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Abstract:

Free space optical (FSO) communication uses visible or infraredvf®)lengths to
broadcast high-speed data wirelessly through the atmospheric channel. The
performance of FSO communications is mainly dependent on the unprezlictabl
atmospheric channel such as fog, smoke and temperature dependent turbulence.
However, as the real outdoor atmosphere (ROA) is time varying antdeteous

in nature as well as depending on the magnitude and intensity of diffeeatter
conditions, carrying out a proper link assessment under specific weatherormndit
becomes a challenging task. Investigation and modelling the ROA undesedive
atmospheric conditions is still a great challenge in FSO commuwnesatHence a
dedicated indoor atmospheric chamber is designed and built to produce edntroll
atmosphere as necessary to mimic the ROA as closely as possible. Theextatr
results indicate that the fog attenuation is wavelength dependent fasilaility V
ranges, which contradicts the Kim model fgr< 0.5 km. The obtained result
validates that Kim model needs to be revised\Mar 0.5 km in order to correctly
predict the wavelength dependent fog attenuation. Also, there aggpeoimental
data and empirical model available for FSO links in diverse smoke aorg]itvhich

are common in urban areas. Therefore, a new empirical model is profmsed
evaluate the wavelength dependent fog and smoke attenuation by remog st
value as a function of wavelength rather than visibility.

The BER performance of an FSO system is theoretically ameériexentally
evaluated for OOK- NRZ, OOK-RZ and 4-PPM formats for Ethernetdeta-rates

from light to dense fog conditions. A BER of 1QQ-factor 4.7) is achieved at



dense fog (transmittancd, = 0.33) condition using 4-PPM than OOK-NRZ and
OOK-RZ modulation schemes due to its high peak-to-average poweahagit at

the expense of doubling the bandwidth. The effects of fog on OOK-NFAM

and BPSK are also experimentally investigated. In comparison to 4-PAND@K-

NRZ signals, the BPSK modulation signalling format is more robust agéiast
effects of fog. Moreover, the effects of using different averagesinéted optical
communication powerBqpon theT and the receive@-factor using the OOK-NRZ
modulation scheme are also investigated for light and dense fog conditions. The
results show that for an FSO system operating@factor of 4.7 (for BER = 19),

the requiredQ-factor is achieved at of 48% under the thick fog condition by
increasingPqp to 1.07 dBm, whereas the valuesTofare 55% and ~70% for the
transmit power of 0.56 dBm and -0.7 dBm, respectively.

The experimental characterisation and investigation of the atmosphdndence
effect on the Ethernet and Fast-Ethernet FSO link is reported usireyediff
modulation schemes. The experiment is carried out in a controlled lalyorator
environment where turbulence is generated in a dedicated indoor atmospheric
chamber. The atmospheric chamber is calibrated to mimic an outdoor tugbulenc
conditions and the measured data are verified against the thequegdiations. The
experiment also demonstrates methods to control the turbulence levels amingete
the equivalence between the indoor and outdoor FSO links. The resultshsihdhet
connectivity of Ethernet and Fast-Ethernet links are highly sensitigartospheric
turbulence. The results also show that the BPSK and OOK-NRZ modulation
signalling formats are more robust against the weak atmospheric tusdulenc

conditions than PAM signal.
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Chapter 1

Introduction:

1.1. Background

Free Space optics (FSO) communication is a line of sight commionicahere a
modulated optical laser beam (visible or infrared) is used to tramgfierdata rates
wirelessly through the atmospheric channel [1]. The idea of sending agidimgc

light signals for communication is prehistoric for centuries througlibeitknown
human history. The Old Romans and incident Greeks (around 800 BC) used polished
metal plates as mirrors to reflect light from one point to anottveloihg range
communications [2]. However, sending information through this transmission
method was very limited due to the exchange of predetermined messages onl
resulting in low information capacity [3]. In 1792, an optical telegragpéeld on a

chain of semaphores was developed by a French naval navigator called Claude
Chappe for communication [4]. The US military also used sun-light basedrpow
devices to send signals from one mountain top to another mountain top in yhe earl
1800. The blinking of light signals has also been adopted for many years for ship to
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ship communication [5]. During this development period, Alexander Graham Bel
constructed a device called ‘photo-phone’ in 1880, which is considered as the re-

birth of optical wireless communication [6]. He used the sun light modultgtéie

voice signals using the vibrating mirrors and detected using selenium based photo
cell. In his experiment, he was able to transmit telephone baswssthrough the
atmosphere medium over a range of 200 meters. The restrictions on this/@ver

the crudity of the devices and the intermittent nature of the sun’s radiation [6].

Experimental exploitation of optical devices for high speed commiwmncédr long
distance requires a monochromatic and narrow strong optical beam egddesi
wavelength; such a carrier would have not been possible without the amverti
Ruby laser in 1960 by Theodore Maiman, which was considered to be she fir
successful optical laser. However, after the invention of the semiconducical opt
lasers by Robert Hall in 1962, the FSO system reliability of operdtas increased
sufficiently [7]. Today, the semiconductor-injection laser diodes are masdg for
long range optical wireless communication systems [8]. A remarkaideision
signal broadcasted over a 30 mile (48 km) distance using a GaAs bgised i
emitting diode (LED) by researchers working in the MIT Lincolrebdratory in
1962 [7]; a record 118 miles (190 km) transmission of voice modulated Heséle la
between Panamint Ridge and San Gabriel Mountain, USA in May 1963 [9fir3the
laser link to handle commercial traffic was built in Japan Hey Nippon Electric
Company (NEC) around 1970. The link was a full duplex 0.6328 m He-Ne laser
FSO between Yokohama and Tamagawa, a distance of 14 km [7]. After this
experiment, the research in FSO was continued to enhance the sgp@&titycas

well as link range and mainly used in military for secure comnatioigs in
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network-centric operational concepts that promote the use of informais
fundamental for gaining superiority on the battlefield [10]. FSO has ladsm
heavily researched for deep space applications by NASA and E8Aregrammes
such as the Mars Laser Communication Demonstration (MLCD) and the
Semiconductor-laser InteFr-satellite Link Experiment (SILE2§pectively [11, 12].

In the past decade, near Earth FSO was successfully demonstrspadenbetween

satellites at data rates of up to 10 Gbps [13, 14].

With rapid development and maturity in the optoelectronic devices, FS@omas
witnessed a restore in many applications. Recently, radio-on-free-spgtics
(RoFSO) technology is regarded as a new universal platform foliegpaeamless
convergence of fiber and FSO communication networks, thus extending broadband
connectivity to underserved areas [15]. In [16] an alternative interoesaenethod

is proposed using WLAN and FSO systems as a data uplink and digital video
broadcasting- terrestrial (DVB-T) as a downlink channel for broadband datasacce
network [16]. Several successful field trials have been recorded iaghéeW years
including the 147 km FSO transmission which have further encouraged investment
in the field [17, 18]. This has now culminated into the increased comrinsatizn

and the deployment of FSO in today’s communication infrastructures.

FSO has now emerged as a commercially viable complementary tegphnolthe
radio frequency (RF) and millimetre wave wireless systemseimble and rapid
deployment of data, voice and video within the access networks [19, 20]. RF and
millimetre wave based wireless networks can offer data rates teas of Mbps

(point-to-multipoint) up to several hundred Mbps (point-to-point) [21, 22]. However,
3



there is a limitation to their market penetration due to speatnngestion, licensing
issues and interference from unlicensed bands. The optical carriemicexuim the
range of 20-300 THz are licence free makes FSO links as pronsihgology for

future bandwidth hungry communication applications [23].

The short-range FSO links with lengths of 500 meters are an akersatution to

the RF links for the last or first mile to provide broadband access netwtikmes

and offices as well as a high bandwidth bridge between the dochiwide area
networks [24, 25]. Full duplex FSO systems running at 1.25 Gbps between two stati
nodes are now common sights in today’s market just like FSO systems that operate
reliably in all weather conditions over a range of up to 3.5 km. Medange FSO

links have been successfully implemented for high requirement applicatiGipsit

in [26]. In 2006, 80 Gbps FSO system was demonstrated using the wavelength
division multiplexing (WDM) techniques [27]. The link capacity of the F§6tesn

has now reached to 100 Gbps to beyond 1 Thps [28, 29].

The earlier scepticism about FSO link performance, its dwindling taduiéfy by
service providers and slow market penetration that bedevilled it itOB@s are now
rapidly fading away judging by the number of service providers, ordemsa
government and private establishments that now incorporate FSO intoetveark
infrastructure [30]. Terrestrial FSO has now proven to be a viable eameptary
technology in addressing the contemporary communication challenges, most
especially the bandwidth/high data rate requirements of end usersatib@able

cost. The fact that FSO is transparent to traffic type and datacpl makes its

integration into the existing access network far more rapid, reliabt profitable
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way in comparison to the traditional fibore communications [31]. Dedpitse
advantages FSO performance is degraded by the substantial optichlosiges due

to the presence of aerosols by absorption and scattering of the pnogagstcal

and infrared waves, since their wavelengths are very close toahelamgths of
these frequencies [32]. Fog compared to other atmospheric constituents is the
dominant source for the optical power attenuation, thus potentially repti@ FSO

link availability. However, in the clear weather condition, theocaét and
experimental studies have shown that scintillation can severely deéegre
reliability and connectivity of FSO links [33, 34]. Nevertheless, dtmospheric
channel effects such as thick fog, smoke and turbulence poses a griesigehta
achieve the link availability and reliability according to theEE and ITU link
availability standards of 99.999% (five nines) for the last mile accessieoivation
network. Therefore, these channel effects still need to be understand and
circumvented in order to increase the link range and link availalmliterrestrial

FSO systems [35-38].

1.2. Research Motivations

In the past decade, the world has witnessed a spectacular growthrafftoearried

by the telecommunication networks. As the number of users using applications
requiring a large bandwidth is increasingly growing, the bandwidthsdliof current
wireless systems in radio frequency based technologies are beitupedr¢39].
Recently, FSO communication systems with a huge unlicensed modulation
bandwidth capability have attracted a great deal of intei@st & number of sources
including academia, industry, telecommunication and standardizationsbddies
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huge bandwidth represents high potentials in terms of capacity andliextbius
making FSO technology particularly attractive candidate fortirgigabit wireless
applications including audio, video streaming, multi-gigabit file transfgrand
internet revolution for last mile access network, the mobilgleley backhaul (3G),
satellite communication offering better quality and user experjeinc@areas to

complement radio frequency RF based services [40-42].

FSO technology presents number of advantages over its counterparts, foreinstanc
the RF spectrum. Such an advantage is the immunity of FSO to themlagnetic
interference (EMI). The very narrow optical signal provides a setink with
adequate spatial isolation from its potential interferers, thus makthg preferred
option in certain applications where there is a requirement foryalew level of
interference or no interference at all [31]. In addition, FSO Haardage over RF is

the increased security inherent to the laser’s narrow foot print, thus, makes detection,
interception and jamming very difficult. Further advantages offeyeldS©D over RF
include the possibility of rapid deployment and the flexibility of esthbig
temporary communication links, much higher data rates, low cost, sngllasid
limited power consumption. It consumes a low power, provides a better security
against electromagnetic interference and do not require licenseaduspeco need

for trenches and digging of streets, low system and installation cost [43Fe¥4]
these reasons FSO has been considered as an alternative in metropeétan a
networks (MANs) and local area networks (LANs) deploymeatg, backbone
military applications or extensions of existing MANs and a viable solubotine

“last mile” scenario where the compromise between the available data rate and the

effective cost is desirable.g, in short link building to building communications,
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campus to campus communication, access to rural areas, and disaster recovery

scenarios [25, 45].

The other proposed methods to tackle this “last mile” bottleneck consist of the based
power-line communication (PLC) [46, 47], digital subscriber loop (DSL) bieca
modems [48], fibre to the home (FTTH) [49], local multipoint distribution servi
(LMDS) [50], and ultra-wide band (UWB) technologies [51, 52]. PLC systanas
DSL are copper based, which means potential disruption to the networkiaperat
because copper wires are susceptible to damage. In addition, it is xperesige,
time-consuming and complicated to maintain and to reconfigure tleel watworks
[53]. FTTH offers a considerably higher data rate from 10 Mbps to Hfs Ts
feasible for the implementation of FTTH combined with WDM [54]. Aanf the
point of view of deployment and penetration rates of the FTTH techyyofmuth
Korea and Japan are the pioneers at the global level [49, 55]. However,
prohibitive cost of implementation is the most prominent obstacle inhibitwigler
deployment. LMDS was conceived as a fixed wireless, point-to-muitipoi
technology originally designed for the digital television transmission tpegrat
microwave frequencies bands of 27231.3 GHz and 40.5 42.5 GHz in the US
and Europe, respectively [56, 57]. The fact that its throughput capacityirdnd
reliability depends on a common radio link makes the scheme more suscéptibl
severe signal attenuation and outage during rainfall [58, 59]. Additiotiadycarrier

frequencies within the licensed bands constrains its applications [60].

The UWB technology uses the unlicensed radio spectrum in thel®.5 GHz band

for short-range communications [61]. It is also a copper wire based scdunibits
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potential data rate is at odds with several Gbps available in thédree The
interference of UWB signals with other systems operating withisdahee frequency

spectrum is another drawback [52].

FSO is a fibreless, laser driven technology offers similar captithat of optical
fibre based communication with significant reduction in cost and time [B2
integration of FSO into the access network can be done relativebpighand
quickly as it is transparent to the traffic type and protocols. Howenveigltannel in
FSO is an atmosphere which poses a great challenge and the perfooh&&ce
system is subject to abrupt changes in atmosphere. Therefore, isiiabtie to
experimentally characterise the different atmospheric conditionsasufdg, smoke,
and turbulence and also analyse the system performance under these aimosphe

conditions [20, 63, 64].

The number of authors has studied the effect of atmospheric turbulence in [65-68]
however, most of these studies are theoretical and very little wotkeleasreported
experimentally. This is because in practice, it is very chalengp measure the
effect of the atmosphere turbulence under diverse conditions. This is rda&ly

the long waiting time to observe and experience reoccurrence afreatf
atmospheric events. Fog has the largest impact on FSO links, lilmtingnge to a

few hundred meters under heavy fog conditions [69]. However, when thierigt
exceeds several hundred meters, irradiance fluctuations of the regpticad signal

due to the turbulence present a severe problem. The turbulence indutkee by
random fluctuation of temperature and pressure results in random oratihe

atmospheric refractive index. The variations in the refractidex along the optical
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path cause random fluctuations to the received optical irradiance) wdmiclead to
severe system performance degradation [70]. A nhumber of methods caedéo
combat the effect of turbulence such as the multiple input mutiytieut (MIMO)
system [71, 72], and the temporal and spatial diversity [68] and apertusysnger
[73]. However, selecting a modulation format that is most immune tallstion
effect is also important [74-76]. Furthermore, a number of research works
investigating the effect of fog on FSO systems are mostly focusmgthe
measurement of attenuation and channel modelling [69, 77, 78]. Howevelittery
work on the BER performance of an FSO link in fog is reported. Thexefiois
research work has been reported to test and mitigate the effect oy employing

power efficient modulation schemes and differégt.

The dependence of the FSO transmission wavelength in the fog and smoke
atmospheric channel is considered to be an important parameter irt@eddrieve

the maximum transmission span. However, there is not any common agreement
between the best wavelength to choose in FSO, particularly fodehse fog
(visibility V < 0.5 km) [79-81]. In [79, 81, 82] different models have been studied to
predict the fog attenuation depending on the measigim) and operating
wavelengths. Kim et al (2001). showed that the fog attenuation is indepehdeat
wavelength for the dense fog condition fof < 500 m [79]. However, the
experimental data reported for real atmospheric fog setup shows &caigni
difference between the fog attenuation using 830 and 1550 nm wavel@B§jtB4].

In [85], a laboratory based setup is used similar to our previous work [86] and
showed that the terahertz (THz) signal has significantly Idageattenuation than a

1.55 um link. In [87], a real time measurement of the fog attenuaBgreported,
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that shows far infrared (FIR) at 10 um offers higher transmittemfoey. Despite the
advantages of FSO links, to operate them at THz and FIR wavelbagts will
require high cost components that are not readily available at themhorherefore,
almost all commercially available FSO systems operate invgwelength range of
0.60 um- 1.55 um. Consequently, the wavelength in the visibleear infrared
(NIR) bands are needed to selected in order to verify the dependénttye

wavelength on the fog and smoke attenuatiorvfer0.5 km.

Moreover, most of reported experimental data lacks the prediction aeftEguation

at the lower visibility ¥ < 100 m) range is not well defined and easily achievable.
Further, in an empirical approach to model the real fog attenuatibased on the
measuredv and the fog attenuation at the same time. However, as the FSO link
length can be greater than 1 km. In this case, due to the spatialgeetsty, fog
densities can vary from one position to few 100 metres apart. Thus, the measured fog
attenuation along the FSO link and the corresponding visibility data asirsgility

device at a fixed position can significantly fluctuate from thwacvalue. This

effect can be observed in the measured data at 830 nm for two fog &vem{88].

Thus, there is still need to measure and characterise the fog atenaha
correspondingVv along the length of link rather than at fix position. Therefore, in
order to control and characterise the atmospheric effects such ,asnfoge and
turbulence and to address the challenges caused by the atmosphere channel. A
dedicated laboratory based atmospheric chamber of length 5.5 m is designe
Atmospheric chamber is a powerful tool to simulate the real outdooreF8€s and

its characterisation and measurements under a controlled environment \thighout
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need for longer waiting times as would be in the case of outdoor F&S) ks

reported in previous works [89, 90].

In this research work, the experimental results of fog attenuatibBO for visible-
NIR wavelengths (0.6 m < < 1.6 m) from dense to light fog conditions are
reported. The experimental results are compared with the seleuo@dcal fog
models in order to validate their performance practically irap@dr 5. The
experimental results show that the fog attenuation is wavelength @spdadall VvV
ranges except whex < 0.015 km contradicting the Kim model. The visibility is
measured using the wavelength of 0.55 um and CCD camera alorggkie d¢f an
FSO channel rather than at one position as in the case of traduigidalor FSO
links. This approach enables to provide the right value of fog attenuation
corresponding to the measurédkm). Here, a new empirical model is proposed to
evaluate the wavelength dependent fog and smoke attenuation by remog st
value as a function of wavelength rather than visibility in Chaptddsng the
measured attenuation spectrum data, recommendations are provided b@sthe
wavelengths that could be adopted for links under fog conditions. Furtheramore,
alternative approach is used to evaluate the BER performancefS@dénk under
fog environment using the received signal eye diagrams. The traarseeiltas well

as the signal-to-noise ratio (SNR)e(, the Q-factor) is measured for different
modulation format and also by increasiRgy for light-to-dense fog densities in

Chapter 7.

In this thesis, experimental characterisation and investigation oatthespheric

turbulence effect on Ethernet and Fast-Ethernet FSO links are egdsoted in
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Chapter 8. Different methods are introduced and demonstrated in ordatral the
different turbulence levels and to determine the equivalence betWweendoor and
outdoor FSO links. The results show that the connectivity of Ethernet and Fast-
Ethernet links are highly sensitive to atmospheric conditions. The effect of
turbulence on FSO communication systems for On-off-keying (OOK), pulse
amplitude modulation (PAM) and subcarrier intensity modulation (SIM) based on
binary phase shift keying (BPSK) is experimentally investigated and ew&luate

The following research objectives have been devised in order to achieve these goals.

1.3. Research Objectives

The prime aim of this research work is to experimentally cheniae and investigate
the atmospheric channel effects, particularly fog and turbulenteegperformance

of FSO link. It is very difficult to practically measure andifyethe atmospheric fog
and scintillation effects under diverse conditiang, (light to dense fog, different
combinations of wind velocity and temperature) as reoccurrence of the sam
atmospheric events is unpredictable. Hence, a dedicated laboratorppechtom
simulate and demonstrate the atmospheric effects on the FSO chaanebntrol
environment is designed. The laboratory atmospheric chamber prototypesetioable
study the effects of atmospheric impairmesetsg, fog, turbulence and smoke on the
optical beam propagating through the FSO channel for a @ngavelengths and

modulation schemes.
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A list of research objectives has been outlined in order to accomplish these aims:

e Review the state of the art literature review on terresth&0O
communications, the challenges imposed on the system performance, the
atmospheric fog channel and different mechanisms of forming the

atmospheric fog and smoke.

e Study of different approaches to characterise the atmospheric dogation
by achieving homogeneous fog conditions as far as possible and
implementation of CCD camera and laser based techniques to ehiamct

the light to dense fog and smoke channel

e Investigation and comparison of different empirical fog models in the
literature for different parameters such as visibibtykm), transmittance

thresholdTy, and wavelength.

e Measurement of fog attenuation at different wavelengths in ordeerity
the wavelength dependent fog attenuation for all visibl&NIR range
particularly at dense fogV(< 0.5 km) and to verify the performance of

empirical fog models practically.

e Proposed a wavelength dependent model for attenuation prediction in fog
and smoke channel, which is valid for the visibleNIR range for the
visibility range of 1 km. The new proposed fog model is also compared to
selected empirical models and the measured continuous attenuation spectrum
from the visible— NIR in order to validate the laboratory-based empirical

model.
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e Theoretical and experimental investigation of fog effects on Hresmnitted
optical beam over a FSO channel as well as mitigation schemesssbgh a

increasingPqpt and using power efficient modulation schemes.

e Review the characteristic properties of the atmospheric channdl, a
understand the limits and range of validity of each model for d&sgrthe

channel fading induced by turbulence.

e Experimental verification and characterisation of atmospheric turbeland

calibrate it to real outdoor FSO channel.

e Theoretical and experimental investigation of the scintillationceti@d its
mitigation schemes using the different modulation schemes such as OOK-
NRZ, sub-carrier intensity modulation (SIM)- binary phase shift keying

(BPSK) and pulse amplitude modulation (PAM).

1.4. Original Contributions

As a direct result of this research, the following original contigimst have been

made:

e |Investigation and comparison of the empirical based fog models which
estimates the outdoor fog attenuation based on the meaguiredn the
visible — NIR range of the spectrum has been discusséchapter 3. The
behaviour of the resultant fog attenuation of these models is studied and
analysed for different parameters such as visibility, transmittdmeshold

and wavelengthThe study shows that in spite of a significant number of
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investigations, these models needs to be explicitly verified expeptaity,
not for a selective or specific wavelength but for the entire spadom the

visible— NIR range .

The detailed description on the design of atmospheric chamber is detailed
Chapter 5. Moreover, methods to produce homogeneous fog and its
calibration to ROF and data acquisition for fog attenuation measotere
explained. Methods to produce and control atmospheric turbulence are also

described irChapter 5.

The experimental results of attenuation of free space optic&8D)F
communication systems operating at visible and near NIR wavelefigéhs

m < < 1.6 m) in the controlled laboratory based fog environment are
presented irfChapter 5. The results are compared with the selected empirical
fog models in order to validate their performance practidatlgn dense to
light fog conditions. The results indicate that the fog attéomais
wavelength dependent for &iranges. Measured attenuation spectrum shows
that Kim model is more realistic to use whér 0.5 km. This model does not
take into account the wavelength ¥k 0.5 km. Therefore, Kim model need
to be revised forvV< 0.5 km to predict the wavelength dependent fog

attenuation.

Different methods based on CCD camera and visible tisée¢-at 0.55 m

to characterise the fog attenuation in terms of atmospheric \tisibile
compared described and experimentally implemented under a controlled
laboratory-based fog environment@napter 6. The CCD technique show a

great accuracy for a visibility range below 50 m and the |lasémtique for
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the range beyond 100 m, therefore these techniques allow to enhance the

characterisation of FSO system in thick and dense fog conditions.

A new empirical model is proposed to evaluate the wavelength dependent
fog and smoke attenuation by reconsidering dqhealue as a function of
wavelength rather than visibility is detailed @hapter 6. Moreover, using

the measured attenuation spectrum data, the recommendations for the best
wavelengths are provided that could be adopted for links under fog
conditions. The new proposed fog model is also compared to selected
empirical models and the measured continuous attenuation spectrum from

the visible- NIR in order to validate the laboratory-based empirical model.

Theoretical and experimental results has been report€thapter 7 to test

and mitigate the effect of fog by investigating the the FStk BER
performance in the lab controlled fog environment by implementingrérfit
modulation schemes such as OOK-NRZ, OOK-RZ, 4-PPM, BPSK and 4-
PAM and by improvingPq in the case of OOK-NRZ. The transmittarte

as well as the signal-to-noise ratio, SNR.{ the Q-factor) is measured for
different modulation format and also by increadiag for light-to-dense fog
densities. The results demonstrate the effect of fog on the FSO link BER
performance by observing transmittance values for a range cefved
optical power. Further to compare the results with the outdoor systems the

link budget and its margin are used as the key criteria parameters.

Methods to generate different level of turbulence and its control are
presented and practically implemented @hapter 8. Atmospheric
turbulence is characterised and calibrated using the atmospheriberheam

verifies the statistical based log- normal model experimentallg. rétation
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between the indoor environment and the outdoor FSO link is also achieved in
order to ensure total reciprocity of atmospheric turbulence.

e The performance of Ethernet and Fast-Ethernet FSO links under weak
turbulence conditions using the controlled indoor atmospheric chamber is
investigated inChapter 8. The effect of turbulence on the Ethernet based
FSO communication systems is also investigated experimentally using
different modulation schemes such as OOK- NRZ, 4-PAM and subcarrier

intensity modulation (SIM) based BPSK.

The overall contribution of this thesis is schematically illustrated usingsearch

road map as depicted in Fig. 1.1.
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1.5. Thesis Organization

This thesis has been organized in nine chapters as follows:
Chapter One Introduction: A complete introduction of the FSO technology is
presented. It also consists of aims and objectives of the research ass viied

original contributions.

Chapter Two  Fundamentals of FSO: A complete overview of the FSO
technology is presented together with its distinctive features and appi€. The
general block diagram for an FSO communication system is introducddtha
functions of individual parts are highlighted. The atmospheric channel steait
limit the data transmission are described. Eye safety issues aussdidcin the

remainder of the chapter.

Chapter Three Fog and Smoke Atmospheric Channel: This chapter outlines
different types and composition of fog and smoke and also describes methods to
characterise fog attenuation using the theoretical and empapgabaches. The
empirical fog models which estimates the outdoor fog attenuation lmasede
measuredV from the visible— NIR range of the spectrum are compared. The
behaviour of the resultant fog attenuation of these models is studied foemtiffe

parameters such as visibility, transmittance threshold and wavelength

Chapter Four Atmospheric Turbulence Channel: In this chapter, the

characterisation of the atmospheric turbulence is presented basedssicatl
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approach and statistical models. The refraction structure pararfGgteand

scintillation index §.) parameters are used to characterise the turbulence.

Chapter Five  Design of Atmospheric Channel: In this chapter, the detailed
description on the design of atmospheric chamber is presented. Moreover, the
methods to produce homogeneous fog and its calibration to ROF and data
acquisition for fog attenuation measurement are explained. Methods to @allic
control atmospheric turbulence are also presented. The experimental wdsults
spectrum attenuation of free space optical (FSO) communicationmsysigerating

at visible and near infrared (NIR) wavelengths (0.6 m < < 1.6 m) are presented.

The results are compared with the selected empirical fog miodetder to validate

their performance practically from dense to light fog conditions.

Chapter Six Modeling of Fog and Smoke Attenuation:The main objective of
chapter is to provide a complete analysis and verification of the erthaisiility
measurements for FSO under homogeneous fog conditions. A new empirical model
is proposed to evaluate the wavelength dependent fog and smoke attebhas¢ion

on measured visibility for the range of wavelengths form visibl&IR. The
recommendations for the best wavelengths are provided that could be adwopted f
links under fog conditions. The new proposed fog model is also compared to
selected empirical models and the measured continuous attenuation speatnum f

the visible- NIR in order to validate the laboratory-based empirical model.

Chapter Seven BER Performance of FSO under Controlled Fog Conditions:

The system performance is theoretically and experimentalljuatea for on-off
20



keying non-return-to-zero (OOK-NRZ), on-off keying returnrzero (OOK-RZ) and
four pulse position modulation (4-PPM) formats for Ethernet line dag¢g-fabm
light to dense fog conditions. Moreover, the effect of using differeetrage
transmitted optical communication powB%,; on the transmittance and the received
Q-factor for OOK-NRZ modulation scheme is also studied for light and degse

densities.

