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Chapter 1

Introduction

1.1 Background and Motivation

Nowadays, with the demand on the high-speed and high-quality communication
applications such as HDTV, 5G communication and so on, we can observe an ex-
plosion in the both of wired and wireless networking traffic [1]. In the field of wired
communications, fiber optical has been often applies as the backbone of the data
transmission links for its own benefits in long-distance and high-capacity applica-
tions. However, with regard to the optical fiber communications, under some special
environment conditions such as in disaster area, outlying islands without optical
fiber infrastructure, which is difficult to reestablish communication link in a short
time or installed with a high-cost condition. Meanwhile, various of broadband wire-
less technologies are under active research investigation including the IEEE 802.11
based WLAN systems, IEEE 802.16 based WMAN (WiMAX) systems and ultra
wide-band (UWB) PAN systems [2]. Further, the typical transmission capacity
for optical fiber communications increase from 10 Gps to 40 Gbps in recent years
[3]. Unfortunately, there is still no advanced wireless communication systems that

support this kind capacity to our best knowledge.
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To measure up to the above mentioned challenges in next generation wired /wireless
technologies specification, optical wireless communication (OWC) known as free-
space optical (FSO) as a promising technology combining the advantages of wired
and wireless communication has been proposed for its potential in high data rate,
low cost, easier deployment and wide bandwidth on unregulated spectra [4]. Thus,
commercial FSO communication systems can be seem as a good candidate for pro-
viding an attractive solution to the last mile problem of bridging the gap between

the end user and fiber optic backbone networks [5].

Generally, FSO communication technology means that optical beam modulated by
using the light emitting diodes (LED) is transmitted through the atmosphere chan-
nel and detected by the photo-diodes (PD) then converted to electrical signal at the
receiver side [6],[7]. According to the different application scenarios, FSO communi-
cation technology can be classified into terrestrial optical communication and deep
space optical communication, and also can be classified into indoor optical commu-
nication and outdoor optical communication [8],[9],[10]. Despite the many benefits
in FSO technology, however, different from the optical fiber has been considered as
a predictable medium, FSO systems are over the link described by random process
model then optical beam will experience the various of channel effects, leading to the
degradation of system availability and performance. In the cases of indoor optical
communication and deep space optical communication, challenges of reflecting light
and space fading I have to face when we considering in the designing to improve the
FSO link performance [11],[12],[13]. In this thesis, I investigate several performance
characteristics of proposed FSO communication system operating on a terrestrial

link.

Therefore, when we considering the case of near ground FSO communication sys-
tems (terrestrial link), there are three primary impact factors that can limit the
quality of beam propagation, including the absorbtion, scattering and refractive
index fluctuation [14],[15]. The phenomenon of absorbtion and scattering collec-

tively defined as the attenuation in the amount of radiation transmitted through
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atmospheric turbulence channel. However, the most important problem for the
terrestrial FSO link is optical scintillation which is mainly caused by random fluc-
tuation of refractive index due to temperature, pressure, and wind variations along

the propagation path [16].

For the short terrestrial F'SO links, a significant variation in degree of the received
optical power arises by optical scintillation while optical beam propagating through
the atmospheric turbulence channel [17]. Several statistical models have been devel-
oped to characterize behaviour of variation of irradiance fluctuation (optical scin-
tillation) such as Log-normal and Gamma-Gamma turbulence models [18], [19]. To
promote practical design of FSO system, this work will study the impacts of pro-
posed turbulence mitigation method on FSO link performance. Over the years, a
number of active researches on overcoming the degradation of FSO link performance
due to turbulence induced optical scintillation effects have been proposed [20],[21].

The outline of research contribution and motivation is illustrated in Fig.1.1.

In this thesis, the link performance impairments due to optical scintillation can be
mitigated by employing several methods around issues of FSO challenge as shown in
Fig.1.1, including the spatial diversity techniques, robust modulation techniques and
coherent detection technology. The reduction of optical scintillation associate with
increasing the receiver collecting area has been recognized as aperture averaging
when the receiver aperture size is large beyond the irradiance correlation width in
early radio communication systems [22]. However, aperture averaging may not a
optimum solution to reducing the scintillation effects, by reason of its increasing
cost in designing of FSO systems [23]. For the spatial diversity techniques, the
use of several smaller apertures that being able to achieve the same performance
as aperture averaging has been wildly used in the field of FSO systems in recent
years [24]. However, the efficiency of spatial diversity techniques for improving
the system performance depend on the conditions of channel correlation among
the sub-channels [25]. In general, by assuming that sub-channels are independent

of each other (uncorrelated case), a number of works have been deep discussed
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the performance of FSO link with variation of modulation schemes and receiver
combining schemes [25],[26]. In [27], an evaluation of spatial diversity in FSO link
has been reported, but there is no complete physical insight into the relationship
between the channel correlation and system performance, and no consideration on
the comparison with aperture averaging techniques has been investigated to our
knowledge. Thus, I proposed a novel model taking numerical simulation to quantify

the channel correlation in a diversity reception FSO system in this work.

