-to-aircraft
Hybrid FSO/RF
Figure 1.1 Categorization of Wireless Communications Based on the Research Scope
Hybrid FSO/RF systems consist of optical channel with a complementary RF
channel and a switch or encoder that is used to distribute the data between both
channels as illustrated in Figure 1.2.
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Figure 1.2 Hybrid FSO/RF System’s Components