Chapter Eight Performance Analysis of FSO under Controlled Weak
Turbulence Conditions: In this chapter, experimental characterisation and
investigation of the turbulence effect on Ethernet and Fast-EthE8®@tlinks are
reported using different modulation schemes in a controlled laboratomnpement.

It also demonstrates methods to control the turbulence levels and detémmine
equivalence between the indoor and outdoor FSO links The effect of turbuanc
FSO communication systems for OOK, pulse amplitude modulation (PAM) and
subcarrier intensity modulation (SIM) based on binary phase shift kggPgK) is

experimentally investigated.

Chapter Nine  Conclusions and Future Work: Finally, the summary of keys

findings is presented in this chapter. The conclusion as well as thre fubrk is

outlined.
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Chapter 2

Fundamentals of FSO

Communication

2.1. Introduction

FSO is a laser driven technology that entails the transmissionoomiation laden
optical radiations as the carrier signal through the atmospheric ¢hd®@
harnesses the richness of large capacity usage (data, voice, and viddo)avhi
effectively elucidate last mile access network problem for a feadde future [91,
92]. FSO systems are largely deployed as the primary, back-upsastiedirecovery
links offering a range of speed from 10 Mbits/40 Gbit/s [93]. Most of the links
are already deployed on satellites, deep-space probes, ground statioasneshm
aerial vehicles (UAVs), high altitude platforms (HAPs), and otin@madic
communication partners are of practical interest [94-97]. FSO sateatial leading
technology as an adjunct to conventional radio frequency (RF) wiraldss |

offering a cost effective, unlicensed spectrum and secure commanid&ig].
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However, this comes at the cost of a number of challenges such as subgpéinaél
signal losses due to the atmospheric absorption and scintillations that ssgioces

considerations [99, 100].

This chapter is organized as follows: The electromagnetic specsridatailed in
Section 2.2. Features of FSO communications is presented in Section 2.3,swherea
the areas of applications are introduced in Section 2.4. A FSO communication
system is explained with an insightful literature survey is provideditathe optical
transmitter and receiver components in Section 2.5. The fundamentahgkalknd
different phenomenon due to the real outdoor atmosphere (ROA) chanrad$are
described. Section 2.6 provides the theoretical background of selected tooadula
schemes that can be adopted in FSO to confront the different atmospheric conditions.
The discussion on the eye/skin safety issues and standards of optical sources are

provided in Section 2.7. The summary of the chapter is drawn in Section 2.8.

2.2. The Electromagnetic Spectrum

The physics of electromagnetic (EM) is very well studied and Maergeiations are
mostly applied in order to understand the propagation of EM waves in different
media [101]. EM waves spectrum is very wide, with wavelengths ranging 0™

up to 1d m. Different bands of frequency are associated with EM waves and very
well defined for the communication purposes and as well as other aijoplioa
health and industry [102]. These bands, while being comparable in nature, have
different names for historical reasons. This is especially true in pptiteh is

concerned with frequencies corresponding to visible light, whereas the
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electromagnetic spectrum largely extends above and beyond thid1£8jd The
spectrum is also divided into two regiong,tfie ionizing part of the electromagnetic
spectrum that includes ultraviolet rays, gamma-rays and x-rays, whoséengths

are very short and whose intensities are very high and thus are sitlledar
wireless communications and,)(the non-ionizing part that includes radio waves, IR
and visible light which are mostly used for wireless communications [1@gijre~

2.1 shows the electromagnetic spectrum extending with respect to thkenggie

with the usual names for the various frequency bands. An enlarged view is shown for
wavelengths in the band of the visible light and also encircled a dfasplectrum

that is mostly adopted in FSO communications [105, 106].
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Figure 2.1. The overview of the EM spectrum with its nominated frequency bands.



2.3. Features of FSO Communications

The features of FSO technology that make it more viable comparédottier
existing RF, microwave and millimetre wave (mm-wave) basedelegs
communication technologies are outlined below:

e Higher data rates - A number of wireless technologies have been deployed to
provide communication for short and long range in personnel and long distance
links [107]. There is very little doubt that the RF and microwave tecigyol
provide enhanced mobility than the optical based technologies. However, the
data rate in RF is limited to the end users [108]. The availablerdgs in
unregulated 2.4 GHz ISM wireless LANs are 1- 2 Mbps [109], 20 Mbps at 5.7
GHz and 875 Mbps in 60 GHz [110] . As an alternative to RF technology, the
FSO system offers a large data bandwidth up to 2000 THz making itya ve
attractive technology of meeting the future demand for broadbaednatt
access and HDTV broadcasting services [111, 112]. Figure 2.2 shows a
comparison of FSO with various wireless technologies and fibre, wheFSthe

communication technology offers fibre like data rates up to a link range of 5 km.
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Figure 2.2. Comparison of a range of optical and RF wireless technologies [113].

Unlicensed spectrum -FSO uses the visible to far infrared (FIR) band of
spectrum as shown in Fig. 2.1. The optical carrier frequencies hasrg amall
footprint at this spectrum range and hence the FSO systems do not reuffer f
adjacent band interference effects. However, in the RF spectrugrfeishce
occurs between adjacent allocated bands. Therefore, Federal Commanicati
Commission (FCC) in US and Office of Communication (Ofcom) in tKeput
stringent spectrum regulations [114]. However, at present, the FSO spectrum
band doesn’t required regulations and therefore are relatively inexpensive
compared to the RF licensed spectrum. This implies that providers ca
incorporate FSO in their system since the initial set-up cost isrlawd the

deployment time is shorter [9, 114].
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Power efficient - Power consumption in information and communication
technology (ICT) is a crucial problem because of increasing energy costeand t
relevant environmental impacts [115]. According to a report Smart 2020,
published in [116], ICT alone is responsible for 2% to 10% of the worldwide
energy consumption and it is estimated that as the result of this@he C
emission will almost be doubled by 2020, reaching 1.43 Gt worldwide [117].
Moreover, the increasing growth of internet traffic is continuouslycirdy
technological advances in transmission systems and networking equipments,
causing rapidly increasing power consumptions despite the efforts to buéd mor
energy efficient devices and systems [118]. According to several stodresnt
trends predict that the demand of world electricity is increasing erpialg

due to internet use in few years [107]. FSO uses optical lasers and bEDs t
broadcast the transmission, which are more light in weight, compact aral pow
efficient than conventional light bulbs. An LED uses twenty times |lqwoever

than conventional bulb, even 5 times less power than fluorescent based bulbs.
FSO therefore is a potential green technology in order to cirquintive energy

cost and also more environmentally friendly than RF based communication
system [117, 118].

Cost effective - The biggest advantage of FSO systems is their low cost
compared to the other communication technologies. In most cases, FSO
communications does not incur high cost of digging up tunnels and trenching of
roads to install bulky copper cables and fibres and also the license free to pay for
extra tariffs by the users [119]. Therefore, the deployment cast 650 link is

much lower than the RF and fibre based links as shown in Fig. 2.3.
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communication system [120].

Fast installation - The key factor of setting up FSO system is the establishment
of connectivity between the transmitter and receiver. A reviewegwonducted

with the operators in Europe and USA companies concluded that FSO is much
faster to deploy than any other fixed communication technology [121].
Moreover, the speed of installation of FSO is in hours as compared to RF
wireless technology which can take up to months [120].

Security - The main advantage of the confined beam of FSO communications is
the ability to provide a significant degree of covertness. A oakc
eavesdropper would need to locate very close to the transmitted beeere

the transmitter and receiver in order to intercept sufficient gnamg recover
information [122]. This makes the interception almost impossible as the

eavesdropper’s antenna is also likely to cause link outage for the intended
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recipient due to beam obstruction. Jamming an FSO is also difficdtibeof

the nature of optical beam is narrow and also invisible [123, 124].

2.4. Areas of Applications

FSO technology has a wide area of applications. The following subseetie the

most important applications of FSO communications.

Last mile access links-Connecting the end users to the internet (the backbone
or core network). The demand for delivering high speed data transfersdt
users is motivation behind developing novel network access technologies to
overcome the access network bottlenecks. These bottlenecks occur in access
network at two levels as)(the last mile data transmission to the end users, and
(ii) high speed data transmission within the last mile to the user [120f &teer

a number of cables and wireless transmission technologies that have bee
deployed to bridge the last mile, however these are mostly based &tFthe
technology [125]. With the fibre optic technologies being increasingdogied

such as the Ethernet passive optical networks (EPONSs), the bandwidth
bottleneck is shifted towards the last mile access network. EPONssgaed

to carry Ethernet frames at gigabit Ethernet rates but areosbeffective [126,

127]. However, wireless networks capable of offering gigabit pesngkdata
rates in the last mile access network still have bandwidth limitatibrns
enabling the end users to have a full access to broadband internet. Thesprobl
is more acute in the rural areas where access to high-speed broasdingnithe
existing technologies is rather limited [63, 128]. In such scenarios the FS

technology could offer gigabit Ethernet to the end users. Figure 2.4 shows the
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building-to-building connectivity in the last mile access network uieg-SO

technology to overcome the bandwidth bottleneck problem [129, 130].

Network
end office

Figure 2.4. A simple block diagram showing the building-to-building

communication in last mile access network using FSO.

e Hybrid FSO/RF communications - The practical limitations and challenges of
RF based communication networks have become increasingly apparetiiever
past few years, thus there is the need for new hybrid communication apoache
One promising approach is the hybrid RF/FSO link [131]. FSO and RF
communications can be realized as complementary schemes rathea than
competitive one in order to overcome the limitations of both technolot®2y. [
Hybrid FSO/RF communications is proposed to be the best solution to achieve
99.999% availability in severe weather conditions such as fog and rain [133].

The scattering effects due to fog/smoke and atmospheric turbulence due
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scintillations defocuses the optical signal, thus degrades the BER perfermanc

of an FSO link. The measured fog attenuation for FSO link working at

wavelength of 830 nm is 37 dB/km¥at= 200 m, however, it is 3 dB/km, for 58

GHz RF link [134]. On the other hand RF links are more sensitiveito ra

scattering causing attenuation of 17 dB/km at rain rate of 4thmimowever

rain attenuation for FSO link working at wavelength of 830 is meadored

dB/km [134]. The probability of occurrence of fog and rain simultaneossly i

very low [135]. Hence, the RF link provides a back-up link to FSO in fog

conditions [136]. Table 2.1 summarises the differences between FSO and RF

communications.

Table 2.1. Comparison between FSO and RF communication systems.

Parameter FSO Link RF Link
Data rate 10’s Mbps — 10’s Gbps < 100 Mbps
Devices size Small Large
Bandwidth regulated Free license Required
Security High Low
Network architecture Scalable Non-scalable

Link performance effects

Channel distance
Noise
Fog Attenuation
(V=200 m)

Fog, Atmospheric turbulence
misalignment or obstruction
Small
Background light
37 dB/km at 830 nm

Multipath fading, rain,
interferences
Long
Other sources
3 dB/km at 58 GHz

e Cellular communications - The next generation 4G networks support a

multitude of protocols, interfaces and services encompassing all the previous &

new technology for its realization [137]. Hence there is a neautdgrate FSO
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within the 4G wireless networks [138]. The available data rate suppoyt@G

and 3G wireless network range from E1/T1 to STM-4 level [139]. However,
FSO can provide the data rate of 7.5 Gbps up to distance of 40 km [140]. Thus,
FSO is a possible alternative technology to exploit within the 4G anksy
which is further explored in [107, 141, 142].

Mobile FSO communications -This can be used for disaster relief for both
natural or man-made event that destroys the critical infrasteu@nd under
unsafe operations due to light weight, low power and easy to install [143, 144].
Moreover, practical mobile FSO have been demonstrated which are égjtttw

and low cost offering data rates of 10 mbps over a link span of 50 meters[145] .
Back up to optical fibre link - FSO links can be used for the backup link in
circumstances where the optical fibore communication link is down or
unavailable due to breakage [146, 147]. FSO is also mostly deployed where
fibre optics links are impractical due to physical implementatidds8,[ 149]

while maintain the high link quality.

Military applications - FSO communication system is the mostly used in
military, between satellites and space-to-ground or space-taaborne
networks and Air-to-ground links for intelligence, surveillance and

reconnaissance (ISR) [10, 150].

2.5. FSO System

The basic concept of FSO communication is similar to RF commatiois in terms of

data generation, modulation, transmission, reception, and processing & d&taeric

FSO communication system consists of three main blocks; an optical ttansam
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optical receiver separated by an atmospheric channel as describigd $15F An
FSO link require a line-of-sight communication (without any obstaclegelea the
transmitter and receiver) and they are typically deployedpmirg-to-point in a ring,

star or mesh network architectures [151].

Optical transmitter Optical receiver
Modulator Demodulator
Smoke |
Driver Turbulence Amplifier
LD Atmosphenc channel PD Estimated
Datain aret 20 data out
" LD-LaserDiode TO- Transmit Optics RO-Receiving Optics  PD- Photo Detector

Figure 2.5. The block diagram of line of sight FSO communication system.

2.5.1. FSO transmitter

The transmitter converts the electrical signal into the opsigadal using laser or
LED, which is then transmitted to the receiver through the atmosphées. T
transmitter side consists of a modulator, a driver, a laser diode esnusmit optics.
TheModulator’s purpose is to convert the information into the electrical signals with
the required choice of modulation scheme. Although, there are several nadulat
schemes that could be used in FSO systems, the most widely adopted technique i
OOK, where the input data is imprinted onto the irradiance of theabpadiation.

This can be achieved by varying the driving current of the opticatsdalirectly in

line with the transmitted data or using the external modulator, suble agrimetric

Mach-Zehnder interferometer. The detailed description on selected atiodul
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schemes is provided in next section. The driver is used to regulate dlovng
through the laser and stabilizes its performance; it also neusradirgerature and
aging effects on the performance of the laser [152]. The transmdsoptich as
telescope or lens is used to focus the optical energy towards the receveer to
minimize the divergence [153, 154]. Both laser and LED based transnaterbe

used in FSO [155]. Laser based FSO transmitters are mostly used lmmghrange
transmission and gigabit data connection since early 2000 [156]. LED ba€ed FS
transmitters are used for short range inter-building communications H&Wver,

laser diodes have shorter lifespan and also the temperature dependent output powe

is critical for outdoor operation [158]. LEDs also suffer from many technical -

Table 2.2. Comparison of different features of Laser and LED.

Features Laser LED
Output power High Low
Optical spectral width 0.01-5nm 25-100 nm
Modulation bandwidth Hundreds of GHz Hundreds of MHz
Electrical/optical- 30-70% 10-20 %
conversion efficiency
Eye safety Need extra precautions Considerably eye safe
Directionality Very focus and collimated Broad beam
Reliability High Moderate
Coherence Coherent Non-coherent
Temperature sensitivity Highly sensitive Low sensitive
to temperature to temperature
Drive and control circuit Complex with threshold anc  Simple to use and control

temperature compensatior

Cost High Moderate to low
Harmonic distortion Low High
Receiving filter Narrow- low noise floor Wide- high noise floor
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limitations in terms of low switching rate [159]. Table 2.2 describe a sticcin
comparison of different features of the laser diode and LED. Figurehdws the
transmission as a function of wavelength for urban aerosols conditfons (km),
calculated from MODTRAN software in the atmosphere from visible to the near
infrared (NIR) range to cope with adverse atmospheric transmission ngesdle
Laser sources that fall within 780 925 nm and 1525 1580 nm wavelength
windows are the best to use and are well within the maximum transmisisidow,

thus meeting the frequency requirements of most local area netw&xk {rom 20

Mbit/s to 2.5 Gbit/s [63, 160-162].

Transmission

Y B -4“"""“:, :

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Wavelength (nm)
Figure 2.6. Transmission as a function of wavelength for urban aerosols conditions

(V=5 km), calculated from MODTRAN, reproduced from [120].
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2.5.2. FSO receiver

The receiving side of the FSO link consists of a receiver optics, a photadetetd

an amplifier followed by a demodulator. The optical beam isivedeby the
telescope and focused towards the photodetector through an optical band bandpass
filter. The photo-detector converts the optical energy into the iel@otnergy before

the signal is amplified. Following amplification the original sigis recovered using

a suitable demodulation process [154]. A large receiver telescope apéestur
desirable in order to collect the uncorrelated flux of opticaiiseand focusing their
average flux onto the photodetector. This is called aperture averagivgver, this

will collect more background noise intrinsic to a wide aperture[d&3. Hence, an
optical bandpass filter is normally used to minimize the magnitude of the
background noise. Compared to the transmitter, the receiver ckomach more
limited. The two most common photodetectors used are PIN diode and avalanche
photodiode (APD). APD provides sufficient internal gain thus higher sensitivity
while PIN photodiode produces one electron-hole pair per photon. However, PIN
are more favourable in outdoor FSO links operating in the ambient hghtAPD,

which actually provide a decrease in SNR by amplifying the atmaiumoise [164].

APD also has a non-linear dependence of avalanche gain on the suppg aoith
temperature, thus making it more complex and costly as it requir@sogrcuitry to
improve this situation. Additionally, APD also needs higher bias voltag#sV for
InGaAs to 300 V for the silicon based APDs [165]. Table 2.3 describes a symma

of the characteristics of PIN and APD photodiodes.
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Table 2.3. Comparison of some main characteristics of PIN and APD photodiodes

[166].
Characteristics PIN APD
Modulation bandwidth Tens of MHz to tens of Gh: Hundreds of MHz to tens of
Ghz
Photocurrent gain 1 1 10
Special circuitry required None Temperature compensatior
circuitry
Linearity High Low- suited to digital
applications
Cost Low Moderate to high
Bias voltage (V) for Si 45 100 220
Capacitance (pF) for Si 1.2 3 13 2

Most commercial visible light communications and FSO links employ sil{&n

and GaAs based photodetectors. However, germanium (Ge) and IndiummGalliu
Arsenide (InGaAs) are also used to cover the operating NIR araydl range of
commercially available FSO systems such as 1550 nm. InGaAs basedaRIN
provide a bandwidth of greater than 40 GHz at a responsively of 0.55 A/W. [167]
Indium Phosphide (InP) / InGaAs based photodetectors provides enhanced
bandwidth up to 310 GHz at a wavelength of 1550 nm [168]. However, all these
materials have a rather broad spectral response, and, unlike laserse thetytaned
toward a specific wavelength. Therefore to detect a specificlarayth, care must

be taken to use a suitable photodetector [169, 170]. Some of the charactdribics

different materials used in photodetectors are illustrated in Table 2.4 [113].
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Table 2.4. The main characteristic of the photodetector materials.

Material Energy band gap Wavelength Cut-off
(eV) band (nm) wavelength (nm)
Si 1.17 400 1060 1060
GaAs 1.424 650 870 870
Ge 0.775 600 1600 1600
InGaAs 0.73 900 1700 1700
InGaAsP 0.75 1.3 800 1650 1650

2.5.3. Atmospheric channel

The transmitted laser beam travelling through the atmosphere xp#rience the
absorption, scattering and fluctuation depending on the atmospheric condkens li
fog, rain, snow, low clouds, turbulence, smoke and dust particles [171, 172].
However, in FSO links losses induced due to the atmosphere are mainly ddminate
by the fog and turbulence compared to the others [173]. The laser baaallntras

a very high degree of spatial coherence. However, the divergence of asetaes
place after propagating through the atmospheric channel withna &ga diameter

of 1 m for a link length of 1 km [174]. This determines the beam inteasitythe
geometric loss of an FSO system as shown in Fig. 2.3. The beam divergaroe

calculated using the well defined formula given as [3]:

Spotsizen) =06 (mragix L(km) . (2.1)
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Figure 2.7. The divergence of the optical beam after 1 km distance.

The main impairment in the propagation of the laser beam in FSfDeido the
atmospheric absorption and scattering resulting from the interactibn aerosol
particles of different types and shapes present in the atmosphere [162]. Alpsisrpti

a quantum effect and highly dependent on the transmitted wavelength. Adsorpt
occurs as a result of the annihilation of a transmitted light photon bgiffeeent

traces of gases presents in the atmosphere [175]. The photon energy absorbed by th
gas molecule increases the kinetic energy and essentially is respdosilbhe
heating of the earth atmosphere. Absorption can be minimize by sglscitable
wavelength windows [176], where absorption effect is minimum and therefore
absorption losses can be ignored without affecting the practical reguicantly.

However no such band is found where the scattering loss can be minimized.

Scattering results when photons collide with molecules in the channetdahsmg
photon to change its direction with or without modification of its wawgle In this
process part of the optical beam energy is dispersed by particles-eadiated into
a solid angle away from the photodetector field of view (FoVE Bbiattering occurs
when the sizes of particles are equal to the incident wavelength Fog is

considered to be one of the major contributors to Mie scattering [177], as fog
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particles size varies between 0.5 um to 2 um and harmonize to B®€engths.
Rayleigh scattering occurs when< . However, the Geometric scattering occurs
when ther > [178]. A schematic diagram of comparison between three different

kinds of scattering of the incident light is shown in Fig. 2.8.

In the absence of fog or other aerosols, turbulence due to temperaamegdneity
causes corresponding changes in refractive index of the atmosphere. Ttas crea
eddies or cells of varying sizes from ~0.1 cm to ~10 m with diffeemperatures
[179]. These mirrors like cells deviate and fluctuates the optical Heam its
original path. Consequently the optical beam suffers from significdihd and

phase distortion [180].

Rayleigh scattering Mie scattering Geometric scattering
Incident light

Figure 2.8. Comparlson between Rayleigh, Geometric and Mie scattering.

The main effects of the turbulence are the twinkling of stars caogedndom
fluctuations of stars’ irradiance, and the shimmer of the horizon on a hot day caused
by random changes in the optical phase of the light beam, thus resulteduoed
image resolution [181]. Studies have shown that the atmospheric turbulense is al
dependent on:i) the wind velocity/ pressureji) the altitude, andii{) the air
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refractive index. Some of very common effects of the atmosptuebalence are as

follows [182, 183].

Beam wandering- The diameter of eddies are greater than the optical beam
diameter thus causing deflection of the laser beam this leadinigedm
wandering

Beam spreading- The atmospheric turbulence causes the optical beam to
spread in the propagation path by diffraction, thus leadilbgamn spreading
Scintillation - The optical beam phase front is distorted by variation in the
scintillation index, thus resulting in irradiation fluctuationssointillations

Image dancing- The focus of the received beam moves randomly in the image
plane caused by the variations of the arrival-angle of the laser.

Beam steering- Angular deviation of the beam from its initial LOS target, thus
leading to the beam being out of the receiver aperture range.

Spatial coherence degradation The phase coherence across the beam phase
fronts suffers losses due to the turbulence [95].

Polarisation fluctuation - This is negligible for the horizontally travelling

optical beam [184].

The detailed characterisation and modelling of the atmospheric ridg ttze

turbulence channel is examined in subsequent Chapters 3 and 4, respectively.
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2.6. Modulation Schemes

One of the key technical decisions in the design of any communicati@msigsthe
selection of a suitable modulation scheme. Prior to the selection aidtielation
scheme, it is better to define the criteria of adopting them inragmcation systems
[185, 186]. As stated above FSO systems can carry a huge amount h daea,
visible NIR spectrum range, but are severely affected by the turbulence and fog
present in the atmosphere channel [187]. Therefore, the selection of suitable
modulation scheme in terms of its type, power and bandwidth is essemtrdeimto
increase the system performance and link availability [90]. Tinsrmgssion average
power Pt in OWCs particularly for indoor and in some cases for terrest8& 5
limited. These limitations are mostly linked with the eye safphysical device
limitations and the power consumption [188, 189]. However, in terrestrid, FS
these limitations put an impediment in order to alleviate the effédbg and
turbulence by increasingr [190]. Under these scenarios, the simplest approach is to
select a suitable modulation scheme, which is more robust and competent in the
atmospheric channel [191-193]. Other methods to mitigate the effedimag@heric
turbulence in FSO systems are also proposed, includ)rtbe(space diversity where
multiple transmitters and/or multiple receivers are used [18], fters and
automatic gain controller at the receiver [19], amd & large aperture receiver for
averaging the received optical fields over the aperture areadptbits diameter is
larger than the scintillation spatial coherence [20]. However, the®dseare not
very appealing because of the cost and their complexity to nmepie

experimentally.
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The conventional modulation schemes that could be employed in RF can nigt readi
be used in FSO communications. This is due the constraints such as requirement of
high peak-to-mean power, bandwidth efficiency, different phenomenothean
atmospheric such as scintillation and number of band-limited pulse skaphk,as

the sinc pulse [113]. Both quadrature amplitude modulation (QAM) on the discrete
multi-tones (DMT) and the multilevel pulse amplitude modulation (PAMY ar
spectrally efficient schemes but not power efficient, which areldeitar indoor
OWC [194, 195]. DMT is a baseband implementation of more generalized
orthogonal frequency division multiplexing (OFDM) [196, 197]. This modulation
scheme is more useful in the channel where the system non-lineatetyerence

and a strong low frequency noise due to the atrtificial light suiscdominant [196,
198].

L-PAM andL-QAM can also provide superior bandwidth efficiency at the cost of
reduced power efficiency. Howevérpulse time modulations such as pulse position
modulation and differential pulse interval modulatideRPM andL-DPIM) can
provide higher power efficiencies at the expense of increased lhdequirement
[199-201]. OOK- NRZ is the simplest and widely used modulation scheme in FSO
communications due to its simplicity in the implementation. OOK-NR&rsf
similar power efficiency to the 2-PPM, whereas the bandpass modulationeschem
such as the binary phase shift keying (BPSK) suffers from 1.8 dBrpoevalty
[113]. Recently, hybrid PPM-BPSK and orbital angular momentum (OAM)
modulation schemes were proposed in [202, 203]. The emphasis in this thesis will be
on the following digital modulations schemes: OOK- NRZ, OOK-RZ, PPM, PAM

and subcarrier intensity modulation (SIM) BPSK.
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2.6.1. OOK-NRZ

In NRZ-OOK, an optical pulse represents a digital symbol ‘1" while the transmission

of no optical pulse represents a digital symbol ‘0’. For the simplicity of a modulator,
the pulse shape is normally selected to be a rectangular [204]slIthe bit duration

then the bit rate is expressed as:

R=1 (2.2)

The normalized transmit pulse shape for OOK is given by:

a0 :{1 fort €[0,T,)

) 2.3
0 otherwise (2:3)

In the demodulator, the received pulse is integrated over one bit period, then sampled
and compared to a threshold to decide a ‘1’ or ‘0’ bit. This is called the maximum

likelihood receiver, which minimizes the BER [205].

Another important parameter that needs to be considered in any modulagomesc
is the bandwidth requirement. The bandwidth is estimated by the ficg rethe
spectral density of the signal. The spectral density is given by threeFtansform
of the autocorrelation function. The electrical power density for NRX
assuming the independently and identical distributed (IID) input bitsven doy

[205, 206];

o [ SINTET i 1
Soor_nrz(F) =(P.R) Tb( T, J{l"'ﬁé(f)] (2.4)

The OOK modulation format varies in pulse width, pulse shape is high foraonly
fraction of bit duratiomT, with 0 < & <1. WhereP; is the average electrical power

andR is the response of the receiver. The advantage of this scheme is to dlchieve
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reduction in transmitted power. However,éedecreases, the bandwidth requirement
grows faster than the decrease in power requirement. Thus, this typeKofis
inferior to PPM, which offers less bandwidth to achieve a given tieduinn power.
For & = 0.5, this scheme is commonly called OOK-RZ [113, 205]. In OOK-RZ, the
power requirement is reduced to half of the regular OOK-NRZ, \w#hekpense of
doubling the bandwidth. The expression for electrical power density @-@RZ,

assuming random input bits, is given by [206]:

2
sinTfT /2 j n
Sookrz () =(P.R?T, (—bJ {1+—26(f——ﬂ. (2.5)
OOK-RZ b TlfTb/Z Tb “~ Tb

Figure 2.9 shows the power spectrum for the OOK-NRZ, OOK-®&Z (.5). The
power axis is normalized to the average electrical pdwenultiplied by T, and the

frequency axis is normalized Ry.
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Figure 2.9. Power spectrum of the transmitted signals for OOK-NRZ and RZ [205].
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2.6.2. PPM

In FSO communications, it is more desirable to adopt power efficiedulation
schemes since the requirement for bandwidth is not the major concernis This
because most of the FSO links are line of sight (LOS) using a labeabundant
bandwidth. The PPM modulation scheme provides more power efficiency thdn OO
but at the expense of an increased bandwidth requirement and higher aymplex
[207]. InL-PPM, each word o1 bits is mapped into one of the 2" symbols and
transmitted through the available channel.lARPM symbol has the form of a pulse
transmitted in one of= 2" consecutive time slots with duratid3= MT,/ L with

the remaining slots being empty (see Fig. 2.10). Information is edostlein the
position of the one pulse of constant power along with-1) empty slots. The

position of the pulse corresponds to the decimal values &f+bi¢ input data [208].