The on-off keying (OOK) modulation is wildly applied in FSO communication sys-
tems cause of ease in implementation and bandwidth efficiency [28]. However, con-
ventionally OOK-FSO system using a fixed threshold detection need to determine
the variation of channel characteristics which are highly sensitive to the turbulence
fluctuation induced result in increased detection error [29]. Face to the challenges
of OOK-FSO system using fixed threshold detection, an investigation of phase
shift keying (PSK)/quadrature amplitude modulation (QAM) modulated orthog-
onal frequency-division multiplexing (OFDM) used as a multi-carrier modulation

in turbulent FSO link has been discussed in this research.

Apart from the subcarrier intensity modulation (SIM)-based FSO system, polar-
ization shift keying (PolSK) modulation was proposed as an alternative technique
to both envelop- and phase-based in FSO communication systems [30],[31]. For
this modulation scheme, the information is encoded as different states of polariza-
tion (SOPs) of the laser source by using an external modulator (i.e., Mach-Zender
modulator). Fortunately, the SOPs can be maintained, and polarization states
are the most stable properties compared with amplitude and phase when optical
beam propagating through atmosphere link [32]. Various PolSK-based FSO systems
have been proposed and analysis results demonstrate that PolSK scheme offers an
improved link performance in terms of peak optical power [33],[34]. In addition,
the authors reported for the first experiment performance of optical code-division
multiple-access (OCDMA) signal transmitted through FSO links [35], and the use

of OCDMA technique as a countermeasure for turbulence mitigation was considered
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in [36], taking into account the optical scintillation and multiple access interference
(MAI) effects. In order to support multiple users in practical access environmen-
t, a new model of combining the OCDMA technology and PolSK modulation has
been proposed for its benefits in stable quality of signal and large capacity over

turbulence link in this work.

Moreover, receiver detection techniques can be classified into direct detection and
coherent detection. Such intensity modulation direct detection (IM/DD) as a ma-
ture optical communication technology was wildly applied in FSO links, which per-
formance is independent of carrier phase and the SOP of incoming signal [37]. Oth-
erwise, with the recent development of digital signal processing (DSP), coherent
detection technology has drawn a lot of attention in practical optical communica-
tion systems from the late 1980s for its ability to achieve the theoretical receiver
sensitivity limit [38]. Different from the direct direction, coherent signal is detect-
ed from the phase information carried on electric fields. Some previous literatures
on coherent detected FSO system can be found in [37],[39]. The analysis result-
s proved that coherent detection offers an improved link performance in terms of
error probability and outage probability. To cope with the shortages of direct de-
tected FSO systems, the use coherent detection for providing a significant potential
in background noise rejection and detector sensitivity, leading to the turbulence
fading reduction has been reported in [40],[38],[37]. The aiming at demonstrating
the potential of combined PolSK modulation and coherent detection for combating
the degradation of signal quality due to the turbulence fluctuation is key to this
proposal. Besides, it should be noted that the term coherent used in this work is
different from that used in radio frequency communications. It means that is not
necessary to have knowledge of the carrier phase and frequency information in the

electrical demodulation processing [41].
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1.2 Main Research Contribution

This work focus on the investigation of transmission performance of FSO system
using the variation of mitigation techniques for fading through atmospheric tur-
bulence channel with the view to understanding its benefits and limitations. The
primary research contribution is aimed at introducing solutions of analyzing and
measuring the turbulence-induced fading on the performance in the designing of

advanced FSO systems.

In [42], the bit-error-ratio (BER) for direct detection OFDM-FSO system with
aperture averaged single receiver has been measured and studied. Different from
the previous proposed system model, a theoretical study and numerical results for
the transmission performance of OFDM-based RoFSO systems with diversity re-
ception over correlated log-normal turbulence channel are presented and discussed.
The error probability and outage probability expressions of the proposed system
under turbulence and channel correlation effects have been derived. The system
performance of diversity reception scheme has been also compared with aperture
averaging (AA) scheme under the same RoFSO link conditions. The analysis of re-
ceiver combining schemes including the maximal ratio combining (MRC) and equal
gain combining (EGC) is carried out. In this contribution, I pay my attention on the
performance metric parameters such as intensity fluctuation and channel correlation
for evaluating the quality of OFDM signal transmission through turbulent RoFSO
links with diversity reception. Different from the previous literature, this work pro-
vides a novel transceiver architecture, which combining the diversity reception and
OFDM technique can lead to the substantial link performance improvement in the

presence of turbulence, especially in the high demand on transmission capacity.

Another original contribution is provide an analytical modeling to characterize the
transmission of optical code-division multiple-access (OCDMA) systems deploy-
ing polarization shift keying (PolSK) over FSO links across the weak and strong

turbulence regimes. Different from the previous internal modulated CDMA-FSO
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system model [36], [43], the combing the external modulated scheme and OCDMA
technique has been proposed to bear on consideration in the field of FSO commu-
nication systems because of its potential ability on improved received power and
multiple users access. Here, an analytical modeling for PolSK-based OCDMA sys-
tem with direct detection over turbulent FSO link is proposed and discussed. I
derived closed-form expressions for the error probability and outage probability in
the terms of Meijer-G function, taking into consideration the multiple access inter-
ference (MAI) and intensity fluctuation due to turbulence effect on the FSO link
modeled by Gamma-Gamma distribution. I demonstrate the advantages of pro-
posed system by performing a comparison with on-off keying (OOK) modulation

obtained from an evaluation of performance under the same environment conditions.

Finally, an analytical and mathematical modeling for describing the PolSK-based
OCDMA signal transmission through the turbulent FSO link when considering the
use of coherent detection as countermeasure for system performance improvement
is proposed and discussed. The presented work shows the most significant impact
factor that degrade the performance of the proposed system in the presence of
turbulence, and also indicates that the proposed approach offers an optimum link

performance compared with conventional cases.

1.3 Organization of the Thesis

This thesis consists of six chapters. Chapter 1 provides an overview of FSO issues,
and primary goal as well as the original contribution of this work are also presented.

The rest of the thesis is organized as follows

In Chapter 2, a review of FSO communication systems including the fundamental
theory and its progress in application is presented. The most important influence

factors that limit the quality of data transmission such as channel attenuation and
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intensity fluctuation is introduced. Then, statistical models for describing the in-
tensity fluctuation in varying degrees of turbulence strength are presented. Various
of mitigation methods used to overcome the degradation of link performance are

outlined.

In Chapter 3, an analytical approach is provided to evaluate the performance of
OFDM-based RoFSO system with diversity reception over correlated Log-normal
turbulence channel, in terms of error probability and outage probability consider-
ing the effect of channel correlation and receiver combining schemes. I derived the
expressions for OFDM signals bit-error-ratio (BER) and outage probability, taking
into consideration both correlation coefficient parameter and optical scintillation.
Moreover, a definite major purpose of this chapter is using a performance com-
parison with aperture averaged single receiver to highlight the benefits of diversity

reception for combating the turbulence-induced fading in quality of signal.

Chapter 4 uses the advantages of combining PolSK and OCDMA technology in F-
SO system with direct detection over 1-km atmospheric turbulence link modeled by
Gamma-Gamma distribution. First, detailed of designing in the proposed system
architecture is described. Then, the transmission performance of PolSK modu-
lated OCDMA signal over turbulent FSO link is evaluated, in terms of the BER
and outage probability. We derived a closed-form expressions of BER and outage
probability by Meijer-G function, taking into consideration the multiple access in-
terference, and turbulence-induced optical scintillation is also considered. Further,
the efficiency of PolSK modulation in enhancing the performance of OCDMA FSO
link across the weak and strong turbulence regimes compared with OOK modulation

is obtained from numerical results.

In Chapter 5, an analytical modeling is provided to characterize the performance of
PolSK-OCDMA systems with heterodyne detection over turbulent FSO link across
the whole turbulence regimes. First, a novel transceiver architecture and mathemat-

ical modeling for describing the PolSK-based OCDMA signal transmission through
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FSO link with heterodyne detection are presented. This work aiming at demon-
strate the advantages of coherent detection technique in improving the sensitivity
of receiver, and can be used as an useful mitigation method for overcoming the

degradation of quality of signal in the presence of turbulence effect.

Finally, the Chapter 6 provides a conclusion of this thesis and provides some plans

for the way of future research.



10

Chapter 1. Introduction

ainpady
G Jeydeyn p J9dey
uond8lsp Jusisyoy pue aasni pue ¢ Jaydeyn
UOHEINPOJN UoHEZLIE|Od UOlEINPOIN uoEZLIE|Od uondeaoal AysiaAip
S UM YNAD0 UIM YINdDO yiIM Na<do
o=
.W m [
5 = uole|npoj (Na40) fisiang
nw uoneziie|od NSIN lenjeds
|
sanbiuyos| sondo uonoa}aQ sanbiuyosa| sanbiuyosa|
uonebiin aAidepy JuaIayon uonenpoy 1snqoy Aisiong
@ _
0
% Jamod |eando uonenjon|4 uonenjon|4 uoneqnuios weag || 100 ‘6o ‘szepy
T paniwsuel | pajwi aseyd uonezie|od
| |
@ fjojeg uyg pue aig 9oua|ngJn] ousydsowny uonenuapy dlaydsowly
o)
5 _ _
©
c
O (senss|) welsis 0S4

Buibelsany

FIGURE 1.1: Outlines of research contributions and road map.



Chapter 2

Fundamentals of FSO

Communication Systems

In this chapter, I first give an overview on free-space optical communication systems
including the technology development and basic theory. I then present a background
knowledge of influence factors on FSO system and provide statistical models for
describing the intensity fluctuation in variation of degrees of turbulence strength.
Finally, in case of FSO link, some useful solutions in turbulence mitigation such
as spatial diversity, robust modulation schemes and coherent detection have been

reviewed.