The transmit pulse shape foiPPM is given by [113]:

X(t) o = 1 forte[(m=DT, pons Ts ppmmt (2.6)
M0 elesewhere '
whereme {1,23.... L}.
Hence, the sequence of the PPM symbol is given as:
L-1 KT,
X(Oppw = LR Eockg[t_ Eyme' (2.7)

where C, €{C,,C,,C,....C_,} denotes the PPM symbol sequergig) is the pulse

shape function of unity height having duratidgm,/L, Tsymf= ToM) is the symbol
interval and_Pagis the peak optical power of PPM symbol [113].

In L-PPM, all signals are equidistant, with:
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e =MiN,, J[%, (1) = x, ()P dt = 2LP? |ogz(%j , (2.8)

WhereL is the slot ratelR, is the bit rate an@ is the average power. The transmitted
waveforms for 16-PPM and OOK are shown in Fig. 2.10. Detection df-theM
symbols requires the estimation of the slot where the pulse was most [ypbabi
transmitted. Nevertheless, because of its superior power efficielriy, iB an
attractive modulation scheme for FSO communications and in deep space la
communication applications [4]. The infrared physical layer of IEEE 802.11 standard

on wireless LANs recommends 16-PPM for 1Mbps and 4-PPM for 2 Mbps [113].

A ; . |
1T Symbol(lH Symbol (2) %ﬁ Symbol(3) %
OOK-NRZ
4 bits
= T, <
- Time .
| |
— T, <
Redundant inf i
nformation
16-PPM Space L=2%=16 slots
IEERIRNARAN NN AnnEn! Time

9TS e

Figure 2.10. Time domain waveforms for 4-bit OOK and 16-PPM.

Since the average emitted optical power is always limited, thi@rpgance of

modulation techniques is often compared in terms of the average receive opti
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power required to achieve a desired BER at a given data rate [209Ff0¢ 2.11

demonstrates the required SNR to achieve particular BER for ORK-BOK- RZ

and 4-PPM. 4-PPM requires almost 6 dB less power to achieve BER“of 10

compared to OOK-NRZ.
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Figure 2.11. BER performance for OOK (NRZ and RZ), and 4-PPM

Table 2.5 shows the detailed comparison of the OOK-NRZ, RZ and 4-PPM. The

expression for the electrical spectrum fePPM is given by [205, 211]:

S(H) ooy = [T, sinc? ("), sinc?(fT, )+5(f)). (2.9)
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Table 2.5. Comparison of OOK-NRZ, RZ and 4-PPM modulation techniques.

Modulation Scheme Optical Power Bandwidth Requirement
OOK- NRZ P R,
OOK- RZ R-3 R
L-PPM P, - 5Ioglo[(|%2)log2 L] LR,/ log,L
2.6.3. PAM

PAM is a form of modulation scheme where the message information is ennoded
series of varying amplitudes levels of the signal pulses [212]. In nailgpkl L-
PAM modulation scheme, usually represents amplitude levels and in the cake of
PAM, each pulse conveys lo@.) bits of information. For a given data ratePAM
modulation reduces the effective symbol-rate by a factor of(lggcompared to a
conventional binary (2-PAM) system. NRZ modulation can also be consiadebed t
2-level PAM. The bandwidth requirementlofPAM in comparison to OOK-NRZ is

given by [213]:

R, 1
B = = Boox - 2.10
P T log, (L)~ log, (L) @4

Note that, using (2.10) the bandwidhrequirement in 2-PAM is equal to the OOK-
NRZ, however, the bandwidth requirement is reduced to half in 8e aa4-PAM
when compared to OOK-NRZ. Therefore;PAM is more spectral efficient
modulation scheme albeit the cost of lower power efficiency [214]. Thefaans

of 4-PAM modulation in time domain are illustrated in Fig. 2.12.
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Figure 2.12. Time domain waveforms of 4-PAM modulation schemes.

The probability of a symbol error raee) the BER in the case @FPAM, whereL

is the number of amplitude levels is given by [215].

L-1 Q
BER= C erfC[ﬁ(L—l)) (2.11)

The BER for various values &fPAM is shown in Fig. 2.13. As thHeis increasing,
the required SNR to achieve a given BER is also increased. Theecc@NR is 6
dB more for 8-PAM to achieve the BER of 1¢han 2-PAM or OOK. However,
since eacl.-PAM symbol can convey ledL) bits of information, this shows thhat
PAM has an advantage over 2-PAM to achieve higher capacity atlibié expense
of power penalty. The reduction in symbol rate must yield an imprenem SNR

that overcomes the increased SNR requirement for the same symbol error ratio.
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Figure 2.13. BER performance against the SNR for different levels of PAM.

2.6.4. BPSK

Subcarrier intensity modulation based BPSK is a mature and vergssiuc
scheme, which uses multiple RF carrier frequencies as in a numbpplafations

such as digital television, asymmetric digital subscriber line (D% cal area
networks (LANs) systems and optical fibore communications [216, 217]. In optical
fibre communications, the subcarrier modulation techniques have been aoatigner
available in transmitting cable TV signals and have also been used in ¢mmunc
with the wavelength division multiplexing [218]. Recently in [219], #féect of
atmospheric turbulence using BPSK in FSO communications has been investigate
showing that BPSK is a more robust modulation scheme for the turbulemseekha

thus making it an attractive candidate option for FSO systems. BR&iS afsimple
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and cost effective approach for exploiting the bandwidth in analogue loptica

communications by adding multiple subcarriers (MSC).

In BPSK-SIM, the RF subcarrier pre-modulated with di{tais used to modulate
the intensity of the optical carrier. Figure 2.14 describes the ntaguland
demodulation process in SIM-BPSK FSO link. Prior to modulating the optica
carrierd(t) is modulated onto the RF subcarrier signal using BPSK in which bits ‘1’

and ‘0’ are represented with a phase shift of 180°. Unlike baseband modulation
schemes (OOK, PPM, PAM) in which information are encoded in the ampbfude
carrier, the information in BPSK-SIM is encoded in the phase of theaRfer. This
offers higher immunity to the intensity fluctuation and requires no adaptive
thresholding [219]. However, a DC bias must be added to the electrical ®igna
ensure positive amplitude prior to intensity modulation, thus making BPSK-SIM
power inefficient. A standard RF coherent demodulator can be endployecover

the source datd(t) as shown in Fig. 2.14.

Datain :
+  Subcarrier

=3 modulator
d(t)

IData out
Subcarrier 1
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]
Laser 1
1
]
]
1 1 (1)
]
]
1
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i

driver Atmosphere

Photo
detector

offset

Figure 2.14. Block diagram of BPSK subcarrier intensity modulated FSO link.

The received photocurrent can be modelled as [113]:
i, (t) =d; RIEAQ(t) cosw,t) + n(t) (2.12)
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where ,d; e{l,—l}is the signal level fojth data symbol corresponding to the data

symbol ‘1 and ‘0’ , | =051, lpeak is the peak received irradianc® is

photodetector responsivity,g(t) is the pulse shape function(t)~ N (0,0 ?)is the
additive white Gaussian noise (AWGN) results from the thermal and dkgrioand
noise and, is the optical modulation index.

BPSK reduces the need for adaptive threshold as it is keep fixad aero mark
[113] making BPSK more simple than OOK in the atmospheric turbulenceneha

Considering the AWGN channel and the post detection electrical saynafio ratio

(SNRy) at the input of the BPSK demodulator is given by [9]:

(IRE)*P,

SNR = 2B, (aRly, + 2KT, /R )’

(2.13)

where P, = (1/ T)[m?(t)dtis the subcarrier signal powes, is the post detection
T

electricalfilter bandwidth required to pass information signait) without distortion,

g and Kk are the electronic charge and the Boltzmann’s constant, respectively. lgg
represents the background radiation irradiance whilend R_ are the temperature

and the receiver circuit load resistance, respectively. Howevstipta-SIM could

be implemented for higher capacity/users at the cost of poor pdieezrey [220,

221]. In this thesis, The above mentioned selected modulation schemes have been
experimentally implemented and compared as a means of combatinfietiteoé

atmospheric fog and scintillation in Chapters 7 and 8, respectively.
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2.7. Eye Safety and Standards

The design of an FSO system is normally based on the link budgesiarfatythe
worst atmospheric channel conditions. In this case, increasing the trampical
power as much as possible can overcome the signal losses to achieve Nigher S
However, the transmit optical power is always limited due to teeaey skin safety

reasons as well as the power efficiency [153].

Eye and skin safety are two important considerations because of the pdasibige

due to their exposure to the optical beam. However the skin damagkatisely
insignificant if the transmit optical power is safe for the &yee ability of the eye to
concentrate the energy of near-IR radiatierg (830 nm used in indoor laboratory
FSO) on the retina, thus causing retina burns makes the eye-séfesy kbmiting

factor on the amount of transmit optical power [153]. Retina is opaquelRo N
wavelengths above 1400 nm as shown in Fig. 2.15. The wavelengths above 1400 nm
tend to be absorbed by the front part of the eye (the cornea) befoemelwy is
focused and concentrated on the retina. Thus, ultraviolet (UV) and vigilid¢ioas

are more likely to focus radiation on the retina than longer wagtentherefore
allowing 50 times higher power transmission at 1550 nm compared to 830-900 nm.
This results in increased FSO link span or offering additional link maagd

supporting higher data rates [222, 223].
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Figure 2.15. Response/absorption of the human eye at various wavelengths [153].

There are a number of international standard bodies such as the intelnationa
electrotechnical commission (IEC), American national standards ies{iANSI)

and European committee for electrotechnical standardization (CENEMAGYh
provide standards on safety on IR radiations [224]. These standards classiBjirthe
exposure limits of optical sources. The power specifications of the mastly
semiconductor laser are provided in the Table 2.6. The allowable expisiire
(AEL) depends on the wavelength and the output power of the laser lidass 1

and class 2 lasers are safe under reasonably foreseeable conditionstmfropeda
usually warning labels need to be applied and the device can be itiseut \special
safety precautions. Class 3A lasers are mostly safe for viewidgr unaided eye,
however intra-beam view using the optics may be dangerous. Class 3 B lasers are not
safe for the direct beam exposures to the eyes and direct intraidbdemardous.

Therefore, it is always recommended to use proper goggles when usasg38
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lasers. The safety of systems operating at class 3 B is maintainedaking lasers

on the rooftops or on towers to prevent any accidental exposures to eyes [225].

Table 2.6. The specifications of the mostly used semiconductor laser.

Type 650 nm 880 nm 1310 nm 1550 nm
Class 1 Up to 0.2 mW Upto0.5mW Upto88mW Uptol0 mW
Class 2 0.2-1 mW N/A N/A N/A

Class 3A 1.5 mwW 0.5-2.5 mW 8.8-45 mwW 10-50 mW
Class 3B 2.5- 500 mW 5-500 mwW 45-500 mwW 50-500 mwW
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2.8. Summary

This chapter outlined the literature review on the FSO communicatiams. T
fundamentals of electromagnetic spectrum and various bands of spedboptedain
communications have been provided. The features of FSO technology that make it
more viable compared with other existing RF and its potential areagptitation

were explained. The basic concept of FSO communication using the blockndiag
has been illustrated. Different blocks of optical transmitter and vexc@ind its
functions have been detailed. A comparison of the available components for
transmitter and receiver and its characteristics has been outlinedeinto choose

the suitable components in the design of FSO system. Also, the mdengealand

its different effects such as absorption, scattering and atmospheric hadbplesed

by the atmospheric channel on the transmitted optical beam havenbesiuced.
Moreover, this chapter also discussed the theoretical background on selected
modulation schemes in terms of power efficiency and bandwidth requiremiémts w
the aim to confront the different atmospheric conditions. Descriptions on the
modulation schemes were given to provide a background for the subsequent
Chapters 7 and 8. Eye and skin safety and classifications of lasers wesselisat

the end of the chapter.
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Chapter 3

Fog and Smoke Atmospheric

Channel

3.1. Introduction

Since the medium of propagation of information laden optical beaRSM is an
atmosphere [134, 226], the performance of FSO systems is mostly degratted by
large optical signal attenuation. This is due to the presence of aerbsdtstiggers
absorption and scattering of the propagating optical signals, sincediimeinsions

are very close to the wavelengths of the optical signals [227]. Tielbattenuation

can be up to 130 dB/km under moderate continental fog, and up to 480 dB/km for
dense maritime fog [177]. However, in a cloudy day the measured aitangould

be much higher than 50 dB/km [228]. Rain can cause attenuation up to 20-30 dB/km
at a rain rate of 150 mm/h and snow can cause > 45 dB/km of loss [229-232].

However, in terms of evaluation of different weather conditions, fog an#esire
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considered to be the dominant aerosol particles that could potentiallyptdibe
communications by attenuating the input optical signal to the receiwvieg[$90,
233-235]. Therefore, the chemical compositions of these types of aerosaisi

of particle size and visibility range are the important factorsinderstand their
effects on the propagating optical beam [236-238]. This chapter outlineseqiffe
types and composition of fog and smoke and also describes methods of
characterisation of fog attenuation using the theoretical and ealpapproaches.
There are a number of empirical models which estimates the outdoattdéagation
based on the measurgdrom the visible- NIR range of the spectrum. Some of the
existing fog models are based on the experimental data [239-241], wiels atre
obtained using the theoretical considerations [79, 81]. The behaviour of thamesult
fog attenuation of these models is studied for different parameters swchitality

V (km), transmittance thresholfl, and wavelength. These studies have showed
that in spite of a significant number of investigations, these models nedms to
explicitly and experimentally verified, not for a selective or fpewavelength but

for the entire spectrum from the visible to NIR regimes.

3.2. Fog Composition

Fog is the composition of very fine water particles suspended intiiering a
cloud near the ground. The formation of the water particles takes péachy ciue to
the evaporation of liquid water or by the sublimation of ice, whesestate of ice
changes into vapours. The thickness of fog is largely determined bitithdeaor
the distance of the inversion boundary [242]. In principle, fog particles retiace

visibility near the ground and the meteorological definition of fogvisen the
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visibility drops to near 1 km [88, 243]. Depending on how fog is formed thera ar

number of different fog types as reported in [244, 245] as discussed below.

Convection or Radiation fog is generated due to the ground cooling byiaadia
This type of fog appears when the air is sufficiently cool and becsatesated due
to convection of hot radiations by cooling down the surface as illustratad.i.1.
Principally, convection appears during the night and at the end of theitttathe
particle diameters for this type of fog presents a weak vamiatiound 4 pum and the
liquid water content varies between 0.01 and 0.13gAncommon visibility range
for this type of fog is 0.5 km. Mostly, the radiation fog falls duriagyewinter and

Is considered to be dense and localized [103].

Convection of
radiation

Fog

Hot Surface

Figure 3.1. The mechanism of convection fog formation.

Advection fog occurs by the movement of wet and warm air masses tigovelder
maritime or terrestrial surfaces as described in Fig. 3.2. This ¢typtog is

characterised by the liquid water content, higher than 0.2 ayfiah with a particle
diameter close to 20 um. A common visibility range is 0.2 km foathection fog
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[103, 246].

Warm Air

& .
—Q o WetAir

Maritime/ terrestrial Surface

Figure 3.2. The mechanism of advection fog formation.

Table 3.1. International visibility codes and corresponding visibility (km) [243].

International visibility code
Atmospheric Weather Constituents Visibility (m) Attenuation
conditions (dB/Km)
Dense fog 50 315
Thick fog 200 75
Moderate fog 500 28.9
Lightfo 1 77 18.
9 9 Storm 00 0 8.3
very light fog 1000 13.8
. 25 1900 6.9
Strong rain
Light mist 2000 6.6
. 125 2800 4.6
Average rain
Very light mist 4000 3.1
Light Rain 2.5 5900 2
10000 1.1
Clear air Drizzle |o2s 18100 0.6
20000 0.54
Very clear air 23000 0.47
50000 0.19
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The precipitation fog falls when fine rain falls into dry air beltwe cloud and the
droplets shrink into vapours. The water vapours cool down and at the dew point, it
condenses to form fog. The valley fog forms in mountain valleys asudt &
temperature inversion. It can last for several days in still conditialéey fog is

also known as Tule fog [247]. Steam fog is localized and is created dyaool
passing over much warmer water or moist land [244]. Power plantsrtiialaege
guantities of steam may also be included in this category for rgalfoy visibility
setting that ranges from 0 km to 1 km is reasonable for water based f&tg [244].
Further, details on the relationship between the atmospheric weattgtitwents and

the visibility are given in Table 3.1.

3.3. Smoke Composition

Smoke is generally formed in ROA from the combustion of different anbss

such as carbon, glycerol and house hold emission [247]. Smoke is considered to be a
visible gaseous substance in which small dry solid particles stays and disgbese
atmosphere for long time. It is commonly an unwanted by- productred &nd
fireplaces, however, can also be used for pest control and communicasiomles
signals [103, 248]. The most common method for smoke suspension measurements
today employs a light source and a photoelectric, arranged suctine¢halectrical

output of the light source may be used as a measure of the atenofalight by
smoke. Scattering measurements are generally limited telpartvhose size is of

the order of the wavelength of visible light. However, since the aimessaorement

of smoke as it relates to the visibility, the light attenuatiorhowippears to be the

most direct and practical approach at wavelength of 0.55 pm [249]. Tiseéydef
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the smoke according to the measured visibility at corresponding traanseeiff) in

lab-controlled smoke conditions is provided in Table 3.2.

Table 3.2. Measured andT values at 0.550 um.

Smoke Dense Thick Moderate Light

V (m) < 70 70- 250 250-500  500-1000
T <0.28 0.28-0.68 0.68-0.82 0.82-0.90

The scattering of the optical beam depends on the refractive indee ofiaterial
used for the smoke patrticles. In the case of glycerine based snkefldctive
indexn is the wavelength dependent from visiblBIIR spectrum as depicted in Fig.

3.3 [250].
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/

/

1.466

/

1.464 ~

1462 I I I I I [ I I
06 065 0.7 0.75 0.8 085 09 095 1 1.05

Wavelength im)

Figure 3.3. Refractive index for glycerine based smoke against the wavelength.
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3.4. Characterisation of Fog and Smoke Attenuation

3.4.1. Theoretical approach

Assuming the shape of the aerosol particles is spherical presenting ROthe
mainly those constituting the fog. The exact Mie theory can beeabfui measure
the scattering and absorption cross sections of the particles. Mie theemyidet
the scattered electromagnetic field by homogeneous sphericaklgsartby
calculating the Mie scattering and absorption cross sections of tidgsatefine by

[251];

= (3.1)

Ca =7 (3.2)

where PgW) is the electromagnetic power scattered across the surfa@m of
imaginary sphere cantered on the partidhg(W) is the electromagnetic power
absorbed across the surface of an imaginary sphere cantered on the partig{éy and

/ m?) is the intensity of the incident radiation. The FSO wavelengthsmastly
selected in the atmospheric transmission windows, where the molecular iabsorpt
due to gases is considered to be negligibde(C, 0) using (3.2). In principle, the
selection of the wavelength in FSO communications can be selected thsing
wavelength windows of 0.69, 0.85 and 1.55 um in order to minimize the absorption
co-efficient. The normalized cross section or absorption effici@a@an be defined

as [252]:

Qa = . (33)

However, considering fog and smoke, the major contribution in the attemuati
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due to the scattering of the optical signal due to the Mie scaftelm order to
calculate the attenuation due to Mie scattering, the value ohdhwalized cross

section or scattering efficien€s must be known. It is defined by [251, 252]:

Qs =—%, (3.4)

The Qs is the function of the size parametef Y unitless quantity, the maximum
value of the normalized scattering cross section reaches to 38 atl i.e,
maximum scattering of the optical signal [253]. However, the par@éclaisr of the
fog varies in the spatial domain in the atmosphere. Due to the lattie dfxed

particle size along the length of the FSO link, we may haveréiftevalues ofQ

leading to the total attenuation due to the fog. The total atteny@tiohthe optical
signal due to the scattering and absorption coefficignend o, , respectively of
fog is given by [172]:

By =V, vy = Qs[— n }(r)drww Qa( }(r)dr (3.5)

Where n represents the real part of the refractive index, which depends on the
material composition of the fog, in the case of water based fgwavelength

dependent from visible NIR spectrum as shown in Fig. 3.4 [254].
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Figure 3.4. Refractive index for water against the wavelength.

However, r represents the imaginary part of the refractive index, which boites
to a, due to the fog particles. In general values/dr the water based particles are

very small for the visible NIR wavelengths compared to the FIR as shown in Table

3.3 and can be ignored. H(—:q%-;\TTL is the size parameter that depends on the incident

andr. N(r) is the particle size distribution function of the aerosols and is an
important parameter to determine the physical and optical propefties fog [253,

254].

Table 3.3. The values of refractive index for real and imaginary part for.wate

I

Wavelength (um) n n
0.5 1.34 1.0x 10°
10 1.22 0.05
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Fog consists of an accumulation of water particles with a vardible size in the
range of 0.0L 25 um in the ROA. In general, this accumulation of water pesticl
spread is represented byr). ConsideringN(r) is the number of particles per unit
interval ofr andr + dr, per unit volume, the distribution function is given by [247]:

_AN@)

. (3.6)

n(r)

However, due to the concentration of the particles of radigsof many orders of
magnitudes presents in the atmosphere, this distribution is therefore ofteasexipr
as a logarithmic size distribution given as:

_dN(r)
~dlog(r)

In [255], for the very first time, the particle size distribution fumetn terms of the

n(r) (3.7)

power law has been presented by Junge which is given as:

_dND

"= dlogf)

(3.8)

where, C is the normalizing constant parameter to adjust the particle total
concentration and is the shaping parameter. Mostly, the values of the measured
particle distribution does fit closely for the Junge’s distribution when 3 < < 5 for

haze and aerosols with the patrticle size between 0.00 pm. The number of
particles decreases monotonically by increasing the particles radagsl on the
power law. However, in real measurement, there can be collectionatiframge of
particles. Thus, the actu particle distribution can differ from the Junge’s
distribution. In [256], a modified power law distribution has been proposed and

given as:
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C for 002um<r < 01pum
g\)=<Cr® for 01pm<r<10pum. (3.9)
0 for r <10pum

However, the modified power law distribution does not demonstrate variougeshan
in the shape parameter of the distribution. This does not take into a¢heuwtrop
off in the density at lower values of the particle radius, thus afreddcamma

distribution has been introduced, which is given as [237, 257]:
n(r) =ar® exptbr,), (3.10)
wherea is the total number density, ang a, b are the parameters that characterise

the shape of the distribution with mode radiys Table 3.4 shows the measured

values of the shape parameters for advection and convection type of fog.

Table 3.4. Particle size distribution for advection and maritime fog.

Fog type o a b N(um/cm® W@/ m) rnum) V(m)
Advectionfog 3 0.027 0.3 20 0.37 10 130
Convectionfog 6 6075 3 200 0.02 2 450

Figure 3.5 shows the particle size distribution of the advection and the donvect
fog using the modified Gamma distribution given in (3.10). The measured fog

droplet size distribution falls within the variation of the mentioned models.
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Figure 3.5Particle size distribution versus particle radius ( m): (a) advection fog,

and (b) convection fog.

3.4.2. Empirical approach

From the previous section, it shows that the attenuation due to the fog depends on

the physical factors of atmosphere including the location, refraictdex, relative
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humidity particle size distribution and on liquid water content. Stheeparticle
concentration and size distribution vary in spatial domain from one posdgion t
another so it is challenging to predict the fog-induced attenuation kg usi
theoretical approach in the FSO channel. Generally, due to the sasnpigolved

in the physical properties of the fog, like the particle size,dib&ibution is not
readily available and reported in standard meteorological dataefdhe the fog-
induced attenuation of the optical signal can be predicted using samjplieical fog
models. The empirical fog models use the measured visiMlidata in order to
characterise the fog. Note by definition fog is present in R@%nV < 1 km.
Therefore, the link visibilityi.e. the meteorological visual range, MVR) is used to

measure the attenuation due to the fog [40, 63, 258, 259].

The fundamental law to measure attenuation of optical signal obattie of the
atmosphericV (in km) is Koschmieder law, which defines the visibility as the
distance to an object at which the visual contrast/ transmittanceobiect drops to
certain value of the visual/ transmittance thresiglaf the original visual contrast
(100%) along the propagation path. The meteorological visibdittkm) can be
therefore expressed in terms of the atmospheric attenuation coefficemd Ty, as

[259]:

_ 10|0910(Tth)

v :
Ba

(3.11)

wheref3, , is the scattering co-efficient of the fog and normally expressed in (dB/km).

Mathematically defined by Beer- Lambert law [260] :

3 Loss
4.343L

By = (3.12)
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The value ofT, of the atmospheric propagation path varies from 0.0077 to 0.06. The
smaller value ofly, defines a larger the MVR for a certain atmosphere environment.
In 1924 Koschmieder defined a valueTef = 2% following by Helmholtz theory.
However, the value ofy, is considered to 5% for aeronautical requirements as the
contrast of an object (runway markings) with respect to the surrayadéa is much
lower than that of an object against the horizon. The most adopted vallig s

2% and 5% [243]. The selection of both changes the definition of the visinild

the corresponding attenuation of the optical signal for a given MVR. dardo
define the universal definition of attenuation due to fog in the atmospherg usi
empirical approach, one needs to carefully select one vallig. dthe further study
explains the behaviour of the different well known empirical models dgr f
attenuation and characterisation for two different typegovhich are 2% and 5%.
This study is done by considering the presence of the fog in the atnmsiatkang

the MVR equals to 1 km, see Table 3.1.

3.5. Fog Models

The scattering co-efficient due to the fog is the parambsdri$ dependent on the
wavelength of the propagating optical beam and the visibility. Kmedel was
developed to take into account the effect of wavelength on the fog induced

attenuation. Therefore (3.11) can be written as [82]:

Ba A

-q
V (km) = %(Lj , (3.13)
(o]

Here, ,is the maximum spectrum of the solar bani the coefficient related to the

particle size distribution in the fog atmosphere defined by Kruse [82] and is given as:
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16 for V >50km
q=4{ 13 for 6<V < 50km. (3.14)
05853  for0O<V <6km

Figure 3.6 (a-b), show the resultant atmospheric fog attenuat{amdB/km) using
three different wavelengths of interest in FSO communication®/fop to 1 km
using Kruse model fofy, of 2% and 5%, respectively. According to this mode, the
predicted attenuation is lower at the NIR wavelength than at $itdevivavelengths,
i-e. 1.55 um has a lower attenuation than 0.67 um fo¥ aiinges. The attenuation
difference between wavelengths of 0.67 and 1.55 um is 10 ¥B®&60.5 km using
T = 2%. This difference gradually increases to 37 dB towards theedeg alv of
0.1 km as shown in Fig. 3.6 (a). However, uslagg- 5 %, the attenuation difference
is 8 dB atV of 0.5 km and it gradually increase to 22 dBVabf 0.1 km. This
difference in fog attenuation using two different valuegpff 2% and 5% in the
prediction of the fog attenuation using the empirical model needs to bel@musi
carefully. However, the estimation of the fog attenuation using Kmedel is
considered to be not so accurate for fog [79]. This is because the vajugsioig

(3.14) was defined for haze particles present in the atmosphere rather than fog [82].