2.1 Overview of FSO System Model

Since the ancient times, optical wireless communication (OWC) has been played an
important role in the military situation. In the Zhou dynasty in China as around
700 BC, the beacon towers were built at the top of the mountain to give border
alarm to soldiers. The attack message via beacon transmitted through the air and

received without a time delay. Method is lighting and extinguishing the fire as

11
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the original binary modulation. However, the limitation of this method was that
only predetermined messages can be transmitted, leading to a simplex information
content. A famous experiment has been present in the 1880s, Alexander Graham
Bell applied and then received the patent of ”photo phone”, which demonstrates
that the basic principle of optical wireless communication: voice sounds can be
converted to the telephone signal and transmitted through the free air by a beam
of light for a short distance [43]. Moreover, this invention successful proves that
OWC technique can be seen as a potential method in the reality communication

environment.

Unfortunately, OWC has no became a commercial communication solution in civil-
ian market in the following years. In the same time, as to fiber optics technology
has been carried out by Pro.Charles K. Kao in 1960s, we face to an explosive growth
in practical optical fiber applications over the past 40 years [44] However, the OWC
technology did not ”dead” rather than the most of OWC applications were used for
defense or aerospace programs to provide high security and fast communication link
such as ground-to-ground, ground-to-satellite, etc. From the 1960s, the NASA JPL
has made a project to research the optical communication demonstrator (OCD)
which provided a valuable reference for the development of free space laser systems
[45]. In the 2006s, Japan Aerospace Exploration Agency (JAXA) first successfully
tested the communication connection between the low earth orbit satellite and a
near-ground station (NICT, Koganei, Tokyo) using laser beams [46]. The fact that
OWC becomes an inseparable part of the modem information system based on the

way of accumulated experience.

Back to current commercial telecommunication market, OWC known as FSO has
got his big chance as to the rapid development of optoelectronic devices. Besides,
with the increased requirement on the huge bandwidth and high quality applica-
tions for the backbone infrastructure (i.e., optical fiber). It requires an effectively
and new assist in enhancing the performance of current networks, which can ap-

ply the emerging applications as the second choice to replace old devices without



Chapter 2. Fundamentals of FSO Communication Systems 13

\
-
]
1
[

1Tbps|--~""F--"--m-===F=mmm o |-t N e -
DSP+Coherent

Tech'nology

100 Gbpsf-----

10 Gbps

1 Gbps

100 Mbps

10 Mbps

Data rate

1 Mbps

100 kbps

—————t---=--F

Personal Area Communicatibn

10 kbps

1m 10m 100 m 1 km 10 km 100 km
Transmission distance

FIGURE 2.1: Trends in both wired and wireless communication technologies.

adding mountains of optical cables. Further, face to a well known challenge ”last
mile” in the access networks, variation solutions both wired and wireless have been
proposed, Fiber To The X (FTTX) within passive optical network (PON) device
[47]; radio such as WiFi, WiMax and UWB [48]. At the present time, to copied the
success of FSO in the use of military and aerospace, FSO technology in particular
the access network have been accepted and reported in the last few years [49]. It
is shown that FSO acts as a reliable communication technique with ease deploy-
ment of heterogeneous services within the access networks, arising from its intrinsic
characteristics in transparcent traffic type and data protocol makes it suit for the

requirements of existing access network.

The Figure 2.1 shows the trends in both wired and wireless communication tech-
nologies. Focus on basic theory of FSO, the signal carried by optical beam and
transmitted between the two points (transmitter and receiver) through the unguid-

ed channels. In this way, FSO operation requires line-of-sight (LOS), which simply
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means that information is successful transfer between the source and destination
without any obstacle along the propagation path [50]. Like the optical fiber link, the
original signal modulated by the intensity, phase or polarization which imbedded
into the optical carrier, and then received by using photo-detector (PD) to convert
to the RF signal. However, different from the optical fiber over a guided channel,
the FSO link uses collimated optical source and submit through the unguided chan-
nel such as air or deep space. In this work, the channel of interest is atmosphere.
So, since the FSO link are under the atmospheric turbulence effects, the optical
beam will suffer the effects of turbulence-induced channel fading, which impairs the
quality of signal. Therefore, in such study around the fading environment influence

on FSO link performance becomes necessary.

Currently, FSO communication system is established as an alternative approach for
providing the high quality data transmission in particular ”last mile” problem of
bridging the gap between the end user and backbone construction. These systems
can carry full-duplex as well as multiple services data at gigabit-per-second rates
combined with existing infrastructures over metropolitan distance [6]. The most
significant features of FSO system can be concluded as: FSO system operation
window is in a huge frequency range of an optical carrier spans from 102 — 106
Hz to 2000 THz data bandwidth, thus, it allows an increased channel bandwidth
compared to RF communication systems with lower usable frequency bandwidth;
An extremely narrow optical beam has been adopted for the FSO communication
with a diffraction limited range between the 0.01 - 0.1 mrad for its potential in
spatial isolation from interference; As to the spectrum resource becomes increasingly
rare as well as high cost, FSO system operates in a free license spectrum with short
and ease in deployment conditions; FSO technology combine the advantages of RF
system and optical fiber to be used in a wide range of application areas within a
variety of different architectures. It offers an alternative solution for improving the
link performance in the maintenance of the existing devices without additional cost

[6].
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FIGURE 2.2: The block diagram of conventional FSO system with (a) internal
modulation, (b) external modulation. OBPF': optical band-pass filter

Facing the complicated fading environment situation that requires an effective de-
signing of FSO system configuration in combating the channel fading. The block di-
agram of conventional FSO system with intensity modulation/external modulation
is shown in Figure 2.2. A conventional FSO system primary consists of three parts
with optical transmitter, receiver and atmospheric turbulence channel to provide
bi-directional transmission capability. Similar to the optical fiber system, the source
RF signal onto the optical carrier which modulated by using the light emitting diode
(LED) or laser for the data transmission. The development and application of high
quality FSO transmitter depend on the laser intensity and minimum divergence,
which correspond to the lens size, power and beam quality [51]. Traditionally, FSO
system modulation schemes have two categories as internal modulation and external
modulation. The use of internal modulator provides benefits in simplicity and cost
effectiveness, while the use of external modulator offers higher data rate and higher

quality [52]. However, external modulator has an important problem of nonlinear
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TABLE 2.1: Comparison between internal modulation and external modulation.

Internal modulation External modulation

Modulation method Directly by changing Switching between two logical

the current levels occurs within modulator
Advantages Low cost Increase in both the bit rate
Simple structure and transmission distance
Challenges Degradation effects  Modulation process is complex
on laser line width nonlinear response
Modulator type Laser diode Mach-Zender interferometer
Light-emitting diode Electroabsorption

response. Further, using characteristics of optical field such as state of polarization
that modulated via the optical phase modulator as an external modulation has been
discussed in this work. Consequently, the optical signal collected by the receiver lens
after a propagation through the turbulence channel, and then converted to the RF
signal by the photo-detector (PD) and through the following final demodulation.
There has two classes of detection types as IM/DD and coherent detection in prac-
tical FSO systems. The more detailed principle of detection schemes introduced in

the following sections.

Generally, FSO system configuration also can be divided into two classes depending
the operation wavelength window as near 800 nm and near 1500 nm. It is well
known the most of optical fiber infrastructures select the operation wavelength
on 1550 nm. For better using the existing resources at no addition cost as well as
reduction of solar background radiation, operation wavelength window near 1500 nm
has been selected for the designing of the FSO optical transceiver. In addition, the
optical beam propagates through the turbulence under the channel fading induced
degradation of signal quality, which can be compensated by using a high level optical
power to enhance the link performance. However, I must confirm the optical power
at their respective wavelengths not beyond the safety levels standards. The optical
beam power with the wavelengths form 400 — 1400 nm which can pass the cornea
and cause the damage to eye by focused optical beam on the retina. Therefore, the

use of near 1550 nm as operation wavelength is out of the range of above mentioned,
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leading to the the optical beam power are absorbed by the cornea before arriving
the retina. Some of international organizations provide standards on the eye safety
issue of optical beam and can be found in [53]. Another reason for selecting the
wavelengths at 800 nm and 1550 nm correspond the increased signal power loss
caused by atmospheric absorption. A detailed knowledge of channel absorption

scheme presented in the following section.

Besides access network applications of FSO communication systems, a number of
models of FSO system were utilized in various cases of different areas, such as
inter-satellite communication in the space have been realized by European space
agency (ESA). In 2013s, the Lunar Laser Communication Demonstration (LLCD)
is NASA’s first high-rate, two-way, space laser communication demonstration [54].
This project successful demonstrate the communication connection between the
ground-based laser component installation and space terminal that will reach lunar
orbit can transmit the data rate at 600 Mbps over laser, and transmission distance
is over 238 km. Moreover, the use of modified FSO technology for high-speed,
low-range underwater applications becomes more popular in the current time [55].
Some detailed analytical model for describing the properties of light while propa-
gating through the underwater have been proposed [56]. It provides solid theoretic
foundation for developing the underwater FSO system in the future commercial

market.

2.2 Influence Factors on FSO system

In regard to the FSO technology, the fundamental limitation of communication reli-
ability generates from the channel environment which it propagates through atmo-
sphere as an unguided link. The atmospheric interacts with optical beam due to the
composition of atmosphere, which corresponds to the aerosols known as molecules

and suspended particles. Under this interaction effects that produces a variety of
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optical phenomenon including the absorption at specific optical wavelength, scatter-
ing and optical scintillation due to the variation of the atmosphere’s refractive index
under the effect of temperature. Thus, it arises the degradation of the transmission
performance, resulting in the power losses, amplitude fluctuation, phase aberration
and fluctuation in varying degrees of polarization. Understanding of the effect of
atmosphere environment induced channel fading at quality of received signal be-
comes a primary challenge in FSO issue. This section explains this challenge and
introduces the statistical models for describing the intensity fluctuation in variation

of turbulence strength.