Attenuation (dB/km)
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Figure 3.6. Attenuation versus visibility using Kruse modgl,(a) 2%, (b) 5%.
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In [8], Kim model was developed to estimate the fog attenuation,hwhalicates
that the atmospheric fog attenuationis wavelength independent fof< 0.5 km.
Kim modified the Kruse model using theoretical assumptions for thbyfatgfining

g as follows [79]:

16 for V >50km
13 for6<V <50km
g=4016v + 034 forl<V <6km . (3.15)
V-05 for 0.5<V <1km
0 for V <0.5km

Figure 3.7 shows that the fog attenuation is independent of the wavelenythk

0.5 km using (3.13) and (3.15), respectively. According to this model, for moderate
to the dense fog conditionsd) V < 0.5 km, the selection of higher wavelength
range is not a suitable solution in order to mitigate the fog atienutor FSO
communications. However, further theoretical and practical investigaif this
model are needed at low visibility in order to explicitly confitime attenuation is
actually independent of the wavelength for moderate to densévfeg0.5 km )

conditions as mentioned in [261].
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Figure 3.7. Kim model fofy, of 2%.

Further studies of the attenuation due to fog were conducted by a nafmiteer
researchers. Naboulsi proposed an empirical relation to estimate thaeatte
caused by radiation and advection fog for wavelengths from 0.69 to 1.55 v for

from 0.050 to 1 km [81]. The attenuation coefficient for radiation fog is given by:

Beo (M) = 4.3 43( 0.11478\ + 3.8367} (3.16)
The attenuation coefficient for advection fog is given by:
2
B (\)=43 43[ 0.18126A2 + o.\1/3709\ + 3.7205}_ (3.17)

Figure 3.8 shows the comparison of the attenuation due to fog using Kim model
using (3.13) and (3.15) by considerifig = 5 % and the Naboulsi advection and
convection fog at = 0.83 m using (3.16) and (3.17), repectively. The attenuation
difference between the advection and the convection fog is very. dnwallever,

Naboulsi advection and convection fog models estimate higher attenuationtkee to
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fog compared to Kim model. The graphical presentation of the Kim, Nsiboul
advection and convection fog fof = 2% is shown in Fig. 3.9. The behaviour of the
Kim model shows a good agreement to Naboulsi advection and convection models at

of 0.83 um.
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However, Naboulsi advection and convection models again starts to deviate f
Kim model for the wavelengths > 0.90 um. This deviation can be cleahyfsam

Figs. 3.10 (a) and (b) for=1.55 mand 2.0 m.
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Figure 3.10. Comparison of the Kim model, Naboulsi advection and convection
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Recently, the research work in [262] has proposed a wavelength deperutit
for fog and haze based on the single scattering Mie theory. The magblicable
for the wavelength range of 0.2 m< < 2 um and for visibility range of 10 km. The

model is defined as:

10109 1o Ty, [ A o(r)
= , (3.18)

Py = V(km) (A

(0]

where s = 2(tanH p,(w+ p, ))—1)+exfd ps(w+ ps ) is a function of effective radius

(r.) of the fog particle distributiony=logr.) and r, =r4(005/V)"*. p is the

parameter dependent on the selected wavelength interval and s igijy262].
However, this model is more complex to use due to the lack of pasinée

distribution and effective radius data at given visibility and wavelength.

Figure 3.11 (a-d) shows the fog attenuation (dB/ km) plotted for mastriemt fog
models in the range of 0.5 m < < 1.55 m for V = 0.1, 0.25, 0.5 and 1 km.
However, some empirical models are not considered in this comparison based on the
validity of the models (see Appendix A). Comparison of empirical nsoslebws
that Ferdinandov is not a suitable model as it did not verified by iexgetal work
and there is an adequate difference between the Kim, Naboulsi andaiReial
model for range of wavelength from 0-41.1 um [263]. Fischer also developed a
model from empirical data available for fog at 1.55 m, but it does not seem to be

a valid model, this is an experimental study to verify the validitKruse model,
which is not recommended model to consider for fog [264]. Grabner preshated t
inverse and the power law derived from the empirical data. Thislrsedms to be

valid locally. However, the root mean squared error (RMSE) values of this model are
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close to Naboulsi convection model and are clearly large to sagntirsdependent
model [236]. Pierce model looks like same as Fischer model [265]. Pesek from
Czech-Republic data developed an empirical model, but is not suitable asodel
developed for the single wavelength [241] and short range of 60 m. In [266Yy a
model has been proposed using the measured attenuation and visibility data using
two wavelength of 830 nm and 1550 nm for the continental fog. However, this
model has a sufficient RMSE compared to Kim and Naboulsi models. Figure 3.11
illustrates the selected models, which show a correlation for a range of 0.5 m< <

0.9 m for V <0.5 km. In [88, 134, 267], an attempt has been made in order to verify
these selected models experimentally using selective wavelengtlesrelical
simulations show that Kim model underestimates the optical attenuation than
Naboulsi advection and convection fog models as shown in Fig. 3.11(a-d). Kim and
Naboulsi convection are best models to use in estimating the attenuatiba of t
optical signal in fog for the wavelength range of 0.5 m to 0.9 m for V = 1 km.
However, both of these models contradicts each other in order to edtimadtey
attenuation fo’V = 1 km. This clearly demonstrates that in spite of a significant
number of investigations, these models needs to be explicitly verified
experimentally, not for a selective or specific wavelength dauthfe entire spectrum
(visible— NIR range). The experimental verification of selected englinmdels is

discussed in Chapter 5.
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Figure 3.11. Comparison of different models for a range of wavelengths for different

visibility values: (a) 0.1 km, (b) 0.25 km, (c) 0.5 km, (d) 1 km.
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3.6. Summary

This chapter has outlined the theoretical and empirical approaches to amodel
characterise the attenuation of optical signal for visible and mefaared
wavelengths (0.6 m< < 1.6 m) from dense to light fog conditions. A number of
empirical fog models were considered and evaluated. In comparison mwiotheds,

Kim and Naboulsi convection are found to be the best models to use in estimating
the attenuation of the optical signal in fog for the wavelength range of 0.5 m to

0.9 m for V = 1 km. However, both of these models contradicts each other in order
to estimate fog attenuation fofr= 1 km. This clearly demonstrates that in spite of a
significant number of investigations, these models needs to be explierified
experimentally, not for a selective or specific wavelength dauthfe entire spectrum

from the visible- NIR range from dense to light fog conditions. The experimental
results for fog attenuation from the visibleNIR range for dense to light fog
conditions are presented in chapter 5 and the selected empirical models are compared

with the measured fog attenuation data to validate their performancenespidly.
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Chapter 4

Atmospheric Turbulence Channel

4.1. Introduction

In clear weather conditions, apart from attenuation, atmospheric ¢éndaulalso
impairs the FSO link performance [268-270]. The earth absorbs solariagadiat
radiates the heat through the air around the earth surface. This makeartthe
surface become warmer than that at higher altitudes. Hence, narrbeing lighter
rises to mix turbulently with the surrounding cooler air causing themiperature to
fluctuate randomly [113, 271]. Turbulence is caused by the temperature
inhomogeneities presents in the atmosphere [101, 272]. This can be understand as
indices of different sizes with changing temperatures floatinghe air. The
direction of an optical beam could be altered due to interaction vathnetie cells of
variable temperatures, or eddies, acting like prisms with diffeedractive indices,
thus resulting in fluctuation of the received optical signal amplitudetans (.e.,

scintillation) and random phase changes [273]. This leads to reduction in signal
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intensity of an information-bearing optical beam, which ultimatedgults in

performance degradation of FSO links [274, 275].

Kolomogorov theory of turbulence based on classical studies of velocity,
temperature and refractive index fluctuations and statistical basddllmg of the
atmospheric turbulence induced fluctuations of the received optical ptwer
irradiance) is discussed in detail in this chapter. The statisticabagiphas been
studied and well established in describing the atmospheric turbulence antbiis va
effects on the optical beam propagation. Based on the statistical limpd#ie
strength of atmospheric turbulence is usually categorised from weakoing
regimes, see Section 4.3 [269, 276]. The strength of turbulence is dependent on the
magnitude of the variation in refractive index and inhomogeneitiesmpdrature as

a function of the distance travelled by the optical radiation througlatmosphere.
Theoretical models for statistical distribution for the random fadmadiance
signals have already been developed, comprising the lognormal, tmen&sa
Gamma, and the negative exponential models corresponding to weak, onveak-t
strong and saturation regimes, respectively [277-279]. This chapter addiesses t
characterisation of atmospheric turbulence from weak to strgmmes based on the
statistical distribution of the received signal irradiance. The logalonmodel is used
and verified experimentally in subsequent Chapter 8 for the charatterisd

atmospheric turbulence.
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4.2. Atmospheric Turbulence Channel

The atmosphere can be usefully modelled and studied based on the laminar and
turbulent movement of viscous fluid. The turbulent flow of a viscous liquid is
defined by Reynolds using a non-dimensional quamity vl/v,, wherev (m/s) is

the characteristic velocity of flow,(m), is the dimension of the flow and is the
kinematic viscosity (ifis). When the flow of the viscous fluid increases from the
critical Reynolds number, the nature of the flow transforms from lantdacna more
disordered form called the turbulence. Similarly, atmospheric turbulesgksé&om
velocity fluctuations, and thermal and refractive index gradientblestad along

the length of the FSO link caused by the variation in the air teaxyerand pressure

[280, 281].

Turbulence in nature is a nonlinear process and can be modelled by \tiee- Na
Stokes equations [282]. However, in order to avoid the complexities involve in
solving these equations, a statistical theory of turbulence in a simplebfsed on

the dimensional analysis and approximations is given by the Kolmogorow.theor
According to this, a classical form of turbulence theory is basedaodom
fluctuations in the velocity field of a fluid. However, based on the ugloc
fluctuations, to understand the atmosphere turbulence, we adopt here eneadg casc
theory of turbulence [283]. According to cascade theory the wind velocitgases

to the point at which the critical Reynolds number exceeded the naimidbw.
Random distributed cells of variable sizes of different temperature are formed know
as eddies. Furthermore, the influence of inertial forces breaks uprtjee &ddies

into smaller eddies forming an inertial range between the outer aisal called the
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large scale sizé&, to the inner scale called the small scale $jz&he energy of
eddies at large scale can be due to form of wind shear or camvddbwever, the
dissipation energy range of these eddies belong to the scale size $hzadlehe
inner scale [280, 283]. These small sized prism like eddies trigger a resgdiom
interference effect between different points of the propagating bezausing the

wavefront to be distorted in the process as shown in Fig. 4.1.

K Velocity \
Input optical signal  Lg C@(D@ OO Output optical signal

@o%m*’

K Length of FSO channel j

Figure 4.1. Atmospheric channel based on velocity fluctuations with turbulent

eddies.

Normally, the outer scalk, grows linearly as the function of the height above the
ground from the observer to approximately 100 meters. Eddies smallek thag
considered to be statistically uniform and isotropic. This implies that gz walue

of the field is constant and that correlations between random fluctuatioms
velocity field from point to point are independent of the chosen observadiats,

thus depending on their vector separation. According to Kolmogorov, the
longitudinal structure functior,(L) of the wind velocity between the two poinds,
andb along the length. of the FSO link for inner and outer scale range follows a

power law equation given as [284, 285]:

89



Ca 432 0<L<<l
D, (L)={(v, —w,)?)=1{ Vo ' ° 4.1
R I @)

wherev,andv, are the velocity components at poiatandb andC,? represents the
velocity structure constant, which is a measure of the total amount rgfyanehe
turbulence. The basic idea and characterisation of atmospheric tudigemostly

based on velocity fluctuations. Alternatively, temperature fluctuatcams also be

used to characterise and explain atmospheric turbulence. The striictatens

based on the temperature fluctuations resemble the power law relations as found with

longitudinal velocity fluctuations, given by [283, 284]:

c3l 432 0<L<<l
Duﬁﬁ—nﬂ{To ’ . @2)
Te < =P > cA?3, l, << L<<L,

whereT, and T, are the temperature of two points separated by distarmre C;?

is the temperature structure constant. This is a useful and easy appooac
characterise atmospheric turbulence based on the measured temegdiftescnce
between two points. Therefore, this approach is implemented to chamdtesi
atmospheric turbulence in Chapter 8.

On the other hand, refractive index fluctuations of the atmosphera angpartant
parameter in optical wave propagation. These fluctuations are trigpgrete
change in the wind velocity, and temperatur@. of the atmosphere. A combination
of small changes irv, and Te induces a random behaviour in the atmospheric

refractive index at poirfR and timet, which is mathematically given as [9, 284]:
n(Rt)=n,+n (RY), (4.3)
Wheren, = <n (R,)> ~ 1 is the mean index of refraction without turbulence and

ni(R, T) is turbulence induced component due to spatial variation of pressure and

temperature of the air.
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The value of then (R, T) is given by [101, 283]:

n(Rt) =1+ 776x10° 1+ 752><103)\2)T3, (4.4)

e
whereP is the pressure in millibars afd is the temperature in degree Kelvinis

the optical wavelength in um. However, the dependency of the eraytbl on the refractive
index fluctuations is significantly small and can thereforegberied for optical frequencies
[284]. The contribution of humidity in refractive index fluctuation is insigm@fitin

the FIR region and pressure fluctuations are also usually negli@bleTherefore,
the refractive index fluctuations in the range of visible and NtRores are mostly
dependent on the random temperature fluctuations [268, 286]. For most eingineer

applications, refractive index fluctuations can be defined as:

d_q__ 776P
dT T2

e

x10°°. (4.5)

In addition, a wellrecognized Taylor’s ‘Frozen-flow’ hypothesis is adopted, which
describes that the turbulent eddies are still or frozen and can moletheit
transverse component of wind in the atmosphere. Thus, the temporal variations in the
beam patterni{e) statistical distribution result from the perpencar flar flow of wind

to the direction the light. However, the temporal coherence 1, i8 very large
compared to the duration of a typical data symbol [287]. Therefore nayspheric
turbulence channel can be attributed as a ‘slow fading channel’, as it is almost static

during the symbol period. The turbulence induced fluctuation part in (4.3pdhe

wind velocity V,, can then be written as[113]:

n(R ) =n(r —vp). (4.6)
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In order to characterise the atmospheric turbulence based on tinée:/ti in meters
of the atmosphere, the widely used index of refraction structure para@ is

given as [288, 289]:

CiZ (4) =0.005¢, /27)(10>4) ° exp(A/1000) + 2.7

x 10°exp (-4 /1500)+ A expéA /100), 4.7
where A is a normal valuo: &,%(0) at the ground level in 7, andw, ~ 21 m/s.
The value ofC,? varies with# of the atmosphere, however, it is almost considered to
be constant for a horizontally propagating field. The typical aeevalues ofC,? is
10" m™? and 10'7 m™”? for the strong and weak turbulence regimes, respectively
[290]. PracticallyC,? is a measure of the strength of the fluctuations in the refractive
index. The value ofC.? along the propagation path can be calculated by

incorporating the temperature structure funct[D@(L) and is given as [280, 291]:

Z—d—”lj 2 4.8
cn_(dT c2 (4.8)

The temperature difference is obtained from point measurementsroetdresquare
temperature difference between two thermometers. This allows deté¢rmineC:?

for any given length. using (4.2) The values of the refractive index fluctuation can
be obtained using (4.5). Thus, the values of@ffecan be inferred directly by using
(4.8): In terms of power spectrum of refractive-index fluctuationsptiveer spectral
density for refractive index fluctuations over turbulence channel isndiye[284,

292]:

(k) =003k 3, 2m/L <<k<<2m/l, (4.9)
(ﬂ‘l n 0
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wherek is the spatial wave number and valid only for inertial sub-ranfieedein
(4.9). In general, the spatial power spectrum of refractive index fhimhsais
considered to be the same for temperature and velocity fluctuations. For a wide range

of k, equation (4.9) is modified by Tatarskii and von Karman as given in [292].

To evaluate and characterise the turbulence based on theory is aenpgihg and
complex. This is because the observable atmospheric channel quantitieassuch
temperature, pressure, aerosols and wind velocity. are mixed and behawenin a
linear fashion. Therefore, the atmospheric turbulence can be simply eegpaass
characterised based on the statistical distributiergs, probability distribution
function (pdf) of received irradiance and its related propertidse fDllowing
assumptions have been made to simplify the mathematics [293, 294]:

e The atmospheric FSO channel is non-dispersive for wave propagation. In the
process of scattering and absorption of the optical beam, the radiateg heat
insignificant in comparison with diurnal contributions.

e The energy loss is insignificant due to the atmospheric scattering arising from
turbulence eddies. Therefore, the mean energy in the absence or psence
turbulence is the same. This assumption is true for spherical and plane waves.
Note that, in general, a laser beam propagating over a long link span i

mostly considered to be a plane wave [287].

4.3. Log-Normal Turbulence Model

In order to explain the propagation of a monochromatic electromagwaive

represented by its constituent electric fieldin an atmospheric turbulence channel
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one can employ Maxwell’s equations following the vector wave expression as [269,
295]:

V2E +k2n?E2 + 2V[EV log(n)|=0, (4.10)

>J|§

Wheren is the refractive indexk = is the wave number and is the Laplacian

operator defined by = 0,9 j +27

oXx oy oz

The weak turbulence regime is normally characterised by a sogtéering event
[296]. Thus, the turbulence induced depolarization part of the propagatisgmay
be ignored under the condition that the wavelengghmuch smaller than the scale

of turbulence [277]. Therefore, vector wave equation (4.10) reduces to:

V2E+kn’E?=0. (4.11)
For simplicity, E hereafter is denoted in scalar formE{s). Based on the random
nature oin, the best solution to the (4.11) is based on the Rytov method. This
method holds interesting and practical consequences for the characterisation of the
wave propagation in a random turbulence media. Additionally, this method is also
true for weak turbulence based on a single scattering event. Thus, according to Rytov
method the scalar field can be denoted in the complex exponential form as [292]:
E(r) =expW). (4.12)
Hence,
W =log[E ()] (4.13)
Therefore, the scalar Maxwell equation in terms of the expondm@mes the

Riccati equation whose solution already exists:
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VAP +(VP)? +k’n=0. (4.14)

The exact solution of (4.14) is not possible. However, using the perturbation

expansion of(r), we can write [284]:
E(r) =expy, +,), (4.15)
Where E, =exp,) is the incident field andp,represents the perturbed field

related with the presence of turbulence and given as:
Wa(r) =P (r) W (r). (4.16)

And consequently using (4.13),

_ _ _ | E(M)
Wy (r) = In[E(N)]-In[E, ()] = ln{Eo(r)} (4.17)

Where the electric field in terms of amplitud&(r) and phaseg(r) in the case of
turbulence is defined as:

E(r) =A(r)exp(o(r)). (4.18)
The electric field in terms of amplitudé,(r) and phase, (r) with no turbulence

is defined as:

Eo(r) = A (r)expi@,(r)). (4.19)

As a consequence, these transformations can then be used to drive for the solution of

(4.14), which describes the behaviour of a field in the weak atmosphsdridence.

In finding the irradiance fluctuation statistical distribution due t@iobulence,

equations (4.17) and (4.18) are combined to derive the turbulence induced field

amplitude fluctuation given as:

Py(r) = In{%}i[cp(r)—%(r)k X +i9, (4.20)
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Here, g ,(r) is Gaussian function, therefopeis the Gaussian distributed field log-

amplitude fluctuation andl is the Gaussian distributed field phase fluctuation. As
the phase fluctuations is ignorable compared to the turbulence inducedudenplit
field fluctuations [219, 221, 297]. This is because, the important scale sizes in

amplitude field fluctuations are small scales on the order of then&érezone
R. =(L/k)"?or inner scaldo, and whereas it is the larger scale sizes (including the

outer scale) that affect phase fluctuations. As a result, a geocahetptics
approximation is often used in studying the latter rather than fidaction theory

[283].

Therefore, considering only on the field amplitude fluctuations, the pdfisfgiven

as:

p(xX) = 2:[ exp[—M} (4.21)

whereg[x Jdenotes the probability of and o? is the log-amplitude variance,

commonly referred to as the Rytov parameter. According to [13}], which

characterises the strength of field amplitude fluctuation due to atnrasphe
turbulence, is related t6,> and the horizontal distande travelled by the optical

field as [283, 284]:
L
02 = 056k""°[C2(x)(L - x)*"°dx for a plane wave (4.22)
0

And
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L
02=056%"®[C2(x)(x/L)*°(L-x)*°dx for a spherical wave (4.23)
0

Note that, for a field propagating horizontally through the atmosphegbalence, as

in the case of terrestrial FSO applicatior®’ is considered to be constant.
Therefore, the log irradiance variance for a plane wave becomes:

0|2 =]_23Clnzk7’6L”6. (4.24)
The field irradiance in terms of intensity fluctuations in the atmaspherbulent

medium id :|A(r)|2. However, the intensity with no turbulence fluctuations is given

byl, =|A(r)", the log-intensity is then defined by:

2
A(r)
| =log, = 2X. 4.25
og NG X (4.25)
Hence
I =15exgl). (4.26)

The intensity pdf can be obtained by invoking the transformation of vayiabl

p(l) = p(x)‘%‘, to arrive at the log-normal distribution function given by (4.27)

[298]:

1
l—ex - : | >0 (4.27)

Following equation (4.25) the log-intensity varianag = 40> and the mean log

intensity,E[I]= 2E[x]. According to the second assumption in Section 4.2, it
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follows thatE[eXp()]:E[I/Io]zl. Since there is no energy loss during the

turbulence induced scattering procéB,]: | ,. The probabilityE[l] is obtained by

invoking the standard relation (4.28), which is valid for any real dalBaussian

random variable [293]. Thug[l] is obtained as outlined below:

Elexp(az)] = explaE[z]+ 05a% 2) (4.28)
1=exp{E()]+ 050). (4.29)
Hence
__of
E() =" (4.30)

Figure 4.2 illustrates the log-normal pdf for different values agf Irradiance

variances? using (4.27). Note that, as the value mfincreases, the distribution

becomes more skewed with longer tails towards the infinity. This espilaé extent
of intensity fluctuations as the channel heterogeneity increases dtmdspaeric
turbulence. However, the pdf of the irradiance fluctuation using (4.27)idsfoa a
weak turbulence medium. For weak atmospheric turbulence conditions, thecstati
of the intensity fluctuations have been experimentally found to oleelpgnormal

distribution [299].

The expression for the normalized variane€’ of the propagating optical beam

intensityl (also called the scintillation index or log irradiance variartstgcted at
the receiver, which characterises the strength of the turbulensemsas [113, 286,

300].
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2 0|2 2
o ZI—ZZGXD(Tl )1, (4.31)

0
wherel, is average intensity of the received irradiance. This approacHdumabesen
used to characterise the strength of turbulence generated withiatrhospheric
chamber in chapter 8. Table 4.1 relates the turbulence strengthheittifterent

values of scintillation index§.l).

Table 4.1. Strength of Turbulence basedsdn

Turbulence Sl
Weak 02<0.3
Medium of ~1
Strong of>>1
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Figure 4.2. Log-normal pdf against the normalized irradiance for a range of

irradiance variance values.
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4.3.1. Spatial coherence in weak turbulence

When a coherent optical beam propagates through the atmosphere, the spatial
coherence of the beam degrades due to temperature, velocity amtiveefiradex
fluctuations. The extent of this coherence degradation is a functiotheof
atmospheric turbulence strength and the propagation distance. The atmospheric
turbulence channel divides the coherent beam into various fragments whose
diameters represent the reduced spatial coherence distance. Followmghe
Rytov approach used in the modelling of the weak atmospheric turlkuléme
spatial coherence of a field travelling through the atmosphere aderibed as [171,

284, 296]:
/
I (p) = A2exit-(p/po) ™) (4.32)
where P, is the transverse coherence length of the field, at which the cobesEnc

the field is reduced to &/ Thep,for the plane and spherical beams are given

respectively in (4.33) and (4.34) as [171].

-3/5
P, = {1.45k2TC§(x)dx} , (4.33)
0

L -3/5
Po = {1.45k2 [CZ(X)(x/ L)5’3dx} : (4.34)
0

Figures 4.3 and 4.4 illustrate the coherence length for a horizonkalati two
commonly used FSO wavelengths of 850 nm and 1550 nm for typical val@$.of

The spatial coherence length is generally longer at higher watiedeand decreases
with the increase of both the strength of turbulence and the propagation distance. The

comparison of spatial coherence length (in meters) for the plane ¥or strong
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turbulenceC?= 102 m?#? at wavelength of 830 nm and 1550 nm is given in Table

4.2.

Table 4.2. The dependence of wavelength on spatial coherence ler@jth 2

-2/3

m
Link Distance (km) 0.1 1 10 100
Spatial coherence length (m) at 83C 2.9 0.7 0.17 0.04
nm
Spatial coherence length (m) at 6.5 15 0.3 0.09
1550 nm
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Figure 4.3. Plane wave transverse coherence length=f@30 nm and a range of
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n
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Figure 4.4. Plane wave transverse coherence length=f@550 nm and a range of

CZ.

4.3.2. Aperture averaging and BER evaluation

The coherence lengtp, is particularly useful in determining the size of the receiver

aperture needed to collect the bulk of the propagating field througlprdoess
known as the aperture averaging, and also to determine the separatocedit

detectors in a multiple receiver system [73]. In order for detectothe array to

receive uncorrelated signals they must be spaced at a minimum digiarageurt.

The fading effect can be reduced significantly if the receapertureAy, > P, (i.e.,

by the process known as the aperture averaging). The aperture avedeagang

which is widely used to quantify the fading reduction, is given by [301]:

_of(D)
af*(0)

A (4.35)
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where 0|2(D) and O,Z(O)denotes the scintillation index for a receiver lens of

diameterD and a “point receiver” (D  0), respectively.
For the plane wave propagation with a smaller inner states (L/k)°> the

scintillation index is given by [283]:

047

» 5
02(D) = exq {l+ 06%d“ + 1110, ] 1 (4.36)

12
+[— 05107 (1+ 0.690,5J

o~

where d :,/kD2/4Lp , K=2I/A, D is receiver aperture diameter ahg is the

propagation distance.

In the presence of turbulence, the instantaneous irradiance isatedtthus leading
to the variation in the instantaneous SNR. Hence, the average vaiNRois used
to evaluate the FSO link performance. The ensemble mean of SNf® @xpressed
as [302]:

SNR

(SNR = \/ : (4.37)

I

cs.z(D>(SNFs)2+<|°>

where SNR is for the turbulence free condition. Therefore, with no turbulence
<SNR> = SNR), where(.) denotes the ensemble average.

The bit error rate (BER) for the FSO link with intensity modolafilirect detection

(IM/DD) using OOK, under the turbulence condition is calculated as:

BER= Q[VSNR), (4.38)
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whereQ(.) is Marcum’s Q-function, which is the area under the Gaussian tail, given
by:

Q(x):iznoie 2da. (4.39)

4.3.3. The limit of log-normal turbulence model
In previous sections, Rytov approximation has been used to describe the atmospheric
turbulence using the log-normal turbulence model. Rytov approximatiedicts

that Rytov parameter increases with the index of refraction steigiarameteC?

and/or the propagation path length. However, based on experimeatalsd&ported

in [287], this prediction holds only for the weak turbulence regime whgn 0.3.

As the turbulence strength increases beyond the weak regime, dgerthmation

of increased path length and/or increased turbulent eddies result in multiple

scatterings that are not accounted for by Rytov in his approximatitch R83].
Based on experimental data reported in [171, 2B3]jncreases linearly with Rytov
parameter within the weak regime and continues to increase xianom value
greater than unity. At this point, whe®.l. is maximum which characterises the

highest strength of inhomogeneity. TIgl. then starts to decrease due to self
interference as a result of multiple scattering and approaches ttye asnC’
increases [287]. This observation is in contrast to the prediction of Rytov
approximation beyond the weak atmospheric regime. In the next twonsgdhe
other irradiance fluctuation models that account for the multipléesicags will be

reviewed and their pdfs will be presented.
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4.4. The Gamma-Gamma Turbulence Model

The model proposed in [280] is based on the modulation process where the
fluctuation of light radiation traversing a turbulent atmosphere is asstmnueshsist

of small scale (scattering) and large scale (refractionttsff@he former includes
contributions due to eddies/cells smaller than the Fresnel Borre(L/K)"?or the

coherence radiyy,, whichever is smaller, where is the distance anH is wave
number. Large scale fluctuations on the other hand are generated bgritiduidies
larger than that of the first Fresnel zone or the scattering-digk , whichever is

larger. The small scale eddies are assumed to be modulated asgthedale eddies.
Consequently, the normalised received irradidnisedefined as the product of two
statistically independent random procedsesdly:

Jy, (4.40)

Ix andly arise from the large scale and small scale turbulent eddies, tresfyeand

it is suggested that both obey the gamma distribution [276, 279, 280]. Their pdfs are

given by:
p(l,) = O((LX)O(_lexp(—O(IX), l,>0,a>0 (4.41a)
I'oa)
BRI,
p(ly) :Té)exp(—ﬁlx), l,>0;B>0 (4.41b)

By fixing |,and using the change of variallle=1/1, the conditional pdf given by

(4.42) is obtained in which, is the (conditional) mean value bof

BB/,

1/1,)=
p(l/1y) | TB)

expERI1/1y). | >0 (4.42)
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To obtain the unconditional irradiance distribution, the conditional probability
p(l/1,)is averaged over the statistical distributionlofgiven by 4.41(a) to obtain

the following gamma-gamma irradiance distribution function:

o(1) =°§p(l /1,0p()dl,, (4.43)
_2(0([3(°‘+B)/2) O(+B B
p() = T (B) |( 5 j 1K, _g (2Bl >0 (4.44)

where and , respectively represent the effective number of large and soadé
eddies of the scattering proceksy.) is the modified Bessel function of th& &ind
of ordern, and (.) represents the Gamma function. If the optical radiation at the
receiver is assumed to be a plane wave, then the two parameterd that
characterise the irradiance fluctuation pdf are related tatthespheric conditions
by [1, 303, 304]:

1
04%/
! :{ex 1+ 1.110.12’5)7’6}1} | (452

-1
0510/
—|ex 1 . 4.45b
P { (1+0.690|12’5)5’6j } ( )

While the scintillation index is given by:

2 04% 0510 2
On =X + -1 4.46
N F4:(1_*_ 1.110.|12/5)7/6 (1+ 0.690|12/5) 5/6 ( )

A plot of the distribution, using (4.44) is given in Fig. 4.5 for three differe
turbulence regimes, namely weak, moderate and strong. The plot showsttieat as
turbulence increases from a weak to a strong regime, the dismiagreads out

more, with an increase in the range of possible values of the irradiance.
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Figure 4.5. Gamma-gamma probability density function for three different

turbulence regimes, namely weak, moderate and strong.

The Gamma-Gamma turbulence model given by (4.44) is valid fdurdulence
scenarios from weak to strong and the values afid at any given regime can be
obtained using 4.45 (a) and (b), respectively. Figure 4.6 depicts the variatoh of
as a function of the Rytov parameter based on (4.46), this graph shoas Bybv
parameter increases, tBd.approaches a maximum value greater than one, and then
approaches the unity as the turbulence induced fading reaches themsategithe.

The values of and under different turbulence regimes are depicted in Fig. 4.7.
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Figure 4.6S.1.against the log intensity variance f6f= 10-15 m-2/3 and =
830nm.

The values of and are described from the weak to strong turbulence regimes in Fig.
4.7. For the very weak turbulence regime, the values of thed are greater than

unity. In this region the effective numbers of small and large scales are very large.

However, beyond tr@|2=0.2, the focusing regime is approached, wherand

decrease substantially as shown in Fig. 4.7. After the focussing rf@®de strong)

regime, fol0 |2 > 25, where 1 is called the saturation regime. The implication of

this according to [34, 305], is that the effective number of smallescells/eddies

ultimately reduces to a value determined by the transverse spattieence radius of

the optical wave. On the other hand, the effective number oktksefractive scatterers
increases again with increasing turbulence and finally becomes unboundkd in

saturation regime as shown in Fig. 4.7. Under these conditions, the ggenmza
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distribution approaches the negative exponential distribution, whicHugrated in

section (4.5).
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40 __
Weak regime Weak to strong B
regime 1
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~ ]
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Figure 4.7 Values of and against the log intensity variance for different

turbulence regimes: weak, moderate to strong and saturation.

4.5. Negative Exponential Turbulence Model

The multiple scattering effects must be taken into accoutiteastrength of turbulence
increases [306]. Beyond the saturation regime, the turbulence approacireg,italso
known as the fully developed speckle regime where the link rangadsxseveral
kilometres and the number of independent scatterings becomes large [281TH283].
irradiance fluctuation of the optical field propagating over a turbuleheanel in the
saturation regime is governed by the Rayleigh distribution implying tvega

exponential statistics, which is expressed as [307]:
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p(l) :Iiexp(—ll—), [,>0 (4.47)

o
whereE[l] = |, is the mean received irradiance. During the saturation regime, the
value of theS.I. 1. It is noteworthy that other turbulence models such as the log-
normal-Rician [308, 309] and theH distributions [310], which are both valid from
weak to strong turbulence regime; the K-model [311, 312], which is only \alid f
the strong regime, and the gamwgamma turbulence model all reduces to the
negative exponential in the limit of the strong turbulence. The negatjpmenential

pdf is shown in Fig. 4.8. The plot shows that @screases, the mean values of the

distribution reduces significantly with the irradiance.

— =0.5
o] —
—-—IO=1

mmgum IO=2

Negitive exponential, pdf(ip

Irradiance)

Figure 4.8. Negative exponential probability density function for different saitie
Io.
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4.6. Summary

In this chapter, the characterisation of the atmospheric turbulencedrapresented
based on the classical approach and statistical models. Kolomogorov theory of
turbulence based on classical studies of velocity, temperature faactive index
fluctuations has been discussed in order to understand the atmospheric turbulence.
The refraction structure paramet€f® and the scintillation index parameter were
explained in order to measure the strength of turbulence. The deperudetnee
temperature, pressure and wavelength on the refractive index floogi&ias been
described. The log normal model was detailed with its limitationss model is
mathematical well tractable and experimentally validated tfie weak regime.
Aperture averaging and BER evaluation in the presence of atmospirbrtence

were described. For the strong turbulence, where multiple scattesimgeeded to

be accounted, the gamma-gamma model was more suitable but lacks the
mathematical convenience of the log-normal distribution. This maulétl be used

to characterise both the weak and strong turbulence regimes. In tthatisa
regime, which is also called the fully developed speckle regimeappeopriate
model was the negative exponential model. Note that, Log normal nsodséd in

the subsequent Chapter 8 to characterise the turbulence in the atmosp@ber

and consequently the BER performance of the FSO link.
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Chapter 5

Design of Controlled Atmospheric

Channel

5.1. Introduction

Real outdoor atmosphere (ROA) channel imposes a number of imgrelséllenges
to FSO links [313-315]. ROA is time varying and depends on thgnitude and
intensity of weather conditions [316-318]. These conditions will hd¥kerent
impacts on the FSO link performance, with dense fog and intense scintillaiginga
the most severe impairment to the FSO link [319-321]. ROA coull méture of a
number of atmospheric conditions such as fog, smoke, aerosols, rain, sabandiu
turbulence. Therefore, carrying out a proper link assessment unddicspeaither
conditions becomes a challenging task. For example real outdoolRO)
atmosphere is heterogeneous and very unpredictable in nature. Inoardesstigate

and model the ROF under diverse atmospheric conditions is still achadkenge in
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FSO communications link [322, 323]. This is due to various reasongym@) the
unavailability of the experimental setup for outdoor links due tdahg observation
time and reoccurrence of fog.g.,dense fog events for visibility < 0.5 km, {i) the
difficulty in controlling and characterising the atmosphere dubdarthomogeneous
presence of aerosols such as fog and smoke along the FSO link gaih)ahe
outdoor measurement instruments are expensive and are not readily @vandtf)

it is not feasible to repeat the same measurement condition agaimedessary.

On the other hand atmospheric turbulence (scintillation) has been iavedtig
extensively and a number of theoretical models have been proposed tdedescri
scintillation induced fading [324-327]. However, in practice it is verylehging to
measure the effect of the atmospheric turbulence under diverseeweanditions.
This is mainly due to thei)( long waiting time to observe and experience
reoccurrence of atmospheric turbulence events, which sometimes eanetaks or
months, 1) the difficulty in controling and characterising the atmosphere
turbulence. Hence an indoor atmospheric laboratory chamber is desigtned g
ROF, smoke and atmospheric turbulence channel can be simulated undetecontrol
conditions. Therefore, specific measurements to investigate theseffe@OF,
smoke and turbulence on the propagating optical beam can be cautied@he
chamber offers the advantage of full system characterisatioasasedsment in much
less time compared with the outdoor FSO link, where it could takagatime for

the weather conditions to change.

In this chapter, the detailed description on the design of the labpettoospheric
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chamber is presented. Moreover, the methods to produce homogeneous fog and its
calibration to ROF and data acquisition for fog attenuation measureanent
explained. Methods to produce and control atmospheric turbulence are also
presented. The experimental results of attenuation of FSO communisgitems
operating at visible and near infrared (NIR) wavelengths (0.6 m< < 1.6 m) in

the controlled laboratory based fog environment are presented. Theés rasail
compared with the selected empirical fog models in order to valitete
performance practically from dense to light fog conditions. The resdlisate that

the fog attenuation is wavelength dependent fov afinges.

5.2. Atmospheric Chamber

A snapshot of laboratory based testlhed an atmospheric chamber to control and
mimic the ROA conditions is shown in Fig. 5.1. The block diagram of thenloba

is detailed in [162]. The atmospheric chamber is composed of seven commisrtme
each having air outlets for air circulation with built-in fans andntioeneters. Each
compartment has also a powerful internal heating source whichamhbination of

the powerful resistors and aluminium based plates fitted with fans to ntstwe
generate different intensity of hot air circulation inside chamBgmusing a number

of heaters and fans, it is possible to generate and control temperaturedinduc
turbulence within the chamber. The controlled temperature and theweladity
within the chamber can be readily controlled to mimic the outdaoosgiheric
conditions as closely as possible. The designed chamber allow to carrigeout t
outdoor FSO system characterisation and performance measurement vaieunsa

levels of turbulences without the need for longer waiting times asivibeuthe case
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in out-door FSO links. The complete parameters for the designed chamlupven

in Table 5.1.

Table 5.1. The chamber dimensions and the main parameter.

Parameters Value
Dimension 550x30x30 cm
Temperature range 20 - 80°C
Wind speed 4-5m/s
Fog machine HC 155 H, steamer
Smoke machine GT 400
Resistors 50 watt (rated), 1.2 k

The atmospheric chamber is used to control and simulate individualefifiedbg,
smoke and turbulence as necessary to mimic the ROA as far as possitfleg e
produced using a commercial water vaporising machine (water steait) 100%
humidity to mimic ROF [328]. Similarly, smoke is introduced to the atmasphe
chamber using a smoke generator at a rate of 0.94 m3/sec. Mots dettie fog

and smoke machine are provided in Table 5.1. The amount of fog injected into the
chamber is controlled by a number of fans and ventilation inlet/sutletchieve
different densities. Thus, allowing to manage the fog flux inside thenlmbia

homogeneously and control the visual contrast (transmittance) of the FSO link.
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Figure 5.1. A snapshot of an atmospheric chamber in the lab.

5.3. Calibrations of Lab Based Fog and Smoke to

Real Outdoor Fog

In [328], measurements show that the occurrence of fog starts whesldheer
humidity (H) of the real outdoor atmosphere (ROA) approaches 80 %. The density of
the resulting fog reaches 0.5 mgfdor H > 95%. Thus, under conditions of high
water vapour concentration, the water condenses into tiny water dropletdius 1

- 20 m in the atmosphere. It is possible to simulate fog in the lab bg\achiH

close to 95%. Hence, artificial generated steam fog is produced tic thienROF as

shown in Fig. 5.2.

Figure 5.2. The mechanism of artificial formation.
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In addition , to demonstrate the physical similarity of the lab basgdof ROF, the
ROF attenuation data from field experiments at Prague published in §8b6]
metrological institute, Czech Republic [266] are compared with theinglota
laboratory based fog attenuation data. The mean attenuation data from Brabge f
V <1 km and Nadeem et al, for< 0.6 Km shows a very good agreement with the
measured lab data at 0.83 um as illustrated in Fig. 5.3. This confiemghyisical

characteristics of lab based fog that resembles the ROF.

400 3 3 3 3 3 3 3 3 3
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Figure 5.3. Comparison of measured mean ROF attenuation for two field

experiments [5, 6] and the mean lab based fog attenuation data at 0.83 m.

However, to relate the steam fog to the other type of fog mentiar@hkapter 3, the
humidity should be approximately 100%. Steam fog is used in our lab based indoor
atmosphere chamber to evaluate the FSO in controlled fog chandiepiter 6 and
7. Smoke is simulated in the lab based atmospheric chamber by nnignittie
natural process using a smoke machine, in which a glycerine basiedi$ used to

create dry smoke particles.
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5.4. Controlled Fog Atmosphere

5.4.1. Homogeneous fog atmospheric channel

The time series analysis of ROF shows that due to the rigid andolerst changes
in outdoor FSO atmospheric conditions, the fog rather is very dgniansize and
heterogeneous along the length of FSO link [329]. Generally, duastdattt the

characterisation of the fog is based on the measured vis\Wbilky).

_Optical transmitter Optical receivef

ROF channel :

n

Laser diode

Figure 5.4. Real outdoor fog scenario, considering FSO link length of 1km.

However, as the real FSO link length can be greater than 1 Kimslnase, due to
the spatial heterogeneity of fog densities can vary from one positioemtd ®0
metres apart as shown in Fig. 5.4. In result to this, the measured fagattes,
along the FSO link and the correspondilg data using a visibility device
(transmissometer) at a fixed position can significantly fluctueden fthe actual
value. This effect can be observed in the measured data at 830 mo fogtevents

as in [88]. In order to minimize this error in measuxédseveral transmissometers
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can be used consecutively after few hundred meters [239]. However, this &pgroac
complex and is not cost effective to install for long link range B$ems. Thus,

the atmosphere chamber is a simple approach to control and produce homogenous
fog conditions to measur¥ using wavelength of 550 nm along the length of
chamber as shown in Fig. 5.5. Therefore, it permits to measure thesaigks of

fog attenuation corresponding to the acialong the length of the FSO link.

Aerosol

DC
Bias | Airqutlets 4 Data
- Acquisition

Power
meter

Figure 5.5. Block diagram of experiment setup to meagaleng the length of

FSO link.

The condition for achieving the homogeneity depends on a numbetaffderstly
the important condition for spreading is proper enclosure of thaldra Secondly,
to create different fog density vents are used along the chaRtbper spreading of
fog is very important to measure the ex&ctnd to make a good correlation of
corresponding measured fog attenuation for the transmitted waveesfghn FSO
system. The fog is distributed homogenously using a combination ofvitms the

chamber.
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However, using the atmosphere chamber under homogenous fog conditions, for very

small change in the movement of fog inside the chamber results a sighdiange
in B,at wavelength of 550 nm using (3.11). Hence, this can fluctuate the

corresponding measur&tivalues to more than 50 m from the actual values. This has
been compensated by increasing the path ldngthaser beam by creating multiple
reflections inside the chamber using mirrors as shown in Fig. 5.5. Figures 5.6 and 5.7
illustrate the theoretical verification using (3.11) that small $ifjnetuation in loss

(= 0.1 dB) of laser beam with no reflectidn £ 5.5 m) can cause significant change
in 3, at a given value 0¥ e.g, at 0.6 km (see Fig. 5.6). The corresponding change in

V can be 80 m in magnitude at 0.6 km as depicted in Fig. 5.7. However, byndoubl
the link distance using multiple reflectioris£ 11 m) inside the chamber, the effect

of small scale fluctuations is compensated as the range of loss is isd@2se dB

as shown in Fig. 5.6. This minimizes the chang¥ ia 25 m in magnitude at 0.6 km

as shown in Fig. 5.7. Hence, increasing the number of reflections can theéuce
small changes in th&¥ and consequently increases the homogeneity in the fog
channels to characterise fog attenuation with enhanced acciifayatmosphere
chamber facilitates predicting the fog attenuation at the lovgdsility (V < 100 m)
range due to the dense fog, which is not well defined and easily achievable
Moreover, in the best of our knowledge, there are no experimentahttable for

FSO links in diverse smoke conditions, which are common in urban areas.héhus, t
atmospheric chamber is used to carry out the outdoor FSO systemctehaation

and perform the measurement under a homogeneous light to dense fog and smoke

conditions.
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Figure 5.7. Visibility (km) versus the change in visibility (km), black (solid lise) i

realV for link rangeL = 5.5 m.
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5.5. Data Acquisition for Fog Attenuation

Measurements

A block diagram for the automated measurement and characterisstithe fog
attenuation in the atmospheric chamber is illustrated in Fig. 5.8 l{a)laboratory
test bed for the FSO link composed of an optical transmitterTgndn optical

receiverR,, an atmospheric chamber an optical and electrical modules is shown in

Fig. 5.8 (b).
Transmitter, T, , Receiver,Ry
~ Atmospheric chamber (
o ‘ | Fog control | ozl
Laser so power meter
DC
> -2 acquisition
Haloge 3| B (DAQ) )

Qmp Lens \

aserend (T,)

(b)

Figure 5.8. (a) The experimental setup to measure the fog attenuation andyyisibilit
and (b) the laboratory controlled atmospheric chamber and FSO link setup, and the
(inset) shows the presence of fog and the scattering of light in the atmospheric

chamber.
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Two different approaches have been adopted in the experimental work to
characterise fog and smoke attenuationa(number of individual laser sources at
wavelengths of 0.55, 0.67, 0.83, 1.31 and 1.55 pym with the average transmitted
optical powersPr of -3.0 dBm, 0 dBm, 10 dBm, 6.0 dBm and 6.5 dBm and an
optical power meter, respectively, anil) (@ continuous LS-1 tungsten halogen
source with a broad spectrum (0.36 to 2.5 m) and an Anritsu MS9001B1 optical
spectrum analyzer (OSA) with a spectral response of 0.6 to 1.75 m to capture the

attenuation profile.

Following (), the received optical pow®x without fog is measured for the reference
as well as for normalization at the optical receiRgrby using appropriate power
meter at each transmission wavelengths of 0.55, 0.67, 0.83, 1.31 and 1.:Baenra.
controlled amount of fog is injected into the chamber allowtinig uniformly spread
along the chamber. Time duration of 30 seconds was allowed for fog/smtkkepa
to settle down homogeneously within the chamber before the data acgUBHQ).
The next step is to measure the received optical pByweith fog, at a time step of 1
second for each wavelength. The normalized transmittance or Iessalailated
from the average received power with fog to the average reqeowveer with no fog.
The fog attenuatiorf3, (in dB/km) was measured using (3.12) corresponding to the
measured loss at each transmission wavelengths of 0.55, 0.67, 0.83,d11335gmm
from light to dense fog conditions. The likkwas measured along the length of the
chamber using (3.11) at 0.55 um and compare with the visibiligstioid. The
acquisition of the data is completed when the visibility is eguthe threshold value

(see Fig. 5.9).
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Figure 5.9. The block diagram for the measurement of fog attenuation and visibility.

The received optical power is acquired at the sampling rateset. This allows to

observe at very small scale changes in\trend the corresponding measurBq .

The measurel for the total time of the fog events are shown in Fig. 5.10.
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Figure 5.10. Time dependence of visibility within the FSO chamber.

The fog density in the chamber decreases with the passage ohtinerece thé/
increases. Figure 5.10 shows the maximito a range of 1 km using the wavelength
of 550 nm. However, the measured data has some large variationgsabd50 m.
This is due to the small fluctuations of (£ 0.1 dB) in the loss duleetarntovement of
fog while acquiring the data at 550 nm. The measured losses @B)van against
the calculated data as shown in Table 5.2. This shows that a sniatiionain the
measured loss will reult in significant fluctuation\afThe solution to this problem is
adopted by doubling the link distance for 550 nm by means of reflection ofttbal op
signal inside the chamber. This can lead to increase in theloatienuation and
therefore minimizing the changes in thedata (see Table 5.2). The measu¥ed
versus the total time of full event of fog after the reftetis compared and shown in

Fig. 5.10, which illustrates no big fluctuation f#ér> 45
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Table 5.2. Attenuation of 550 nm laser at given valuasfof L = 5.5 m and 11 m.

Visibility (m) Loss (dB) Reflection Loss (dB)

600 0.6768 1.3536
400 1.0152 2.0304
200 2.0304 4.0607
50 8.1214 16.2428

The analysis of data for the fog attenuation against therfudl ¢vent of fog at 1550
nm is shown in Fig. 5.11. The results show large peaks caused bylsotaation in

the measured loss. These peaks are removed by filtering therfer ¢gata due to
fluctuations from the real data. The average data is used and fiirendie is
computed from the mean value. However, as the data is contirahging, a
moving average is used in order to filter the peaks from thedagal The best
performance moving average was discovered for 50 samples. Figareows the
comparison of the real data with the moving average. Hence, tilaorain the fog

attenuation is further minimized by using the moving averaging filter.

24tk "By~ ------- — Measured dati
e e — - Movingave |

0 500 1000 1500 2000 2500
Time (s)

Figure 5.11. Measured attenuation against the time for full fog event at wateleng

of 1550 nm.
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Figure 5.12 (a) illustrates the difference between data with higtuitions and the
mean moving average data values after the moving average. Thendéfsrews
peaks of 6 dB and need to be filtered from the measured attenuation datah&sing t
far point criteria from the probability density function (pdf), theatiince is found to
be 0.7 dB.e.,the threshold value (see Fig. 5.12 (b)). As a result, the threshold value
is filtered for any peak value higher than 0.7 dB from the measured aitbendta

to make it much smoother.
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Figure 5.12. (a) Difference between moving average and data, and (bgmaHer

probability density function.

The measured fog attenuation after filtering against the meagsiigitity for a 1 km

range is depicted in Fig. 5.13. The measured non-filter attenuation data hasasignif
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fluctuations of the order of 20 dB. However, after filtering the data, theufitions in

the obtained attenuation data against the meaStaeel lowered (see Fig. 5.13).
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Figure 5.13. Comparison between filtered and non-filtered data at wavelength of

1550 nm under fog conditions.

Following (i) as described before in Section 5.5, the experiment was also carried
to measure the spectrum attenuation using a continuous LS-1 tungsten hglagen |
source with a broad spectrum from 0.36 to 2.5 m and an optical receiver R using an
Anritsu MS9001B1 optical spectrum analyzer (OSA) with a spectspbrese of 0.6

to 1.75 m as shown in Fig. 5.8 (a). An automatic data acquisition (DAQ) system is
developed by connecting the OSA to a computer using GPIB bus and LABVIE
control environment. In order to measure the fog effect for specttemuation, the
average received optical poweg is measured &, before and after the injection of
the fog into the atmospheric chamber. The normalized transmittinees
calculated fromPgr with and without fog. The attenuation spectrum is measured

corresponding to the measuréld from light to dense fog condition for all

wavelengths. The link/ was measured simultaneously wilj, along the length of
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the chamber using 0.55 um to ensure the maximum transmission to the human eye
Note that, the goal of the experiment is to characterise teauation, therefore,
having identical powers at different wavelengths are not essential. The ge@mdt

other losses were also not taken into account,foaisPr was measured both before

and after fog and smoke Rtto attain the wavelength dependent losses.

5.6. Experimental Performance of Fog Models

under Controlled Fog Channel

The measured fog attenuation (in dB/km) for the wavelength specf 0.6— 1.6
pm for the dense to the light fog conditions (0.015 k<1 km) is shown in Fig.
5.14. The experimental data shows that the received optical signal wdsanglyi
lower than the OSA minimum sensitivity f& < 0.015 km, hence no conclusive
measurement could be taken to explore the wavelength dependente: {01015
km. However, the measure optical power clearly demonstrates tratégiation
dependency on operating wavelength #r> 0.015 km. The fog attenuation
decreases from 232 dB/km to 216 dB/km from visibMIR spectrum aV = 0.100

km and from 83 dB/km to 75 dB/km ¥t= 0.27 km.
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Figure 5.14. The measured fog attenuation for the visibléR spectrum against
the visibility (km).

5.6.1. Dense fog conditions

Figure 5.15 illustrates the measured fog attenuation for the visMIR spectrum at
dense fog conditiond/(= 0.048 km), see Table 3.1. The measured fog attenuation is
notably higher at the visible range than at the NIR range for theed®g. The
comparison of the selected empirical fog models with the measpecdtrum
attenuation shows that Kruse model underestimates the fog attenuatiomdtieh
contradicts the measured data and showing wavelength independetiefagizon.
However, Naboulsi advection and convection models overestimate the meagured fo

attenuation for NIR range.
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Figure 5.15. Comparison of the selected empirical models with measured fog

attenuation (dB/km) from the visibleNIR spectrum a¥ = 0.048 km.

The Grabner model shows that the attenuation decreases linearly fromilbhe to
NIR range of the spectrum at a much slower sloop since it underestimathe
visible range. This model expresses the best fit over almost whoktigated band,
however overestimates the fog attenuation at the NIR spectrum atedeapiéigs.
5.15 and 5.16. Note that, a small discrepancy between indoor measured data from

visible to NIR range and outdoor fog model is expected.

5.6.2. Thick fog conditions

The measured fog attenuation for the thick fdg=(0.3 km) for the visible- NIR is
shown in Fig. 5.16. The measured fog attenuation for the visible rar@dB/km,

decreasing to 53 dB/km for the NIR range of the spectrum for the thick fog.Mdgwe
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the peak attenuation at wavelength range of 1.35-1.45 um is due to staterg
absorption which is consistent with the published results in [330], andochae
underestimated to fair comparison with previous mentioned models.offy@adson
of the selected empirical fog models with the measured specttenuation shows
that Kruse model underestimates the fog attenuation. Kim model stevetength
independent fog attenuation for thick fog. Naboulsi advection and camvecbdels
overestimate the measured fog attenuation for NIR range. Gralodet shows that
the attenuation decreases linearly from the visibMiR range of the spectrum and

best fits the measured fog attenuation form visible to NIR wavelenggje ra
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Figure 5.16. Comparison of the selected empirical models with measured fog
attenuation (dB/km) from the visibleNIR spectrum a¥ ~ 0.300 km.

5.6.3. Moderate fog conditions

Figure 5.17 illustrates the fog attenuation for the visibMIiR spectrum at moderate

fog conditions ¥ = 0.46 km). The measured fog attenuation for the visible range is
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42 dB/km, decreasing to 35 dB/km for the NIR range of the spedatumoderate

fog condition. The comparison of the selected empirical fog models tiwéh
measured spectrum attenuation shows that Kruse model underestimates the fog
attenuation. The measured fog attenuation for the visidldR spectrum is also
compared to the wavelength independent Kim model Wor 0.5 km. The
experimental results contradict the Kim model towards the visible réorgéhe
attenuation spectrum. Naboulsi advection and convection models underedtienate t
measured fog attenuation toward the visible range. Grabner model slsinvgaa
behaviour as Kim model at moderate fog conditions as the differetwedreKim

and Grabner model is almost negligible.
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Figure 5.17. Comparison of the selected empirical models with measured fog
attenuation (dB/km) from the visible to NIR spectrunvat 0.46 km.

5.6.4. Light fog conditions

The measured fog attenuation for light fag< 0.783 km) for the visible NIR is

shown in Fig. 5.18. The comparison of the selected empirical fog modelghei
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measured spectrum attenuation shows that the Kruse model underestimabgs the f
attenuation av ~ 0.783 km. Naboulsi advection, convection and Grabner models
overestimate the measured fog attenuation for the NIR rangbeofgectrum.
However, the measured attenuation spectrum is very close to Kim mntotlet a
0.783 km. This validates that Kim model is more realistic to use Wher®.5 km.