2.2.1 Channel Attenuation

For the propagation links are over the atmosphere, the light photons and molecules
have an interaction process along its path. It means that part of optical power
is converted into heat power, and seem as photons’ absorption by the molecular
constituents. The scattering takes place when there is an effect of scatterers, which
can change the propagation path and characteristic of optical beam , then affects to
the received optical power. Absorption and scattering presented in the atmosphere
is a complex process. It often grouped together defined as attenuation in the amount
of the radiation through the atmospheric turbulence channel, resulting in arising

the pure power losses experienced by the propagating optical beam.

A well-known mathematical modeling was established for describing the link power
budget, including the transmitted power and power losses when optical beam prop-
agating through the atmosphere. For the case of the power losses in the FSO link,
it includes the rain and visibility losses due to atmospheric turbulence effect, geo-
metric loss and the pointing loss, and loss caused by the optical device (i.e., lens).
Other power degradation at the receiver end which is influence by the data modu-
lation format, various noise include the laser noise, excess noise in the photo-diode

and background light.
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In the regard to the power loss model with a given transmission distance L, and

defined by the Beer's law as [57]

% ~ eap(—an(VI) (2.1)

where Pr and Pr are the received and transmitted power, respectively, a,(A) is
attenuation coefficient with the A being the operating wavelength. With is, the
aq(A) is sum of the absorption coefficient and scattering coefficient, and can be

derived as [57]:
aa(A) = g (A) + age(A) (2.2)

where a4 (M) and a.(A) denote the attenuation coefficient and scattering coefficient,
respectively. As to the absorption mainly rely on the wavelength and operating
wavelengths used are based on a weak absorption regime (i.e., 1550nm), scattering
can be seems as a dominated influence factor and thus equation becomes: a,(A) =
ase(A). Moreover, the light scattering can be classed as: Rayleigh scattering when
scatter is smaller than wavelength; Mie scattering when the wavelength is of the
comparable size to the wavelength; non-selective scattering when the scatter is much
larger than wavelength. Unlike absorption influence, there is only a directional
redistribution of the optical power would generates the reduction of the light wave

intensity for a long propagation.

Further, in case of fog particles size is corresponding to the optical beam operation
wavelength in FSO communication systems, with this reason, the Mie scattering
becomes the dominant scattering processing within the major photo scattering par-
ticle of fog. General speaking, the Mie scattering is higher than the rain and snow

induced power losses. In the case of rain induced loss can be expressed as [57]:

L. =aLR’ (2.3)
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where R is the rainfall rate (mm/h), a and b are given according to the location;
Then, the aq(X) can be described as a function of visibility V(km) in term of

attenuation [57]:

Ly = {[13L () x 10°) /(500))‘“(”} /v} (2.4)

where o (V') is the particle size distribution coefficient, defined with Kim’s model as

[57):

1.6 V > 50km
1.3 6km <V < 50km
c(V)R0.16V +0.34  1km <V < 6km (2.5)
V-05 05km<V <lkm
0 V < 0.5km

2.2.2 Turbulence Effect

Since the optical beam transmited through the atmospheric turbulence link, it will
experience the variation effects of environment conditions referred to as both ab-
sorption and scattering by the atmospheric particles. However, the most significant
channel effects to the optical link performance are general caused by the turbulence
induced phenomenon of temperature inhomogeneities that leads to an interaction
between light wave and turbulent medium, resulting in random phase and ampli-
tude fluctuations (optical scintillation) of the propagating beam which results in
the FSO link reliability at a poor level as to the received signal quality degradation.
Generally, atmospheric turbulence can be categorized in regimes depending on the
magnitude of index of refraction variation and inhomogeneities [58]. The turbulence
induced the random fluctuation of the refractive index n products a random varia-
tions in atmospheric temperature form point to point that describing the changes

are as a function of atmospheric pressure, altitude and wind speed. The refractive
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index n within turbulence air temperature can be described as [57]:

n=1+77.6(1+7.52 x 10‘3/\‘2)%

a

x 107° (2.6)

where p, is turbulence air pressure. Moreover, the turbulence air can be seem that
acts as refractive prisms with a range of scale size and refractive indices, which
sizes from the inner scale size [y to the outer scale of turbulence Ly. It induces
a substantial changes in both the pointing (i.e., beam wander, beam spreading)
and intensity (optical scintillation) when optical beam propagating through the
FSO links. In the case of the beam wander effect caused by large scale, however,
when the aperture diameter D is beyond the \/T/Qﬂ' known as Fresnel zone which
provides a potential compensation to diffraction effect and leading to be assumed
as insignificant [57]. For this reason, the use of he aperture averaging (AA) has
been proposed. It provides an advantage in improving the link performance in the
presence of turbulence. The aperture averaging scheme acts a special form of spatial

diversity, and discussed in this work.