This model does not take into account wavelengths/fer0.5 km. However, the
experimental data and selected empirical models show that theabpéenuation is
wavelength dependent f&f < 0.5 km. This validates that Kim model needs to be
revised forV < 0.5 km to predict the wavelength dependent fog attenuation. The
wavelength dependent fog model based on the visibility data fromt¢igiegnse fog

atmosphere is presented in the following Chapter 6.
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Figure 5.18. Comparison of the selected empirical models with measured fog
attenuation (dB/km) from the visibleNIR spectrunV = 0.78 km.
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5.7. Controlled Atmospheric Turbulence Channel

There are two approaches that could be adapted to generated comdarbiiéence

inside the atmospheric chamber.

a). External heater and fans are used to blow hot and cold air in réetiat
perpendicular to signal propagation to generate the variation petatare and
wind speed ensuring a constant temperature gradient between theasultice
detector.

b).Each compartment has a powerful internal heating source inside aimdah

and a fan attached to its vent so that a very strong turbulence¢ edfede

generated as shown in Fig. 5.19.

Figure 5.19. The heating elements to create turbulence inside the chamber (one
plate). The electrical heater and fan are located below the metal plate.

The internal heating system consists of seven hotplates (700 x 270 x 5 mm;

aluminium), each with ten 50 watt (rated) 1.2 k resistors acting as the heating

elements as shown in Fig. 5.20. At the supply voltage (230 V A.C.),reastor
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produces 44 W of heat, giving 440 W per hotplate, and 3080 W for the whole
system. Each hotplate is electronically switched by a {daé rated), which is
controlled by a 5 volt signal via an opto-isolator. A temperature senacedob0

mm above the hotplate monitors the air temperature. The signallrems applied

to a thermostatic controller, where it is compared to a referevltage which sets

the control temperature. The thermostatic controller includes a 8dumparator,
which provides hysteresis in the temperature control. The circuitustadjto give

a hysteresis of £1°C about the set point. The output of this contbgpiied to

the opto-isolator, to control switching of the triac and the heatsigtoes. A fan is
provided to blow air through holes in the centre of the hotplate, to produce
convective circulation, thus enhancing the turbulence levels. Holeshatead of

the hotplate return this circulating air to flow under the plat @ast the resistors,

being reheated in the process.

Temperature
sensor O

Resistor S — Resistor
B ' Fan
15V D.C
e
|_ isolator o ‘230 V_Agﬁ _BUS
N
Vref 1
Thermostatic Display
control

Figure 5.20. The block diagram of heating elements in each block of chamber.
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5.8. Summary

This Chapter has described and detailed the design of indoor atmosphericrchambe
and methods to control and simulate individually such as fog, smoke and turbulence
as necessary to mimic the ROA as close as possible. Using the atmas$ineber,

V is measured using wavelength of 550 nm along the length of chamber to
characterise the exact value of fog attenuation correspondimgdsured visibility

(km). The obtained simulation results also show that by increasing the nofmber
reflection can experimentally reduce the small changes in the liysibnd
consequently increases the homogeneity in the fog channels to chaeadteyi
attenuation with enhanced accuracy. Using the atmosphere chambédogthe
attenuation at the lower visibility/(< 100 m) was possible to predict due to dense
fog. The atmospheric chamber could be used to carry out the outdoor B&&6 sy
characterisation and perform the measurement under a homogeneans fagoke
conditions. Different approaches to generate and control turbulence inside the

atmospheric chamber were also presented.

This Chapter has also outlined the experimental data of fog attenira#&0O for
visible to near infrared (NIR) wavelengths (0.6 m< < 1.6 m) from dense to light
fog conditions. The obtained experimental results were compared withl¢ctede
empirical fog models in order to validate their performancactprally. The
experimental results showed that the fog attenuation is waveleeggmdient for all
the visibility V ranges except whevi < 0.015 km contradicting the Kim model. The
resultant fog attenuation decreases linearly from the visitldR as predicted by

Kim model forV > 0.5 km, however, contradict the Naboulsi model except for

137



selected wavelengths. The Grabner model did not fit the experintatgaas the
visibility increasing to > 0.5 km. The experimental data has vatiddtat Kim
model is more realistic to use wher» 0.5 km. This model did not take into account
the wavelength fo’vV< 0.5 km. However, the experimental data and selected
empirical models have showed that the spectral attenuation is wahetlpgndent

for V< 0.5 km. This has validated that the Kim model need to be revis&tf@r.5

km in order to predict the wavelength dependent fog attenuation.
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Chapter 6

Modelling of Fog and Smoke

Attenuation

6.1. Introduction

In thick fog condition ¥ < 0.5 km) the FSO link failure is high due to the scattering
and absorption of propagating optical beam, which is not desirable by thesensd
[331-333]. As a result the study of the relationship between the atmospbergols
and FSO wavelengths for thick and dense fog conditions are importarder to
enhance the FSO link design and therefore improve the link availdhifify 152,
334]. However, due to the difficulty of measuring the particle dgmsitl shape of
the aerosols in the atmosphere, measuremeviti®the most common technique to
characterise the fog attenuation in FSO links. [335-337]. Currently,ntbst
accepted methods to measés based on the proportional amount of scattered

light captured by the optical receiver at certain angle. Howerether approach to
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measure th& is to estimate the total loss at peak wavelength of 0.55 pum in visible
spectrum [338, 339]. Determiningfrom CCD images based on the edge detection
of various distant objects in the image is an alternative technique thdtelea
employed to complement the visibility measurement at airports [3#@hid chapter
both techniques are compared and experimentally evaluated in a didinchder
atmospheric chamber that enables us to characterise the atmospipemnd fsmoke

in the FSO link.

The main objective of this chapter is to provide a complete analyslsttze
verification of the enhanced visibility measurements for FSO underobeneous

fog conditions. A new empirical model is proposed to evaluate the wavelengt
dependent fog and smoke attenuation by reconsidering ¥iakue as a function of
wavelength rather than visibilitysing the measured attenuation spectrum data, the
recommendations for the best wavelengths are provided that could be adopted
links under fog conditions. The new proposed fog model is also compared to
selected empirical models and the measured continuous attenuation speatnum f

the visible- NIR in order to validate the laboratory-based empirical model.

This chapter is organized as follows: Enhancement in atmospheric wsibilit
measurement is outlined in Section 6.2, whereas the comparison of field and indoor
measured visibility is explained in Section 6.3, fog attenuation measoterare
presented in Section 6.4, smoke attenuation measurements are analyeetiom S
6.5, empirical modeling of fog and smoke is introduced in Section 6.6, comparison
of the measured visibility and attenuation data with the proposed model is

investigated in Section 6.7, where as the, comparison of the model with the
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attenuation spectrum measurements are presented in Section 6.8. The ysafmmar

the chapter is presented in Section 6.9.

6.2. Enhancement in Atmospheric Visibility

Measurements

Two cost-effective methods are used to develop a system of visihgiggurement
in an indoor environment, which are based on using a camera and a dasea

outlined below.

6.2.1. Using CCD method

Theoretical approach is inspired from [87, 341], in which visibMtis defined as a
range where a contrast raty between ideal black and white targets is reduced to
value of 2%. Therefore, a similar approach has been used in the ladh base
experiment using a CCD camera (model GE X5, 14 megapixelbgipresence of

two optical links at 0.83 um and 1.55 um. Figure 6.1 shows an experimentalosetup

measure visibility using the CCD camera.
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Figure 6.1. CCD camera fog measurements snapshots with light (left) and dense

(right) fog conditions, both at the atmospheric chamber.

A black and white target is placed at the receiver, the pictitrewt fog is on the
left (C, = 0.9447) while with fog with a reduced visibility is on the rigkt £
0.1703). HereC is the ratio of contrast measured with fog to intrinsic coniggst

without fog.

The normalizedC/C, between the black and white areas was computed by measuring
the luminance of the white, and black_, parts of the target before and after the fog
event as in [87]. The contrast is defined by the following relation:

L, - L
L, +Lp

(6.1)

For the fog based channék is defined as the ratio of contra&imeasured with fog
to intrinsic contras€, without fog along the length of the channel given by:

<
c

o

C = (6.2)
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Therefore,Vis the visual range wher€r drops to the visual thresholly, of 2%
along the propagation path (km). Using Koschmieder relation [342] and Beer-

LambertBoguer’s law, V is given by [343]:

L. (6.3)

Note that, the contrast ratio of black and white background is measaredhe
pictures before and after the fog and postprocessed using Matlab. Thenfunc
imread()is used to decompose every pixel of a picture to a RGB component in an
interval of 0 to 255. The standard conversion from RGB to XYZ component is
completed using the following equation:

C=0.21R+ 0.715% + 0.072B. (6.4)

6.2.2. Using laser diode

Link visibility i.e., the meteorological visual range) is also measured by using an
optical source at 0.55 pm to characterise the fog as illustratad.i6.2.V (km) is
the distance to an object at which the visual contrast of an object dr@@s abthe
original visual contrast (100 %) along the propagation path [31enc Héffice) can
be calculated in terms of the measured fog attenuation coeffs, amd Tygat 550

nm wavelength using (3.11).

143



L=55m

830, 1550 ry/ @D -
Laser*// ° o

550 nm

Las e - =
e*}; .lt—og p'artfcles o

Figure 6.2. The experimental set up to measure fog attenuation and visibility.
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The 2% visual threshold value is adopted here in order to follow the Kostdmmie
law as opposed to the airport consideratiofeE 5%. The attenuation due to fog

and normally expressed in terms of transmittance using Beer- Lambert [288§s [

10l0g,(T)

Br=""343

(6.5)

We measured3, using (6.5) corresponding to the measured transmitfaate&50

nm using an appropriate power meter under the lab based controlled fsphére

as shown in Fig 6.2. The visibility is evaluated using (3.11). However, the
attenuation (dB/km) of the FSO link at wavelengths of 830 nm and 1550 rsois a
carefully measured simultaneously with Meneasurement using the setup shown in

Fig 6.2.

6.3. Comparison of Field and Indoor Measured
Visibility
Fog is a random dynamic atmospheric phenomenon and the probability of

occurrence of the dense in the real outdoor atmosphere is very low.Filjustrate

the typical measured distribution ¥ffrom two field experiments at the Newcastle
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airport, UK and Milesovka Hill, Czech Republic over a year and is cadparthe
average data generated from two experiments over one hour time pengadansi
atmospheric chamber. The miniminachieved from the data at Milesovka and the
Newcastle airport are 33 m and 50 m for probabilities of 0.1% and 0.01%,

respectively. However, using the indeor

10°F
t| == = Newcastle
[| = = Milesovka /
| — Lab /
=~ )
; 50 m for 0.01/0( 33mforl %
=2 2L i
5 10 ~33mfor0.1% /4 :
= -
>
101 3 M M ----ul2 M M ----ul1 M M ------IO M M ---u-l1 2
10 10 10 10 10 10

Probability (%)

Figure 6.3. Comparison of the measured visibility for outdoor and atmospheric

chamber.

atmospheric chamber in the lab controlled environment, a very denseridgion
with V = 33 m for 1% of the time are achieved, which demonstrates the pdopose
indoor chamber capabilities to replicate outdoor dense fog field domdlitions

without waiting for a year.
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6.4. Fog Attenuation Measurements

Figure 6.4 shows plots for the concurrent measiead the fog attenuation (in
dB/km) at 0.83 um and 1.55 um using CCD and a laser diode at 0.55 pm. Kim
model is compared with the experimental data in order to validate the accuraey of t
experiment in the atmospheric chamber. CCD technique shows highercgcioura

V< 0.05 km and the laser technique for the range >0.1 km. Therefore, these
techniques allow enhancement of the characterisation of an FSO Ithicknand
dense fog conditions. The measuiMdising both methods, is in good agreement
with Kim model. This validates the accuracy & measurement and the

corresponding fog attenuation when using an indoor atmospheric chamber.
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Figure 6.4. The characterisation of measured visibility and fog attenuati@n usi

Attenuation (dB/km)

10

CCD, laser diodes and Kim model.

The logarithmic plot of the measured average fog attenuation (in dBagamst the
measuredV for 0.67 um and 1.55 pm wavelengths are shown in Fig. 6.5. The

measured attenuation is notably higher for 0.67 um than at 1.55 um foivéme
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visibility range (0.032 km &/ < 1 km). There is an attenuation difference of 50 dB/
km, 10dB/ km and 7 dB/ km &t of 0.048 km, 0.103 km and 0.5 km, respectively.
The measured attenuation is wavelength dependent at 0.67um, and 1.55 pen for t
dense fog condition,e., V< 0.5 km. The measured attenuation at 0.67 um is higher
than at 1.55 um fo¥ < 0.5 km, contradicting the wavelength independency of Kim
model. The experimental results show the wavelength dependency dtieiogasion

on the selected wavelengths Y6k 0.5 km.
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Figure 6.5. The measured attenuation (dB/ km) and visibility for fog.

6.5. Smoke Attenuation Measurements

Figure 6.6 depicts the average smoke loss for dense to light smoke deosities f
entire smoke event for a link length of 6 m. The measured smoke losseat ti
interval of 11 minute is 0 dB prior to the injection of smoke. Thug,=atl, the loss

is zero. However, after the injection of smoke into the chamber andiraildive
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smoke to settled homogeneously (for about one minute), the measured losses were
27 dB and 7 dB at dense smoke for 830 nm and 1550 nm, respectively for the link
length of 6 m. The optical loss continues to decrease with time asrtbke is

dispersed and in the chamber is finally free from smales T = 1 for both the

lasers).
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Figure 6.6. Comparison of the measured average loss at wavelengths of 0.83 and

1.55 um under the laboratory based controlled smoke.

Furthermore, logarithmic plots of the measured attenuation of smoldB(itkm)
against thev for 0.83 um and 1.55 um wavelengths are depicted in Fig.6.7. The
experimental result clearly demonstrates the dependency of trelewgth on the
resultant smoke attenuation evenMfis below 0.5 km. In general, the smoke
attenuation difference is more than the fog attenuation. For smekaviérage
attenuation difference between 0.83 um and 1.55 um are 108 dB/ km,K23 alii

8 dB/ km atV of 0.07 km, 0.25 km and 0.5 km, respectively as illustrated in Fig.
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6.8. This depicts that selection of 1.55 um is more favourable in the fogreoice
channels for the dens¥ & 0.07 km), thick ¥ = 0.25 m) and the moderate fog and

smoke ¥ = 0.5 km) conditions, respectively.
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Figure 6.7. The comparison of the measured smoke attenuation (dB/ km) for 0.830
and 1.55 um for the FSO link length of 1 km.
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Figure 6.8. The average attenuation difference between 0.83 and 1.55 um as a

function of measured visibility (km) for FSO link length of 1 km.
149



6.6. Empirical Modelling of Fog and Smoke

The attenuation due to the scattering and absorption is highly dependentsaethe
parameteq, recalling (3.4). However, Kim had also defined the valug fof fog in
[261], which describes the wavelength dependency of the fog atemuaid the
type of scattering. Values gfare -4, -1.6 and 0 for Rayleigh scatteringc€ ), Mie
scattering I( ~ ), and geometric scattering ¥> ), respectively [253]. In order to
predict a suitable model for the attenuation of fog and smoke based on edeasur

data, the following is carried out.

Table 6.1. Values df obtained for different wavelength from measured fog and
smoke attenuation data.

For Fog
Wavelength-pm q R°value  RMSE
0.6 0.002 0.9670 0.1950
0.8 0.020 0.9850 0.1400
0.9 0.030 0.9846 0.1470
1 0.045 0.9827 0.1560
1.1 0.050 0.9813 0.1620
1.2 0.070 0.9803 0.1590
1.3 0.093 0.9802 0.1690
14 0.105 0.9800 0.1750
15 0.130 0.9760 0.1760
1.6 0.135 0.9751 0.1890
For Smoke

0.55 0 0.9985 0.0467
0.67 0.100 0.9680 0.2000
0.83 0.180 0.9220 0.3100
1.31 0.580 0.9121 0.2100
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Values ofqg are obtained for individual wavelengths from 0-60.6 pm, respectively
by using the empirical curve fitting method with a reference {eageh of 0.55 um,
see Table 6.1. The values of the root mean square error (RMSEf eoufirm that
the curve fitting is in a good correlation with the measured datddth fog and
smoke. The value afis found to be within 0 to 0.6 for fog and smoke indicating the
predominance of the Mie scattering~ ). This verifies that in ther (~ ) region for
the dense fog condition, tlevalue is the function of wavelength not the visibility.
The plot of predictedy values against the wavelength and the curve of best-fit
against a wavelength range of 8.8.6 um for fog and smoke conditions are shown
in Figs. 6.9 and 6.10, respectively. The best curve fit satisfied the (GV)Rfand
RMSE values of 0.9732 and 0.0076 for the fog and similarly for the smoké=fvith

and RMSE values of 0.9797 and 0.0497, respectively:

(6.6)

)= 0.1428.-0.0947  Fog
TN =10846m - 05212 Smoke
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Figure 6.9. The predicteglvalue and linear curve of best-fit against wavelength for

fog.

The new proposed model for the prediction of the attenuation due to fosyrene

can be presented as:

17 A q(r)
B (dB/km) = W[ZJ , (6.7)

where, the wavelength with a range from 0.55 m < < 1.6 um is valid for th&/
range of 0.015 km & < 1 km. The function folg( ) for the fog and smoke is
expressed in (6.7). The experimental data shows that a$) for the very dense fog
conditions, the received optical signal is significantly lower than tBA& @inimum
sensitivity atV = 0.0135 km. This fact validates that the measurements below 0.015
km are not very practical to show the wavelength dependent fog attenudtus,

validating the model for th& range of 0.015 km ¥ < 1 km.
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Figure 6.10. The predicteglvalue and linear curve of best-fit against wavelength for

smoke.

6.7. Comparison of the Measured Visibility and

Attenuation Data with the Proposed Model

Figure 6.11 shows the logarithmic plot for the measured fog attenuagainst the
concurrentV data for the selected wavelengths of 0.67, 0.83, 1.1, 1.31 and 1.55 pm
for modified and Kim fog models. The logarithmic plot of the attenuationecur
obtained from the proposed model defined by (6.7) and the comparison with the
measured data shows a good agreement. However, comparison of the Kimtmodel a
= 1.55 pm with the measured data #r< 0.5 km show that the model over
estimates the fog attenuation. This is because Kim model does not takecotmt
the wavelength to estimate the fog attenuation. However, Kim niibsievell with

the experiment data fo¥ > 0.5 km (see inset Fig. 6.11). This indicates the
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dependency of the fog attenuation on the wavelength.

Figure 6.12 displays the logarithmic plot for the measured smoke attenuadiostag
the concurrenV data for the selected wavelengths of 0.55, 0.67, 0.83, and 1.31 pum.
Comparison of the proposed smoke model shows a good agreement between the
measured data for the selective individual wavelengths. This cleailsates the
dependency of attenuation on the wavelength. The plot shows a differebfe of
dB/km is observed between 1.31 and 0.83 um for the dense smoke condidion (
0.07 km), with progressive reduction in the attenuation difference for tmdk a
moderate smoke conditions. Thus, clearly indicating suitability of NIR Magts

at the dense smoke condition. The proposed model, where the avditdite needs

to be considered instead of the liquid water content (LWC) and thelpaddius, is

a simple approach using (6.7). It is most suitable for the FSO link badghfsis in

the urban area where fog and smoke are more likely to occur all year round.
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Figure 6.11. Real time measured fog attenuation versus visiMlityl(km) and

curves of modified fog and Kim models for different wavelengths.
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Figure 6.12. Real time measured smoke attenuation versus visi¥ifityt km) and

curves of smoke model for different wavelengths.
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6.8. Comparison of Model with Attenuation

Spectrum Measurements

6.8.1. Fog

The measured fog attenuation (in dB/km) for the very denseMoeg@.05 km) for

the visible— NIR spectrum under test (SUT) is shown in Fig. 6.13 (a). The measured

attenuation for the SUT at the very dense fog conditibn 0.05 km) displays three

possible attenuation windows) (0.60 m — 0.85 m, which has an attenuation

range of 375 dB/km- 361 dB/km with the peak attenuation of 382.4 dB/km at 0.72
m, (i) 0.85 m - 1.0 m, showing a lower attenuation (360 dB/km) at 0.830 m

than at 0.925 m with a peak attenuation of 383.6 (dB/km). However, at 0.940 m

the attenuation has a lower peak value of 354 dB/km, @ndl) m -1.55 m,

with an attenuation range of 360 dB/km323 dB/km. Results show that 1.33 m has

a higher attenuation peak of 38B/km than the 1.05 m with an attenuation dip of

347.6 dB/km. However, 1.55 m has the lowest attenuation of (324 dB/km) in a very

dense fog a¥ = 0.05 km.

Table 6.2 shows the possible wavelengths with the minimum fog attenuatimiesuit
for use in FSO links. The behavior of the attenuation spectrum is almastrtteefor
V = 0.3 km with the maximum attenuation of ~ 59.5 dB/km to 53.5 dB/km for 0.6

m and 1.55 m, respectively (see Fig. 6.13(b)).
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Table 6.2. The suitable possible wavelengths to operate in the foggy channel,
measured & = 0.048 km.

Wavelength Window Peak Suitable
windows attenuation attenuation wavelengths
(um) (dB/km) (dB/km) (um)
0.6-0.85 375-361 382.4 0.830
0.85-1.0 361- 360 383.3 0.940
1.0-1.55 360- 323 57.0 1.55

Table 6.3. RMSE and SD values between the measured attenuation and the

estimated using fog and smoke models.

Models
Kim Kruse New proposed model
Fog,V =48 m (Fig 7 a)
RMSE 16.2465 44.4926 16.5137
SD 16.1316 8.0221 5.0157
Fog,V =300 m (Fig 7 b)
RMSE 2.3473 13.3434 3.8009
SD 2.3048 3.7834 2.0378
Smoke,V =185 m (Fig 8 a)
RMSE 26.5577 10.3355 3.4382
SD 15.8700 5.8027 2.4107
Smoke,V =245 m (Fig 8 b)
RMSE 19.3016 6.9398 3.9225
SD 11.8443 3.6034 2.4021

The proposed model is experimentally verified for SUT using the atedrindoor
chamber for fog and smoke. The proposed model is also compared with selected
Kim and Kruse models, which are widely used in the literature falocoutFSO

channels. Kim model & ~ 0.05 km and 0.3 km shows that the fog attenuation for

157



SUT is wavelength independent contradicting the experimental daiae Kknodel

underestimates

6.13 (a) and (b)

the fog attenuationvat 0.05 km and 0.3 km for SUT (see Figs.

). However, the new proposed fog model shows a close icorrelat

for SUT. This verifies that the proposed model follows the profile ofsorea fog

attenuation more precise than both Kim and Kruse model$4ad.5 km.

T T T T T T T T T
— 380
£
=<
[0
) 360
c
.g 340
©
=]
S 320
= Measured N~ Tes.
< —_— S
300 Kim model S~ i
= Kruse model T —
==== proposed fog modél T
280 I I I I I
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
Wavelength gm)
(a)
65 ] T ] T ] T ] ] T
= -
kv
~
m
E »
c il LI e
S5 N Staeeiil T
© ~ ~aal
= ~
[ 45 N
= Measured .
< = Kim model -~ ~—
40 o T
Kruse model ~— .
==== Proposed fog model T—
35 I I I I I
06 07 08 09 1 1.1 12 13 14 15 16
Wavelength im)
(b)

Figure 6.13. The measured fog attenuation (dB/km) from the visiRI® spectrum

and the comparison with the selected empirical models (&)#d0.048 km, and (b)

for V=0.3 km.
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The RMSE values for Kim, Kruse and the new proposed fog models from the
measured attenuation are shown in Table 6.3. The RMSE values are 2.3473, 13.3434
and 3.8009 from the measured attenuation; and the standard deviation (SD) values
are 2.3048, 3.7834 and 2.0378, respectively at300 m. The RMSE and SD values

of the attenuation spectrum from visibleNIR range shows a better agreement
compared to RMSE and SD of published data for ROF at individual wetbte

[338, 345].

6.8.2. Smoke

In the case of smoke, the measured smoke attenuation (in dB/kfm}y 8t185 km

and 0.245 km for SUT is depicted in Fig. (6.14). The resultant smoke attenatation

V = 0.185 km is almost 90 dB/km for the visible range and drops to 43 dB/km at the
NIR range of SUT, see Fig. 6.14 (a). A similar behavior of the sratikauation is
observed alv = 0.245 km with the attenuation of 70 dB/km at the visible range
decreasing to 33 dB/km at the NIR range of SUT, see Fig. 6.14 (b)ndhe
proposed smoke model is also compared to Kim and Kruse models for the smoke
attenuation. Kim model overestimates the measured smoke attenuation and shows
wavelength independent attenuation fér< 0.5 km. However, Kruse model
underestimates the smoke attenuation for l7< < 1 um and overestimates the
smoke attenuation for 1. m < < 1.6 um (see Figs. 6.14 (a) and (b)). The new
proposed model fits the experimental data showing a close correlaitionthe
measured smoke attenuation spectrum, thus verifying the validityeoproposed
model for smoke conditions in the visiBleNIR SUT range. The model is definitely

better than the other models in predicting the smoke attenuation batpredicting
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the fog attenuation.
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Figure 6.14. The measured smoke attenuation (dB/km) from the wisiii®
spectrum and the comparison with the selected empirical models {a¥0r185

km, and (b) foV = 0.245 km
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6.9. Summary

In this chapter, two methods to characterise the fog attenuatiogrnrs tof the
atmosphericvV in FSO communications have been analysed and compared. Both
methods were based on the real time measurement of fog ba¥adsimg a charge
coupled device (CCD) camera and a visible laser-diode at th5Methods have

been evaluated in a laboratory controlled FSO atmospheric chambetiog at
wavelengths of 0.83, 1.31 and 1.5h and over a continuous spectrum range of 0.6

to 1.6 m. CCD technique has showed a great accuracy for V< 50 m and the laser
technique for the range beyond 100 m, thus allowing enhancement of the
characterisation of FSO links in thick and dense fog conditions. Thisaagcig
essential when implementing and installing real-time low &bstystem where
accuracy and early response are cruei@, road surveillance, airport security, local

weather applications.

Moreover, a wavelength dependent model for fog and smoke channels has been
proposed, which is valid for the visibleNIR range for theV range of 1 km. The
experimental results have also showed the most robust wavelengths windows (0.83,
0.94 and 1.55 um) that could be adopted for fog conditions in order to minhmeize t
FSO link failure. Furthermore, to validate the behavior of the propesgarical

model for selected wavelengths, the proposed model has been comparedewith t
continuous attenuation spectrum for the same fog and smoke conditions awd it w
found that the attenuation is almost linearly decreasing for both chsisshas
verified that the proposed model follows the profile of measured tieguation

more precise than both Kim and Kruse models/er0.5 km.
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Chapter 7

BER Performance of FSO under

Controlled Fog Conditions

7.1. Introduction

The constitutes of atmosphere particularly fog severely hinderSegerformance

by the scattering and absorption of photon energy [162, 346, 347]. This consequently
leads to the reduced received optical power hence increasing émobitate (BER)
performance [348-350]. Dense fog can potentially increase the BieRefore
interrupt the high data rate FSO link to achieve the availabilityfived nines,
99.999% [351-353]. A number of research works investigating the effecgafrfo

FSO systems have been reported. These are mostly focusing on theamesnt of
attenuation and channel modelling [354-358]. However, some research work on the
BER performance of an FSO link in fog is reported in [359] whictretates the
atmospheric transmission with the BER. However, this work does not study in

details the atmospheric transmission characteristics of the fog chlayngding
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different modulation schemes and increadiag to improve the BER performance

of an FSO link.

In this chapter, the experimental work has been reported to test agdtentine
effect of fog by employing power efficient modulation schemes different Pop..
Here, an alternative approach is used to evaluate the BER peréermathe FSO
link under different fog environment using the real time domain and postgsing
of the received signal eye diagrams. The transmittdnae well as the SNR].¢.,
the Q-factor) is measured for different modulation format and also bgasingPop:

for light-to-dense fog densities.

The system performance is theoretically and experimentallgluated for
OOK-NRZ, OOK-RZ and 4-PPM formats for Ethernet line datasrétem light to
dense fog conditions. The theoretical and experimental results incheaté-PPM
signalling format is the most robust to the fog attenuation effects@iaa due to

its high peak-to-average power ratio at the expense of doublingatfuevizith and
increasing the system complexity. The link availability at demge (I = 0.33)
condition by maintaining a BER of PqQ-factor 4.7) is achievable using 4-PPM
than OOK-NRZ and OOK-RZ modulation schemes. The effect of fog on OOK-NRZ,
4-PAM and SIM- BPSK is also experimentally investigated. In comparison t
4-PAM signal, the BPSK and OOK-NRZ modulation signalling format racee
robust against the fog effects. The comparison shows that in dense fogocmnditi
PAM scheme does not achieve BER values lower th&ndthe other hand OOK-

NRZ and BPSK schemes overcome that valued f00.33.
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Moreover, the effect of using different average transmitted optaralhranication
powerPqp 0N the transmittance and the receig@éactor for OOK-NRZ modulation
scheme is also studied for light and dense fog densities. The results sh&8@ha
system operating &-factor of 4.7 (BER = 18), the required-factor is achieved at

T of 48% under the thick fog condition by increasig: to 1.07 dBm, whereas the
values ofT are 55% and ~70% for the transmit power of 0.56 dBm and -0.7 dBm,

respectively.

7.2. Bit Error Rate Evaluation in a Controlled Fog

Channel

The performance of an FSO system is determined by the receN@dvith respect
to the total noise at the fixed or optimum threshold level. Considering7Fig
which represents the received eye diagram of the digital sagidaits corresponding

Gaussian distribution ahe received signal current for bit ‘0’ and ‘1°[360].

3 : . : .
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Figure 7.1The eye diagram and the distribution of bits ‘0’ and ‘1’ for BER

evaluation in fog.
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The bit error rate (BER) is then given by:

BER= P(0)P (I/0) + P(1)P(1/0), (7.1)
where,P (0) andP (1) are the probabilities of receiving bits ‘0’ and ‘1’, respectively.
Since the probability of occurrence @teiving bits ‘0’ and ‘1’ is equally probable,
thusP (0) =P (1) = 1/2. HereP (0/1) is the probability of deciding ‘0” when ‘1’ is
received andP (1/0) is the probability of deciding ‘1’ when ‘0’ is received and are

given by (7.2) and (7.3), respectively [361]:

(- 1 P P
P(0/1)= ! _Gl ;{ 201 J Eerfc{—%ﬁ] (7.2)

1 (I-15)%), 1 L =1
P(1/0)= I{h — exr{—ngdl _Eerfc{cho—ﬁ], (7.3)

(o]

AssumingP(f) andP(o) are the powers of the received optical signals in the cases of
with and without fog, respectively, the transmittan€e (s then given by the Beer

Lambert law [172] as:

_P(f)
Pu—wmm) (7.4)

wherelL is the propagation length. However, in order to correlateQH@ctor and
resulting BER of the received signal for a range of measUnemlues for different
fog conditions inside the atmospheric chamber,QHeactor at the receiver without

fog can be estimated as:

-1,
Q= T(o +0 j (7.5)

whereT, is the maximum transmittance and is equal to the uhitgndl, are the
average ekected signal current for bit ‘1’ and ‘0’ where as ,and ; are the standard

deviation of the noise values for bit ‘1’ and ‘0’. However, in the scenario with fog
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and assuming that the ambient noise level does not change with fog ,diresdy
factor can be approximated as:

Qrog = TrogQ - (7.6)
For the non-return to zero on-off-keying (OOK-NRZ) data formisth the intensity
modulation and direct detection scheme, the BER expression for OOK-NiRZ&is

by:

21 Qiog
BER= 2erfc{ 7 J (7.7)

To measure thBERperformance in different levels of foge., from light to dense

fog conditions. The characterisation of the fog has been carridolyaedating the
measuredi,g wWith theV (km). The transmittancd, of the input optical signal at the
optical receiver Ry) is related to attenuation due to fog using (6.5). Hence, the

visibility V is evaluated for a range ®f4values, see Table 7.1.

Table 7.1. Measuretland related visibility values at 830 nm.

Fog Dense Thick Moderate Light
V (m) <70 70- 250 250-500  500-1000
Tiog <0.33 0.33-0.72 0.72-0.85 0.85-0.92

7.3. Experimental Setup for BER Measurement of
FSO Communications under Lab-controlled

Fog

The block diagram of FSO link for the BER performance analysis inlahe
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controlled fog environment is shown in Fig. 7.2. In this setup, the transmalsig
could be generated by an arbitrary waveform generator (AW®) different
modulation formats and amplitude levels. The signal is used to directly nedula
laser diode which has a wavelengttof 830 nm and the maximum optical peak
transmitted powePr achieved is 10 mW. The AWG is used to generate stream of
2'3-1 pseudo random bit sequence in OOK-NRZ, OOK-RZ and 4-PPM formats. The
baseline data-rate for OOK-NRZ, OOK-RZ and 4-PPM is 12.5 Mbit/s, which
corresponds to the Ethernet 10BASE-T LAN data-link with the 4B5B codimggfor
Note that, the PRBS length ot2L bits is based on the IEEE 802.3 Ethernet data

standard for an average frame length of around 600 bytes.

In another experiment, OOK-NRZ, 4-PAM and SIM-BPSK signalsgamerated

with a pseudorandom binary sequence (PRBS) of lerfdth iits. The baseline data
rate of the OOK-NRZ, 4-PAM and SIM-BPSK is selected 5 Mbit/s@@K and
BPSK, and 5 Mbaud/s 4-PAM signals. The implementation of each signalling
schemes has taken account the equivalence on the bit-rate, the sigaabpdwhe
bandwidth to ensure that fair system performance comparison is achidwed. T
modulating signal amplitude has been set to 100 mV peak-to-peak (corregptndi

Popt Of -1.32 dBm) for all the modulation schemes in order to achieve a fair
comparison. The intensity modulated optical beam propagates through the
atmospheric chamber and is detected at the optical receivedeTdiked description

of controlling homogenous fog in the atmospheric chamber is proved in Section 5.2.
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Figure 7.2. Block diagram of experiment setup@efactor evaluation in fog.

Table 7.2. Main parameters of the FSO used in the experiment.

Transmitter (Laser + AWG)

Operating wavelength 830 nm
Average optical output powet 10 mwW
Laser modulation deptim 20%
Laser 3-dB bandwidth 50 MHz
PRBS length 2131 bits
Baseline data-ratd=j 12.5, 25 Mbit/s
Modulations formats OOK-NRZ, OOK-RZ,

4-PPM, 4-PAM, BPSK

Maximum signal amplitude 500 m\,.p

Receiver side (Photodiode + Lens)

Lens focal length 20 cm

Lens diameter 3.4cm

Photodetector responsivity 0.59 A/W @ 850 nm

Photodetector active area 1 mnf
Photodetector half angle view + 75°
Electrical filter at receiver 0.75*R|Hz
Transamplifier (1C) AD8015
Receiver sensitivity -34 dBm

(at 25Mbps & BER = 19)
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At the receiver side, both the average received optical pdwgrt@ measure the
transmittance 1) and the Q-factor of the received signal are simultaneously
measured for different fog conditions., from low to high visibilities. The optical
signal is received using a photodiode followed by a wide-bandwidth trpedance
amplifier are employed to recover the electrical signal. Ataligtorage oscilloscope
is used to capture the signal and to measur®tfector. A T order low pass filter
with a cut-off frequency of 0.79®| Hz is used to reduce noise, wh&e 1/T andT

is the minimum pulse duration. The main system parameters used xpgrareent

are summarized in Table 7.2.

7.4. FSO Link Performance for Different

Modulation Schemes in Fog Channel

7.4.1. Using OOK-NRZ, OOK-RZ and 4-PPM

The BER performance of OOK-NRZ, OOK-RZ and 4-PPM modulation ftema
based FSO system is investigated by measurin@ifaetor corresponding to the

at the wavelength of 830 nm using (7.6). Figure 7.3 illustrates theimegomal Q-
factor and the BER performance for OOK-NRZ, OOK-RZ and 4-PBivhats for
data rate of 12.5 Mbit/s at different valuesTofinder homogeneous fog conditions.
The modulation voltage of 100 gy for OOK-NRZ is used corresponding gy of
-1.32 dBm. However, the average optical transmitted pokelis maintained
constant for all signaling formats. This implies that the amplitedel$ and the
time-slot duration of OOK-RZ and 4-PPM are twice and half thaDOK-NRZ,

respectively. The results show the experimental data (dots) followlycltdse
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theoretical prediction (for all modulation formats) using (7.6). guB shows that
4-PPM followed by the OOK-RZ signaling format offers the lig$actor compared
to the OOK-NRZ irrespective of the value ©f this is due to the high peak-to-
average power ratio. The link availability at dense fog(0.33) by maintaining a
BER of 10° (Q-factor 4.7) is achievable using 4-PPM than OOK-NRZ and OOK-

RZ modulation schemes, following (7.6).
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Figure 7.3Q- factors versu3 for OOK-NRZ, OOK-RZ and 4-PPM for different

fog conditions (measured (dot points) , theory (dotted lines)).

The corresponding received signal eye diagrams for OOK-NRZ, OOKdR¥Z
4-PPM formats are displayed in Fig. 7.4 for the dense Tog(Q.37) and moderate
fog (T = 0.70) conditions foP, of -1.32 dBm. They are obtained after 0. Fj*Hz
low pass filtering. Note that the wide eye-opening at0.70 compared td = 0.37,
while both have almost identical noise variance, see Figs. 7.4 (a-b¢y€&hmpening

indicates the quality of the Ethernet FSO link for different dlgygaformats,e.g.,
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the OOK-RZ and 4-PPM in Figs. 7.4 (d) and (f)fat 70 % are wider than in (c) and

(e) atT = 30 %.
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Figure 7.4. Measured eye-diagrams post-processed for (a-b) OOK-NRZ, (c-d)
OOK-RZ and (e-f) 4-PPM received signals eye-diagram3 f00.30 andl = 0.70,
for dense and light fog conditions, respectively.

Higher order of PPM would offer further improvement in performance, tthea
cost of increased bandwidth and complexity. Figure 7.5 illustratesBtie
performance against the received optical power for OOK-NRZ, ®@Kand

4-PPM schemes. It is observed that the link availability at a BHiRe w&f 10° is
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related to theQ-factor of 4.7 following equation (7.7). In this setup the average
power at theR, for BER values lower than 10is between -40 dBm to -37 dBm,
which is defined by the photoreceiver sensitivity. The theoretical suare
evaluated using (7.7). The measured data shows a good agreement with the
theoretical predictions. To achieve BER 0of°10 fog channel, the required received
optical power is 36.5 dBm for 4-PPM, - 35.0 dBm for RZ, where as it is -33.5 dBm
for NRZ. The results show that 4-PPM is the best modulation schemadatmihe

effect of fog with power margin of almost 3 dBm more than OOKZNRd 1.5

dBm than OOK-RZ modulation scheme.
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Figure 7.5. BER of OOK-NRZ, OOK-RZ and 4-PPM for different measured optical

powers in fog (measured (solid points), theory (dotted lines)).
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7.4.2. Using OOK-NRZ, 4-PAM and BPSK

Figure 7.6 shows the comparison of meas@pddctor for the OOK-NRZ, 4-PAM

and BPSK modulation schemes against the meastiredimultaneously. The
Q-factor for the 4-PAM and BPSK is normalized, so that@hfactor atT = 1 are
equal to OOK-NRZ. Th&-factor results depicted in Fig. 7.6 depicts that BPSK and
OOK-NRZ modulation signalling format are more robust to fog impaits on the
FSO link than the 4-PAM format. The behaviours of the three modulationsieshe
under fog conditions are similar, howeveiTat 1 theQ-factor is 30 for BPSK, 9 for
OOK-NRZ and 4.5 for 4-PAM in absolute value, see inset Fig. 7.6. In dense fog
conditions 4-PAM scheme does not achieve BER values lower thinohOthe

other hand OOK-NRZ and BPSK schemes overcome that valuésfor3.
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Figure 7.6. Measure@-factorfor OOK-NRZ, 4-PAM and BPSK for sani& and 5
Mbit/s data rate at differefitof link values and fog conditions.
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Figure 7.6 illustrates the predominant gain of OOK-NRZ format ovemrdhe of
modulations, although in term of absolute values, BPSK obtains better BEI&.re

It is indicated that BPSK has an optimum behaviour under fog conditiors,awit
higher receiver complexity.

The corresponding received signal eye diagrams for OOK-NRZ, BirEKI-PAM
formats are displayed in Fig. 7.7 for the dense fog (.37) and moderate fog

(T =0.70) conditions. Note that there is a wide eye-openidg=ad.70 compared to
T=0.37 as shown in Fig. 7.7 (a-b). Moreover, the eye-opening in Figs. 7.7 (d) and
(f) are more wide open dt= 70 % than in Figs. 7.7 (c) and (e)Tat 30 % for 4-

PAM and BPSK, respectively.
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Figure 7.7. Measured eye-diagrams post-processed for (a-b) OOK-NRZ, (c-d) 4-
PAM and (e-f) BPSK received signals eye-diagramdfer0.37 andrl = 0.70, for
dense and light fog conditions, respectively. Obtained after a B[#5?|low pass

filter.

7.5. FSO Link Performance for Different Launched

Powers

Figure 7.8 illustrates the dependencediactor and the evaluated BER on the link

transmittance for a range &%, using OOK-NRZ at data rate of 25 Mbps. Also
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depicted are the predicted results using (7.6)Pfgr of 1.07 dBm showing a close
agreement with the measured data. Note that in the regior<d?0 % (dense fogQ)
the Q- factor values are almost the same for all value®gf This is due to the
background noise being the dominant source (see the eye diagrams in Fi§o7.9)
achieve a BER of 1) the Q- factor value must be ~ 4.7 for the OOK-NRZ data
format. However, thisQ-factor value cannot be achieved under the dense fog
condition (.e., T < 33%) even for higher input power usPgy = 1.07 dBm (see
Figs. 7.8 (a)). With dense fog the link range drops to < 70 m withceedlink
availability, thus making the FSO link less attractive. In such casescaurd
increase the optical power provided it is kept below the eye safetlydr switch to

a lower data rate RF technology to maintain maximum avathkalbiti99.999%. For
the thick fog condition (33 4 < 72%) increasindPop: from -0.7 dBm to 1.07 dBm
will increase theQ-factor from 2 to 7, respectively, thus corresponding to the BER

improvement from 18to >10°.

However, for the system with Rop; Of - 4.2 dBm it is not possible to achieve the
required BER of 18 even no fog presents, see Fig. 7.8 (b). This is bed2yses

very low and outside the link power margin. The results also show that foratede
and light fog conditions, increasirfg,,: from -4.2 dBm to -0.7 dBm achieves the

requiredQ ~ 5 and a BER of 10
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Figure 7.8 Q-factor against the transmittance, and (b) the BER versus the

transmittance for channel with fog for a range of transmitted optical power.
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7.5.1. Measured eye diagrams

The received signal eye diagrams Toof 100%, 50% and 30% are displayed in Fig.
7.9. ForPop = 1.07 dBm, the height of the eye decreases from the maximum value of
11.55 mV forT = 100% to 4.54 mV and 900 V for T = 50% and 30 %, respectively,
thus indicating a considerable effect of fog on the received sigadityqut is also
noticed that the histograms of the top and bottom of the eye diagramespoording

to bits ‘1” and ‘0’, respectively, are in Gaussian shape rather the log-normal as is the

case with turbulence channel reported in [362].
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©
Figure 7.9. The received signal eye diagram (real time) for diffexgntime scale
is 20 ns/div, voltage scale is 5mV/div: (a) for 100% transmittance, (b) for 50%

transmittance, and (c) for 30% transmittance.
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Table 7.3 illustrates the visibility values corresponding to the measunaesvefT,

the Q-factor corresponding to the BER and the eye heighPfgrof 0.56 dBm. As

the amount of fog particles inside the chamber increases the corregpoisdility
decreases, the optical beam is further scattered. This in turn caudesrtbetion of

bits ‘1’ and ‘0’ to be more flat due to the loss in the height (opening) of the eye
diagram. The magnitude of the eye height drops from 6.27 mV to 0.022 mV from

moderate to thick fog conditions as the visibility also drops from 418 to 70 m.

Table 7.3. Experimental measured values for 0.56 dBm transmitted signal.

Visibility (m) Q-Factor Eye Height (mV) BER
418 7.0 6.27 1.2x10"
300 6.2 5.15 2.0x10"
138 5.0 2.96 2.8x10’
103 3.9 1.51 9.3x10°
70 2.36 0.022 9.1x10°

7.6. FSO Link Budget in Fog Channel

Further to compare the results with the outdoor systems, the link budgetsand it
margin will be used as the key criteria parameters [258, 363].iflhenkrgin value

M is calculated according to the average available transmit bpteger Pop; (-1.32
dBm) and the measured sensitivity of the photodete@r= -32dBm @ 12.5
Mbit/s at a BER of 18). The fixed dominant losses related to the geometry of the

beam propagation along the FSO chamber, geometric los§g and pointing losses
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L, are measured to be -22.51 dBy is measured as the relationship between
transmitted power, 10 mW and the maximum received power, 56 uW at tlee phot
detector active area of 1 mMmt R, after the FSO chamber propagation. The losses
due to fog are obtained by the measuringltlasLig= 10-log{) from light to dense

fog conditions. The link margin is therefore calculated as:

M: opt+spd_Lfog_Lg_Lp

(7.8)
Figure 7.10 depicts the relation between the meastiatt the corresponding link
marginM for the proposed FSO link for different fog conditions. The visibility zones
are also outlined for a range of 1 km link span. For a clear FSMIink dB, which

is related to the commercial non-tracking FSO systems forréinge of 2 km, as

reported in [8]. However, in dense fog condition, the link margin is not muffito

maintain an error free link.
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under lab-controlled fog conditions.
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7.7. Summary

This chapter has described the possible methods of mitigation the efféotsin

the lab controlled fog environment by implementing different modulatahemes
such as OOK-NRZ, OOK-RZ, 4-PPM, BPSK and 4-PAM and by improPggn

the case of OOK-NRZThe results have shown that 4-PPM and BPSK and
modulation signalling formats are more robust to fog impairments onS@eliRk,

in comparison with OOK and 4-PAM. The use of BPSK signalling incredmes t
performance of the FSO link under fog conditions nevertheless it requinighex
receiver complexity and lower normalized gain compared wittK@RZ. The
results have showed that there would be a trade-off necessary tb diferent
modulation techniques to adapt with the changes of weather effect &@hdnk

(i.e., foQ).

The results also demonstrated the effect of fog on the FSO link BfdRrpance by
observing transmittance values for a range of received optical poweissfound
that the profile or the histogram of the bit distribution is Gaussian evthe dense
fog condition. The results also showed that increasing transmit optical pwitren
the eye safety margin) is one approach to mitigate the effabe thick and dense

fog.

182



Chapter 8

Performance Analysis of FSO under
Controlled Weak Turbulence

Condition

8.1. Introduction

Dense fog has a detrimental impact on the FSO link performancefatteelimiting
the link range to less a few hundred meters under heavy fog condi#dak
However, in the case when link length exceeds several hundred meselisnice
fluctuations (scintillations) of the received optical signal due to theospheric
turbulence present a severe problem [273]. A number of methods can be used t
combat the effect of turbulence such as the multiple input mutiytieut (MIMO)

system [72], the temporal and spatial diversity [74] and aperture averggfidg
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365]. However, selecting a modulation format that is most immune to the
scintillation effect is also important and simple approach [75, 366]. OOK-alfi
OOK-RZ modulation schemes are widely used in commercial FSO corcationi
systems because of their ease of implementation, bandwidth efficaamtycost
effectiveness [367]. From the view point of the receivaessitivity, RZ offers
improved performance over NRZ [368-370]. The RZ signalling format offers
improved resistance to the turbulence than the NRZ due to its highlevpkage
albeit the need for higher bandwidth requirement and more susceptibilitg fitter
noise as published in [90]. In the turbulent-induced atmosphere, data recovery using
a fixed threshold level is not the optimum option when using OOK. Though the
adaptive threshold detector can significantly improve the performartcebulence
[371], this is not practically feasible as it requires adaptive dptimaponents as
well as continuous monitoring of the atmospheric conditions [372]. Alternatively
modulation techniques like the subcarrier intensity modulation (SIM) and the
polarization shift keying (PoLSK) which are more immune to turb@enduced
amplitude fluctuation, could be employed [9, 219, 373]. The SIM-BPSK, which does
not requires an adaptive threshold, also benefits from a matured RF teghaatbg
require a simple and low cost direct detection receiver design camnparthe
PoLSK [373]. However, SIM-BPSK requires a higher average transimpibever
than OOK due to the DC bias requirement and the likelihood of signal distartd

the signal clipping [278]. PoISK is an external modulation where the efathe
polarization (SOP) of the laser beam is controlled by a polarization con{fd¢ to
transmit binary data. The beam is linearly polarized and has a /4 polarization with

respect to the principle axe of the external Phase Modulator (PMX Fldghly
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sensitive to laser phase noise and also offers 2 - 3 dB lower peak qutvcef

compared to intensity modulation (IM)/ direct detection (DD) [288, 374].

In this chapter, experimental characterisation and investigatictheoturbulence
effect on the Ethernet and Fast-Ethernet FSO link is reported usireyediff
modulation schemes. The experiment is carried out in a controlled lalyorator
environment where turbulence is generated in a dedicated indoor atmospheric
chamber. The chamber is calibrated with the ROA and the measured datafiack ver
with the theoretical prediction. It also demonstrates methods to coiheol t
turbulence levels and determine the equivalence between the indoowiaodro
FSO links. The chapter also shows that the connectivity of Ethernet and Fast
Ethernet links are highly sensitive to atmospheric conditions. The effect of
turbulence on FSO communication systems for OOK, pulse amplitude modulation
(PAM) and SIM-BPSK is experimentally investigated. In comparisornP#M
signal; the BPSK and OOK-NRZ modulation signalling formats are mubast
against the weak atmospheric turbulence regime. In addition the BR3#mnsis
much less susceptible to the signal amplitude fluctuation due to turbuemgared

to the other two modulation formats.

8.2. Experiment Setup for Turbulence Channel

The schematic diagram of experimental line-of-sight FSO lirdhawvn in Fig. 8.1
(a). At the transmitter a narrow divergence beam laser plus anatdll lens are
used. The emitted optical beam is intensity modulated by the data sogeeerate

stream of £-1 pseudo random bit sequence, which is either Ethernet (L0BASE-T) or
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Fast-Ethernet (LOOBASE-SX). The laboratory atmospheric channel is ddploya

closed glass chamber with a dimension of 550x30x3bamdescribed in section

(5.2).

Thermometers
Transmitter

Data source

i ’ g
A'y", ,ng;a’fr:

elen |, L
Laserdlode venﬁ« 1%

~ i
. <P
iolun_-
t
1

( = 830 nm
Controlled turbulence channel

(@)

Hot Plates*with .

el)

Receiver

Figure 8.1. (a) Block diagram of experiment setup, and (b) the chamber and FSO
link setup in the laboratory.
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Table 8.1. Parameters of the FSO link under controlled turbulence conditions.

Parameter Value

Transmitter

Data source Ethernet line rateR) 12.5 Mbit/s
Fast-Ethernet line rate 125 Mbit/s
Line coder 4B5B
Modulation voltage Y, 100-500 mV
Laser diode Peak wavelength 830 nm
Maximum optical power 10 mw
Beam size at aperture 5mmx 2 mm
Beam divergence 5 mrad
Laser beam propagation mode Plane
Modulation bandwidth 50 MHz
Optical Lens Diameter 3.4cm
Focal length 20 cm
Channel Dimension 550x30x30 cm
Temperature range 20-65°C
Temperature gradiedT/AL 7 K/im
Wind speed <10 m/s
Link segmentAR 15m
Rytov variance <0.23
Receiver

Photodetector Spectral range of sensitivity 750 - 1100 nm

Active area 1 mnt
Half angle field of view + 75 Deg
Spectral sensitivity 0.59 A/W at 830
nm
Rise and fall time 5ns
Amplifier Transimpedance amplifier AD8015
Bandwidth 240 MHz
Transimpedance amplifier gain 15k
Filter bandwidth R,
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External fans with heater are used to blow hot and cold air inditeetion
perpendicular to optical beam propagating through the chamber to vaeaten in
the temperature and the wind speed as shown in Fig. 8.1 (b). The dsl&eyt at
the room temperature (20 - 25 °C) a fan and the hot air temperatkeptisn the
range of 20 to 65 °C using a heaters. Using a series of air ventslaocigamber,
additiona temperature conontrol is achieved in order to ensure a comestgdrature

gradientAT /AL between tlthe transmitting and the receiving ends within the chamber.

The receiver front-end consists of a PIN PD followed by trans-impedamplifier
(TIA). The equivalent photocurrent at the output of PD is amplified using a TIA. The
output of the TIA is captured using a high-frequency digital oscilloscopeevihi
signal analysisif., the eye-diagram, received signal histograms actor, and
BER) are carried out. The main parameters for the proposed systegivan in

Table 8.1.

The strength of turbulence can also be controlled by placing the Iseating source
near and / or away from the FSO transmitter. Ray tradiagram in Fig. 8.2
illustrates this concept. The optical beams shown in Figs. 8.2 (a), (bxaodufd
approximately experience the same degree of bending due to thelesashe
controlled turbulence source is used, however due to geometry configuestson

power will be collected at the receiver shown in Fig. 8.2 (c) thdfgs. 8.2 (a) and

(b).
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Figure 8.2. Sketch of diverted beams due to turbulence source positioned: (a) near

the transmitter, (b) in the middle and (c) near the receiver.
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8.3. Experimental Characterisation of Turbulence

In order to compensate for the short chamber lendth/AL~7 °K/m, the
temperature measured at each point along the chamber is maintaihied the
tolerance margin of + 3. The average temperatures recorded at four different
locations along chamber are given in Table 8.2.

Table 8.2. Measured temperatures over five experiments at four positions within the

chamber.

T(°C) T.(C) Ts:(°C) T.+(C) G (M?Y

Set 1 28 25 23 23 1.40x 10
Set 2 33 28 24 23 4.61x 10
Set3 37 30 24.2 23.4 9.05x 10
Set 4 45 34 25 24 2.20x 10"
Set5 54 40 27.3 25 3.97x 10"

Using (4.8) the average values@f against a range of temperature gradients within
the chamber is plotted as illustrated in Fig. 8.3 and shown in Table 8.2v&hmgye
values of C;? varies from 10? to 10 which are in good agreement with the

experimental data reported in [375].
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Figure 8.3. The average refractive index struc@ifeagainst the temperature

gradient within a controlled atmospheric chamber.

In order to predict the scintillation indeX§.l or0|2in the indoor atmospheric

chamber, it is assumed thé? is constant between two measured temperature
points. Here, the values of the temperature are measured at four post&hmsaa

in Fig. 8.1 (a). The scintillation index is predicted using (4.24) in whiclvahees of

C?are evaluated using (4.2) and (4.8). Figure 8.4 depicts both predicted and

measured total scintillation inde&|zshowing a good agreement, which is used to

calibrate the chamber. The measured values are obtained froncéneedesignal

using the process given in (4.31). Notice that due to high sensitivigy, obn the

temperature gradient, exact matching is difficult to obtain. Famgke, +1°C
change in temperat€; can causes ~ 2.5 time difference in predicted scintillation

index values.
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Since the PD used has a detection area of f mvhich is comparable to the

transverse coherence distancePgf~ 2.8 mm (calculated using (4.33)), then the

aperture averaging factok should be taken into consideration in the analysis

approximated using (4.35) and (4.36) for a plane wave propagation. Thedacz:tor

given in (4.24) is therefore multiplied l#y= 0.88, as:

of=08803 . (8.1)
In order to accurately predict the log-normal variance, the GNWvariance

0a2:6.58<103 is subtracted from (8.1) and hence the measured variance is

effectively the log-normal variance only.

-1
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I S N R Theoretical ||
10.4 — ~ Measured datp
1 2 3 4 5 6 7

Temperature gradient (K/m)

Figure 8.4. The theoretical and measured scintillation irﬁjé)against the

temperature gradient for the controlled atmospheric chamber.
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Note that for outdoor terrestrial FSO systems, the refractive irsdexcture

parameterCn2 is assumed to be constant and (4.24) is normally applied to
approximate the log irradiance variance. However, in real regstbe temperate

gradientAT/AL can vary along the propagation length as the atmospheric conditions

greatly changes over time and space. Therefore, the atmosphericgim&rgation

approach can be used as an alternative method to characterise the FSO link.

8.4. Measured Histograms of Received Signal

In order to reduce the effect of ambient light, experiments wamged out under the

total darkness environment. However, it is found that the measured noise &arianc
due the ambient light is < 3.35x10which is significantly lower (by up to 7000
times) than the log-normal variance, hence the effect of amigbhtan be ignored

in the presence of turbulence. Figures 8.5 (a-d) show the received lsgngram

for bit ‘1’ sequence of OOK-NRZ without turbulence and with turbulence. Notice
that the total number of occurrence is normalized to the unity, whpesents the
occurrence of pdf. Also illustrated in Fig. 8.5 are the curves fittings plsing
Gaussian and lognormal models. With no turbulence the distribution is Gaussian,
whereas with turbulence the pdf is best fit to the log-normal distoitbats shown in

Figs. 8.5 (b-d).
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Table 8.3. Measured|2 along the chamber length.

Turbulence position Near receiver Middle Near
of the chamber transmitter
0.009 0.067 0.240

o 2
Scintillation index O,

One advantage of an indoor chamber is that the scintillation index caradity re

varied by changing the position of the turbulence source, see Fig.he& 2ndasured
maximumcrlzvalues for the turbulence source located at different positions along
the chamber are given in Table 8.3. As expecréqz, is the highest when the
turbulence source is closer to the transmitting end as shown in Fig. 8 Phé)

measured values Gflzgiven in Table 8.3, fall within the range of [0, 1], therefore

the turbulence is classified as weak. This verifies that log-normdéhusing (4.27)
is the best to model the weak turbulence as it best fits to experirdatdaas shown

in Figs.8.5 (b-d).
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Figure 8.5. Received signal distribution: (a) without turbulence, (b) with turbulence
0,%=0.009, (c)0,”= 0.06, and (dP, > =0.240 (the curve fitting is shown by solid

lines).

8.5. Performance Analysis Measurements for FSO

In this section, the FSO Ethernet and Fast-Ethernet links avaijladnilit the quality
under different turbulence conditions are evaluated. The measuredagyanas for
received Ethernet (L0BASE-T) signal using OOK-NRZ are depictdelg. 8.6 (a)
with no turbulence and (b) as the signal experienced the weak turbuNsteethat

the eye height is 0.04 V without turbulence, while it is 0.03 V in the poesef
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turbulence which results in considerable level of signal intensity fltictual his is
due to the turbulence noise which increases the width at the top (bit ff)eabdse

(bit 0) of the eye-diagram, thus reducing the eye height.

Z S

) [

3 3

5 5

S € -

< <

-0.08  -0.04 0 0.04 0.08 -0.08 -0.64 0 004 008
Time (us) Time (us)
(a) (b)

Figure 8.6. The measured eye-diagrams of received Ethernet signal (NRZ 4185B, li

rate 12.5Mbit/s), (a) no turbulence and (b) weak turbulenceGMifhz 0.0164.

Under the same turbulence condition, the Fast- Ethernet (L00BASE-SX) atgnal
125 Mbit/s) using OOK-NRZ is transmitted through the FSO channel andettali
the eye-diagram at the receiving end, see Fig. 8.7. The ewéngpa this case is
very close to the one obtained for the Ethernet (LOBASE-T) link as thealates
not sensitive to the turbulence (see Fig. 8.6). However due to the laseridtandw

limitations the eye-diagrams are already distorted as shown in Fig. 8.7 (a).
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Figure 8.7. The measured eye-diagram of received Fast-Ethernet signal, NBZ 4B

line rate 125Mbit/s) in the condition of: (a) no turbulence, and (b) weak turbulence

with the scintillation indexo,* = 0.0164.

Q-factor measurement has been extensively used in order to chaeatiterquality
of optical communication system especially in fibre optics as reporti8¥6-378].
Therefore, in order to quantify the FSO link performance Q¥actor is measured

from the received signal both before and after the turbulence using:

Q:M’ (8.2)

g,—0,
where vy anady; aare the mean received voltages oy anc o, nd are the standard
deviations for the ‘high’ and ‘low’ level signals, respectively. The measu@dactor

against a range @&.lvalues is shown in Fig. 8.8 for both Ethernet transmission types

using OOK-NRZ.
The corresponding predict€factor values using (4.37) are also compared with the

measured-factor. For the clarity of the figure, thxeaxis is in the logarithmic scale.

Therefore, the initial value of scintillation indek, ?is selected to be Trather than

zero for obtainingQ-factor before the turbulenc€o. Figure 8.8 presents a good
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match between the predicted and experimental data for OOK-NRZ atiodul
formats. Since the difference between the predicted and me&3daetbr values is

s found to be less than 0.5. TQdactor decreases exponentially with the increase of
scintillation index values in both Ethernet and Fast-Ethernet commumsdtnks.

In fact, the drop in th€-factor does not depend on the data rates but it depends on
Qo and values of the scintillation index. Althou@ly values are about 28 and 8 for
Ethernet and Fast-Ethernet links, respectively. This is because éhgatemission
for Fast-Ethernet communications at a rate of 125 Mbit/s (about tkienoma rate

of the FSO system) suffers leQspenalty due to the turbulence-free received signal
being already distorted as a result of limited bandwidth of the tiesemitter. For
the Ethernet a data rate of 12.5 Mbit/s is well within the optoel@ctbandwidth of
the given FSO link (see a clear eye diagram in Fig. 8.6 (ajgftine one can clearly

observe the penalty induced by the turbulence. When no turbulence within t

channel, Olzz 0.05),Qo is up to 28, see Fig. 8.8 (a). However its value droped

considerably to ~ 5 when weak-medium turbulerﬁez(: 0.2) is introduced. Infect,

the measured)-factors for both Ethernet and Fast-Ethernet show that they are

almost identical for0|2 > 0.1. This indicates that the increment in transmit optical

power will have a little effect to mitigate the increasetulence level. A number of
techniques have been proposed in literature to deal with the turbulehwBngdhe
aperture averaging, the spatial diversity, and the cooperativesityv§326, 327,

379].
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values for (a) Ethernet and (b) Fast-Ethernet.
The evaluation of BER using (4.38) for both Ethernet/Fast-EthernetiREBOuising



OOK-NRZ in different turbulence conditions is depicted in Fig. 8.9. Nudé BER
values below 18are truncated. The result shows that the Ethernet and Fast-Ethernet

links are highly sensitive to the turbulence strength. The availabflitye FSO link

to maintain a BER of Iis possible aUl2 = 0.04 for Ethernet andfl2 = 0.03 for

Fast-Ethernet FSO links in the weak turbulence case. However, tbenpente of

the both links deteriorates drastically as the strength of the turbulereases to

0,2 = 0.05 and the BER increases t6>if weak turbulence 06,2 = 0.1. Unlike

the broadcasting schemes where the turbulence level does not havieeingrethe
transmitting state (on/off) of the source, it is observed that forghénks the link
availability becomes a problem under the weak turbulence regenesonnection is
dropped . Therefore, different modulation schemes such as OOK-NRZ, 4-PAM and
BPSK, are considered in order to evaluate their performance underetcéul

channel in next section.
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Figure 8.9. BER performance against a range of scintillation indexes foné&ithe
and Fast-Ethernet FSO links (note that BER values bel&af®truncated).
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8.6. Performance of Different Modulation
Techniques under Controlled FSO Turbulence

Channel

Experimental data for different modulation schemes has been recorded aunde
controlled weak turbulence environment and are analysed usinQ-thetor and
received signal distributions before and after the turbulence. QHfi@ctor is
measured using the (8.3). The measupeidctor against th&l for the OOK-NRZ,
4-PAM and BPSK at the same averdg level of -1.32 dBm corresponding to
signal voltage, Y., of 100 mV is shown in Fig. 8.10 (a). The data rate is selected to
5 Mbps for all modulation schemes. The results showed thapflaetor decreases
linearly with the increase in the turbulence level for both OOKZNIRd 4-PAM
modulation due to random fluctuation of received signal. This can be descyibed b
observing the impact of turbulence on the fixed threshold level, whichrieethas a

zero level (see Figs. 8.11 (a) and (c)). The received signal distribution for bits ‘1’ and

‘0’ are equally spaced and comparable for both sides of the zero mark and the bits
‘I’and ‘0’ are clearly distinguishable before the turbulence (see Fig. 8.11 (a)) .
However, with turbulence the received signal distribution becomes heastibytdd

and are no longer distinguishable (see Figs. 8.11 (b) and (d)), thus resulting in
decreased)-factor. Notice that th&-factor linearly decreases with the logarithmic
scale of the Rytov variance. However, thdactor for BPSK decreases less sharply
and offer much improved performance compared to OOK and PAM. Thisasd®ec

the received signal distribution in BPSK for bits ‘1’ and ‘0’ remains equally spaced
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with no overlap between them for the case with or without turbulehoeparted in

[380].
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Figure 8.10. Measure@ values against a range of Rytov variance for OOK, 4-PAM
and BPSK: (a) the absolute scale at 5 Mbit/s, and (b) normalized @ féetor of

OOK-NRZ.
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The averagé®)-factor normalized to the avera@efactor of the OOK-NRZ against
the S.lfor a given Rytov variance value is illustrated in Fig. 8.10 (b). The normalized
Q-factor for the OOK and PAM do not vary significantly for the ramdgeRytov
variance. This is due to the adverse effect of the turbulence on éimsiiptof the
received signal for OOK and PAM. Note that, the information is encadede
intensity of the optical signal in IM/DD OOK and PAM. However, Qdactor of

the BPSK diverges from th@-factor of OOK as the level of turbulence increases
and the BPSK offer ~ 6.5 times high@rfactor than that of OOK and ~ 16 times
higher than that of 4-PAM and published in [187]. Unlike OOK and PAM, the
information is hidden in the phase of the carrier in BPSK and sincdféut @f the
turbulence is trivial compared to the IM/DD than the phase of caH@ice, BPSK

is less sensitive to the turbulence which has been experimentally gavedtiby

studying the eye-diagrams and received signal histograms and published in [193].

203



1
3 3
E § 0.8r
3 3 06f
(&] (&
o o
S 5 0471
2 2 02}
0 0
-0.04 -0.02 0 0.02 0.04 -0.05 0 0.05
Voltage (mV) Voltage (mV)
(a) (b)
3 3
c c
2 o
5 S
3 3
o o
© ©
o o
2 Z
0 0
-0.04 -0.02 0 0.02 0.04 -0.05 0 0.05
Voltage (mV) Voltage (mV)
() (d)

Figure 8.11. Histograms for the OOK: (a) without turbulence, (b) Rytov varidnce o
0.005, (c) 4-PAM, without turbulence, and (d) Rytov variance of 0.005 received
signals at 20 Mbit/s

8.7. Calibration to the Outdoor FSO Link

In equation (4.24), the scintillation inde‘xlzis dependent on the value 6f and
the temperature gradient. Assuming a consBafbver a short propagation span of
AL 4oor @and AL 40, fOr indoor lab and outdoor FSO links, respectively the relation

Riniout between indoor experimental and outdoor links can be derived as:

2 C2 11/6
_ O-lmoutdoor __ “noutdoor ALoutdoor
Rijout = = x (8.3)
n/out g2 c2 AL )
Imindoor Nnindoor indoor
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2 2 " . . .
where O udoor @Nd O 1nouidoor @re the mean scintillation index for indoor and

outdoor turbulence mediums, respectively. Note that, the FSO link segmoentati
both indoor and outdoor environments is used to keep the temperature gradient

constant.

For the outdoor Iink,C,fOutdoor is much smaller than the indoor link. The typical

range for CZ_ 0 is 10%° to 10 for the weak turbulence [283]. For the outdoor

FSO system operating at the sea level (minimum turbulence) ldweltypical

2
nindoor

C 2
noutdoor

is about 10° [381], whereas our measurdd is 4x10' (see Fig.

8.3). Hence, to calibrate the FSO link performance in order to rhaksaime as the

outdoor link, Ryeut Should be unity. Following (8.2) and usifg’, g, ~ 5%10%

and Cfoutdoor ~ 1x10", it is therefore determined that the overall outdoor FSO link

range is 548 m, which induces the same weak turbulence effect as our proposed
system. However, by generating higher temperature gradient more %Am ih the
indoor experimental FSO link we can achieve the same performaribe &mnger

outdoor FSO link.
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8.8. Summary

The chapter demonstrated the Ethernet and Fast-Ethernet FSO linkgoopamnder
turbulence conditions using the controlled indoor atmospheric chamber.
Atmospheric turbulence is characterised and calibrated using thespteric
chamber and verified the models theoretically and experimentallyhddetto
generate turbulence and control its level were discussed and aligctic
implemented. The obtained results showed that turbulence can severelythafec
link availability of the Ethernet and Fast-Ethernet FSO systemsaltlee sharp
response in BER performance of the link and the nature of Ethern&/IP)C
connectivity. The turbulence effect was also dependent on the datat foemg
adopted to directly modulate the laser source. The BPSK signatimgaf has
offered an improved resistance to the turbulence than the NRZ and 4-BRBK
offered ~ 6.5 times high&p-factor than that of OOK and ~ 16 times higher than that
of 4-PAM. This chapter also pointed out the relation between the exgesam
environment and the outdoor FSO link in order to ensure total reciprodigy. T
analysis and demonstration presented in this chapter have shown a step forward t
characterise the atmospheric channel in an indoor environment, whghneture

complex and unpredictable.
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Chapter 9

Conclusions and Future Work

9.1. Conclusions

In recent years, the demand for a back-up and complementé&ryolithe radio
frequency technology particularly for the “last mile” in access network based on the

FSO system has increased considerably. This is due to a number of aduantage
features including a large un-regulated and license free transmisaimawidth
spectrum, a large data transmission, consumes low power, security asswell
immunity to the electromagnetic interference. However cthrestraints imposed by
the atmospheric channel such as fog, smoke and turbulence decreasstdire sy
performance and availability of the link. The characterisatiott modelling of the
FSO channel are important and need to be investigated to enhance theessdboét

FSO link.

This thesis commenced from the brief overview on the FSO commumsai

Chapter 2. Applications and features of FSO technology that makerét viable
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compared with the existing RF technologies and its potential afeagplication

were explainedThe basic concept of FSO communication using block diagramigsand
functions have been detailed. Also, the main challenges and different efett as
absorption, scattering and atmospheric turbulence posed by the atmosphaenel c

on the transmitted optical beam have been introduced. Chapter 2 also discussed the
theoretical background on selected modulation schemes in terms af gfieiency

and bandwidth requirements with the aim to confront the different atnmsphe

conditions and ending by eye and skin safety and classifications of lasers.

Different types and composition of fog and smoke were detailed in Chapter
Theoretical and empirical approaches to model and characterigdgteéheation of
optical signal for visible and NIR wavelengths (0.6 m < < 1.6 m) from dense to
light fog conditions were illustrated. A number of selected empifmglmodels
were considered and compared, Kim and Naboulsi convection were foundh®e be
best models to use in estimating the attenuation of the optical sigfaa for the
wavelength range of 0.5 m to 0.9 m when V = 1 km. However, both of these models
contradicted each other when estimating the fog attenuatidh=dr km. Therefore,
these models were required to be explicitly verified in practezethe entire

spectrum in the visible NIR range from dense to light fog conditions.

Kolomogorov theory of turbulence based on classical studies of velocity,
temperature and refractive index fluctuations has been introduced in torder

understand the atmospheric turbulence in Chapter 4. The refraction structure
parameteC,> andS.l parameters were explained in order to measure the strength of

turbulence. Methods to characterise the atmospheric turbulence have esartqut
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based on statistical models such as log normal, Gamma-Gamma and negative
exponential model with its limitations. Aperture averaging and BE&uation in
the presence of atmospheric turbulence were described in order to @th&IBER

performance in turbulence channel.

Chapter 5 has outlined the design of indoor atmospheric chamber andisn&iho
control and simulate atmospheric conditions such as fog, smoke antktigebas
necessary to mimic the ROA as close as possible. The obtained simulstitsakso
showed that by increasing the number of reflection within the chameldece the
small changes in the visibility. This would consequently increase thedemaiby in
the fog channels to characterise fog attenuation with enhanceda@cche
atmospheric chamber is used to carry out the outdoor FSO systerotetsation
and to perform the measurement under a homogeneous fog and smakensond
Different approaches to generate and control turbulence insidatthespheric

chamber were also presented.

The experimental results of fog attenuation in FSO for @siblNIR wavelengths
(0.6 m< < 1.6 m) from dense to light fog conditions were also presented in
Chapter 5. The obtained experimental results were compared vatlseiected
empirical fog models in order to validate their performances pedigti The
experimental results showed that the fog attenuation is wavelengthdeéepéor all
theV ranges except whevi < 0.015 km contradicting the Kim model. The resultant
fog attenuation decreases linearly from the visibMIR as predicted by Kim model

for V > 0.5 km, however, contradicted the Naboulsi model except forteeglec
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wavelengths. The Grabner model did not fit the experimental ddtee® increasing
to > 0.5 km. The experimental data has also validated that Kim ni®dabre
realistic to use whe¥ > 0.5 km. This model did not take into account the wavelength
for V< 0.5 km. However, the experimental data and selected empaziels have
showed that the spectral attenuation is wavelength dependeit <00.5 km,
therefore validating that the Kim model is needed to be reviseW €00.5 km in

order to predict the wavelength dependent fog attenuation.

Two different methods to characterise the fog attenuation in terms of the atnspher

V using a CCD camera and a visible laser-diode at thhbhas been analysed and
compared in Chapter 6. CCD technique has showed a great acfaurdty 50 m

and the laser technique for the range beyond 100 m, thus allowing enhancément
the characterisation of FSO links in thick and dense fog conditions. Metea
wavelength dependent model for fog and smoke channels has been proposed, which
was valid for the visible- NIR range for theV range of 1 km. The experimental
results also showed the most robust wavelengths windows (0.83, 0.94 and 1.55 um)
that could be adopted for fog conditions in order to minimize the R8CHdilure.
Furthermore, to validate the behavior of the proposed empirical nmdsélected
wavelengths, the proposed model has been compared with the continuous attenuation
spectrum for the same fog and smoke conditions. It is found that the atienisati
almost linearly decreasing for both cases. This has verified thatdpesad model
followed the profile of measured fog attenuation more precibaly both Kim and

Kruse models foV < 0.5 km. The experimental result has also demonstrated the

dependency of the wavelength on the resultant smoke attenuation ®visnoglow
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0.5 km. The difference for the smoke attenuation values was 108 dB/ km, 23 dB/km
and 8 dB/ km for 0.83 m and 1.55 m at V of 0.07 km, 0.25 km and 0.5 km,

respectively.

Chapter 7 described the possible methods of mitigating the effects of fog lab
controlled fog environment by implementing different modulation schemésasic
OOK-NRZ, OOK-RZ, 4-PPM, BPSK and 4-PAM and by improving the trahsmi
optical communication poweP, in the case of OOK-NRZT'he theoretical and
experimental results have showed that 4-PPM and BPSK modulation signalli
formats were more robust to fog impairments in comparison with Qt@k4ePAM

in FSO link. The link availability at dense fog@ € 0.33) condition by maintaining a
BER of 10° (Q-factor 4.7) was achieved using 4-PPM than OOK-NRZ and OOK-
RZ modulation schemes. The effect of fog on OOK-NRZ, 4-PAM and 8RBK
was also investigated experimentally. In comparison to 4-PAM signaBRB& and
OOK-NRZ modulation signalling format were more robust against dgeeffects.
The comparison shows that in dense fog conditions, 4-PAM scheme does not
achieve BER values lower than 90on the other hand OOK-NRZ and BPSK
schemes overcome that values Tor 0.33 nevertheless it requires a higher receiver
complexity. The results also demonstrated the effect of fog on thellREGER
performance for OOK-NRZ by observing transmittance values fi@nge ofPqp
values. The results showed that increasing transmit optical g&ywéwithin the eye
safety margin) is one approach to mitigate the effect ofitick and dense fog. It is
also found that the profile or the histogram of the bit distribution is Gaussgéen in

the dense fog condition which is different from the turbulence effect.
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Chapter 8 has demonstrated the Ethernet and Fast-Ethernet FSO link®mperat
under turbulence conditions using the controlled indoor atmospheric chamber.
Atmospheric turbulence was characterised and calibrated using ntwespdueric
chamber and verified the models theoretically and experimentallyhddetto
generate turbulence and control its level were discussed and aactic
implemented. The obtained results showed that turbulence can severefytredfec
link availability of the Ethernet and Fast-Ethernet FSO systemsaltiee sharp
response in BER performance of the link and the nature of Ethern&VIP)C
connectivity. The turbulence effect was also dependent on the datat foemg
adopted to directly modulate the laser source. The BPSK signatiimgaf has
offered improved resistance to the turbulence than the NRZ and 4-PAR8K Bas
offered ~ 6.5 times high&p-factor than that of OOK and ~ 16 times higher than that
of 4-PAM. This chapter has also pointed out the relation between theragptai
environment and the outdoor FSO link in order to ensure total reciprodigy. T
analysis and demonstration presented in this chapter have shown a step forward t
characterise the atmospheric channel in an indoor environment, whehuiglly

complex and unpredictable.
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9.2. Future Work

This research work has completed the objective and aims listed in CRapge
However, the amount of time and work required to theorise and cover the
comprehensive channel characterization and measurements are out of thefscope
this work. The following topics are suggested to further extend therchseark

reported in this thesis.

Channel modelling enhancement:lt is worth mentioning that Kim and Kruse
models were developed for fog conditions. However, they have never been
experimentally tested for all visible NIR range of wavelengths under all fog
conditionsi.e. from very dense to the light fog. The spectrum attenuation suggests a
linear relationship for fog attenuation as verified by using individkaalelengths in

fog. However, there is a peak located around 1.33 pum in fog attenuation; under
smoke condition for dry particles, no such peak appears. This peak is due to strong
water absorption of NIR wavelength at 1.33 um. Note that, most of Hies s
disappeared whe¥ is increasinge.g.,at VvV = 0.3 km. However, at 1.33 um, it is
observed a steady small peak. In modelling of fog attenuation, linearetaession

is used. However, the work described in this thesis is beyond the scope of any
complex and nonlinear regression. Therefore, the purposed model is definitety bett
than the other models in predicting the smoke attenuation but not in predicting

fog attenuation. In future work, it is recommended to further investigatéogbic, in

order to provide a more comprehensive model, which accounts for the pre$ence

these peaks in the estimation of fog attenuation.
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Strong turbulence: The performance of the FSO has been theoretically and
experimentally investigated for the weak turbulence condition in thissthAsi
mentioned in Chapter 4, the strength of the turbulence is dependent ongtieole

the FSO link. Turbulence strength increases with the increase ofldimgth.
However, due to the length of the indoor atmospheric chamber is 5.5 medhke
turbulence was created. In future work, the length of the link should Eassd by
using multiple reflections in order to increase the strengttheftiurbulence. Note
that, the strength of turbulence also depends on the temperature gradiegtthal
FSO ink. This will help to verify Gamma-Gamma and negative expohembidels

and to investigate the BER performance of FSO under strong turbulence conditions.

Spatial Diversity: Due to the strong turbulence, the FSO signal suffers fading due to
multipath propagation, which can be mitigated by spatial diversityniques such
as MIMO antennas can be equipped on the transmitter and/or receigeinsider

to mitigate the effect of turbulence [71, 382-384].

Route Diversity: FSO communications link performance is highly affected when
propagating through the time-spatially variable atmospheric enveothnn [364,
385], the route diversity has been adopted in order to improve signal oeceptier
weak turbulence condition. Therefore, route diversity will be investigaielight to

dense fog conditions as a mitigation technique.

Hybrid FSO/RF communication using channel coding:The reliability of FSO
communication system mainly depends on the atmospheric weather conditions,

especially when the link is longer than 1 km. One of the biggest challengle
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attainment of 99.999% link availability during all weather conditions [36le T
hybrid FSO/RF link combined with the channel coding is one possible option as the
RF system could be utilised as the back-up link but at a reduced tatahen the
fog/turbulence is moderate to high and the channel coding cannafsove the

overall system reliability [386, 387].

Radio over FSO:

Transmission of modulated RF signal using FSO communications links is rgceivin
a lot of research interest recently in [388]. Radio over free-sppites (RoFSO)
communication system having potential to be a cost effective and reliable taphnol
for bridging innovative wireless technologies networks facilities. ROES® next
generation access technology suitable for transmission of heterogemeeless
service signals especially in areas which lack broadband connectivitye Eha
need to conduct initial investigations focusing on studying the deployment
environment characteristics, which influence the performance of Ra&yS@ms.
Therefore, it is recommended to investigate the effects of atnmrespineRoFSO

[389]
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Appendix A:

Model Model Model parameters/ Range Conclusion
limitations \Y Tin
- 10l Try, [ N j—q Developed for Haze| From optical to near 0-50 km Mostly used 2% Not suitable for fog study
V(km)=——"| —
A
K Pr ° IR wavelength range and 5%
ruse
16 forV >50km dependent
g= 13 for6km<V <50km
0585Y2  forokm<V <6km
(m) 1010930 Ty ( A ]*q Developed for fog Developed by 0-50km Mostly used 2% Suitable, but need to test it
V(km)= —==10|
A
P ° considering 0.785 an range and 5% experimentally for all wavelength
16 for v >50km 1.55 um wavelength ranges from visible NIR.
. 13 for6km <V <50km
Kim q=1016v + 034  forlkm<V <6km independent V<500
V -05 for 0.5km<V <1km
0 for V <0.5km
Beor (V) 4343( 0.11478\ + 3'8367J Developed for two Designed for Visibility Not used / Suitable for fog study as mentioned
Con = - <,
\Y . . . .
types of fog using | wavelength rage fronl range from 50 mentioned performance is almost close to Kin
Bagy B )= 43 4{ 0.18126\% + 0.13709\ + 3720!
Adv \ FASCOD, 0.69-1.55 m, —1000m However, the attenuation profile
Neseus Experimentally tested wavelength depender behaviour is opposite.
for individual
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wavelengths

—Q(\ Developed by Developed for range| 0.1-50km Not used/ Not verified by experimental work,
yO) =ah )~
generalization of of 0.3-1.1 pum range mentioned adequate difference between the Ki

Q(A\)=0.199In(A)+1.157 _ _ _

a(\) = —2.656In()\)+ 2449 Koschmeider law for wavelength, Naboulsi and this model for range @
fog and tested with | wavelength depender wavelength from 0.4 1.1 um [263]
mean values of the

data from the
literature.
For two different fog events Developed from 1.55um 0.01 50km | Used 10.11dB and This is not a valid model, this is an
range
155 1011 empirical data of fog 7.71 dB experimental study to verify the
y = —
v but just to compare validity of Kruse model [264]
y (155) = 7.1 with Kruse model.
\%
2057 Developed from Used two 0.05-1km | Used 20.57dB an¢ This model seems to be valid locall
vy (0.830 = Inverse
empirical data of fog| wavelengths 0.83 an range 18.22 dB However, the RMSE values of this

y(0.830 = avP power law

a=18.31, b=-1.035

y(158)- 1822

inverse

1.55um

model are close to Naboulsi
convection model and are clearly
large to say it an independent mod

[236].
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y @55 = avP power law

a=22.44, b=-0.8616

T Developed from NIR Not known 87<T <17 This model is same as Fischer mod
—_th th
= , where 8.7 < Ty, <17
\Y empirical data of fog [265]
y= 4014\/_0_5733_ 1462 Developed from 0.83 um 0.1- 20km Not used/ Not suitable model as developed fqg
empirical data of fog range mentioned the single wavelength [241]
(dB/ 60m)
y(d_E): adV 4 cedV(m Developed from Used two 0.1-1.4km Not used/ Not suitable model sufficient RMSE
ki
wavelengths 0.83 and range mentioned from standard models are found

empirical data of fog

1.55um

[266].
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