However, when taking into account the turbulence effect, an important parameter
for measuring the variation in refractive index fluctuation is the index of refraction
structure C? proposed by Kolmogorov, which determines the relationship between
the operating wavelength, altitude and turbulence air temperature. A wildly com-

mon accepted model to describe the C? is Hufnagel-Valley model, and is derived as

[57]:

C2(h) = 0.00594(v,,/27)*(10 °h)"°exp(—h,/1000) 2
+ 2.7 x 10~ %exp(—h/1500) + A,exp(—h/100) '

where h and v,, are the altitude (meter) and wind-speed (m/s), respectively, and A,
is taken as the nominal value of the C%(h = 0) within the zero altitude. In general,
the C? is assumed to be a constant to define the range of turbulence strength regime,

from the 1073m=2/3 to the 10™'7m /3 for the weak and strong turbulence regime,
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length A = 850nm, 1550nm for a range of turbulence regimes.

respectively, 107*m~2/3 with being a average value for turbulence level [59)].

Apart from the index of refraction structure for turbulence measurement, the nor-
malized variance of light intensity o known as optical scintillation which charac-
terizes the strength of intensity fluctuation, and given a statistical description for

the light intensity as following [57]

7= % (2.8)

g

where [ is optical intensity, and the symbol (.) denote the average over scintillation.
For the case of log-amplitude variance and defined for spherical wave model is

derived as [57]:

o’ = 0.124C2E7/6 L 1/6 (2.9)
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where k = 27/ is the number of optical wave. In the weak turbulence regime, the
normalized variance of intensity referred as scintillation index S is linear propor-

tional to the Rytov variance and can be expressed as [57]:
ot = exp(of,;) — 1 ~ 403 (2.10)

and a functional relation between the scintillation index and Rytov variance in the

region of weak turbulence for the spherical wave thus given by [57]
o (weak) = 0% ¢ = 0.5C2kT/6 11/ (2.11)

where 0% ¢ denotes the Rytov variance for the spherical wave model. It would note
that Rytov variance is path distance-, wavelength- and index of refraction structure-
dependent parameter for defining the turbulence regimes. In order to describe
the statistical properties of turbulence-induced variation of intensity fluctuation,
several mathematical models have been introduced, which include the log-normal,
the Gamma-Gamma corresponding to the weak, weak-to-strong turbulence regimes,

respectively. I will discuss these models in the next section.

2.3 Atmospheric Turbulence Statistical Models

The optical scintillation caused by atmospheric turbulence is a significant impair-
ment factor which can generates the intensity fluctuation in the received optical
beam, leading to the degradation of signal quality and increases the error probabil-
ity in the link performance. The various mathematical models have been proposed
to provide statistical description of intensity fluctuation in varying degrees of tur-
bulence strength. Comprehending of the statistical distribution of the intensity in
the presence of turbulence is an important way to predict the reliability of FSO link

operating in such fading environment.
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2.3.1 Log-normal Turbulence Model

Following the above mentioned on scintillation index and Rytov variance, when the
optical beam propagating through the weak turbulence regime, the statistical of
intensity fluctuation obtained from the experiment and representation for a log-

normal distribution is given by [57]:

Int +a2/2
pr(l) = ———Teap (—”—/) (2.12)

2moy I 20‘%

The Fig.2.4 plots a probability density function of log-normal. In general, log-
normal turbulence distribution is based on the Rytov approximation. However,
this model can predict for the weak turbulence within a small scintillation index,

0% < 0.3. Unfortunately, the log-normal turbulence model is only valid in this range
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caused by a single scattering. Otherwise, this assumption will becomes invalid due
to a combination of path distance and index of refraction structure rising under the
multiple scattering situation. Thus, it requires a model can be used to cover a wider

turbulence regime.

2.3.2 Gamma-Gamma Turbulence Model

A common turbulence model has been consider to be suitable for describing the
channel fading from weak to strong turbulence regimes, known as Gamma-Gamma
distribution has been proposed by Andrew et al. This assumption provide a s-
tatistical description for processing where optical beam propagating through the

atmospheric turbulence is assumed to comprise small scale (scattering) and large
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scale (refraction) effects. The Gamma-Gamma turbulence model describes both
small-scale and large-scale atmospheric fluctuations and factorizes the irradiance as
the product of two independent random processes, each having a Gamma PDF and

defined as [57]:

fx(X)g-a = %(X)#ll(a_g@ aBX), X >0 (2.13)

where X = I/ (I); I is a random variable of the signal current, I'(.) is the Gamma
function, and K,(.) denotes a modified Bessel function of the second kind of order
n, the parameters o and § represented the small-scale and large-scale irradiance

fluctuation and defined for the spherical wave with aperture averaging (AA) as [57]:

9 —1
o= exp 049 1 (2.14)
(14 0.18¢2 4 0.560512/3) ™/
3= { e

where 02 = 0.5w7/C?L"/6 denotes the Rytov variance, and d = /wD2/4L, D is

_5/6 -1
0.510 (1 + 0.695"2/%) 5”’] 1} 2.15)

(14 0.942 + 0.62d2512/5)

the aperture diameter, w = 27/ is wave number and ) is operating wavelength, C*
denotes the turbulence structure index of the refraction constant and L is transmis-
sion distance. The Fig.2.5 plots a probability density function of Gamma-Gamma
across the whole turbulence regime. The scintillation index ST in term of Gamma

function is given by [57]:

SI=1/a+1/8+1/aj (2.16)

when the g = 1, this assumption is viewed as K-distribution model.
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2.4 Turbulence Mitigation Techniques

To design the free-space optical communication systems for achieving a reliable
link performance, considering and selecting an efficient solution of mitigating the
turbulence effects is important. In order to avoid turbulence effect associated with
signal fading, a number of researchers proposed various methods from a different
perspective, including spatial diversity techniques, robust modulation schemes and
coherent detection within high receiver sensitivity. In this section, some useful
turbulence mitigation methods and related fundamentals for later proposals will be

introduced.

2.4.1 Spatial Diversity Techniques

Traditionally, single-input single-output (SISO) link configuration has been wildly
development and used in the field of FSO communication system, however, the
link performance is at a poor level especially in the strong turbulence regime [60].
The use of aperture averaging (AA) as the first option can be used to provide
a compensation to turbulence-induced signal fading, which lies in their inherent
reduction of intensity fluctuation by increasing the receiver aperture size [36],[61].
In the case of aperture averaging, the receiver aperture size required to be much
larger than the correlation length of atmospheric turbulence, D > dy. I should
note the correlation length as dy ~ v/AL. By this way, this method can offers an
improved link performance under the whole turbulence regime. But on the contrary,
the receiver can be defined as ”point aperture” when the aperture size approximates
to zero, D = 0. Further, a number of experimental results demonstrate that some
limitations to overcome the scintillation effects by aperture averaging technique
[36],[22]. At the same time, as increasing the aperture size brings the increasing
capacity, it also brings the reduction of data rate. In application situation, it also
need consider the cost of practical aperture lens in spite of increasing aperture size

to reduce the intensity fluctuation effectively. Furthermore, the aperture averaging
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offers a turbulence mitigation way to achieve a optimum link performance which

only generates at a given range.

Face to above mentioned challenges, spatial diversity as a mature technology in the
field of wireless communication, has been proposed by using the multiple apertures
at the receiver (single-input multiple-output, SIMO) or transmitter (multiple-input
single-output, MISO) or combination (MIMO), which is regard as another alterna-
tive to overcome the turbulence-induced signal fading [62]. In the usual situation,
the aperture averaging can be viewed as a simple form of spatial diversity tech-
niques where D > dy. Differently, spatial diversity techniques offer an enhanced
link performance where possible to satisfy the condition as D < dy. The spatial di-
versity based FSO link has been first proposed in [63]. It is demonstrate that spatial
diversity provide an useful way to combat signal fading and reduction of temporary
blockages. However, with the diversity reception, to maximize diversity reception
gain, any adjacent receivers must be sufficiently far apart as independent case due
to the channel correlation considered as an impairment factor to link performance
improvement. Thus, it is important to take into account the relation between the
sub-channel correlation among the each adjacent receiver and performance over tur-
bulence link. Considering the comparing system between the FSO receiver aperture
size with the single large aperture (AA) as much as the several smaller apertures
(spatial diversity) also can be used to determine the advantages of diversity recep-
tion in scintillation compensation and resistance to complete blockage. Apart form
the channel correlation parameter, an optimum combining techniques are also im-
portant to improve the FSO link performance. The diversity reception combining
schemes generally consist of maximum ratio combining (MRC), equal gain com-
bining (EGC) and selection combining (SEC). The MRC can provide an optimum
combining performance, but implementation is with an inherent complexities, which
is highly sensitive to channel estimation error. EGC is inefficient for system with

branches having acutely low SNR conditions [25].

Certainly, there still exists some challenges of spatial diversity approach that can
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be concluded as follow: adding the complexity of system configuration within the
tracking subsystem; the more complicated coupling technology for multiple optical
beams onto diversity reception, resulting in increasing the overall system cost and

decreasing the reliability of link performance.

2.4.2 Robust Modulation Schemes

Currently, intensity modulation direct detection (IM/DD) scheme has been wildly
utilized in both of outdoor and indoor FSO applications. Under the atmospheric
turbulence conditions, especially in high turbulence strength level, it would be to
pump more optical power at the optical source and focus more power onto small
detected areas. Nevertheless, I have to consider the limitation of eye safety standard
associated with range of optical power. Further, below the 2.5 Gbps data rates, the

intensity modulated FSO system has been wildly adopted as a internal modulation;
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beyond the 2.5 Gbps; external modulation is normally adopted. Meanwhile, the
on-off keying (OOK) is often known as a dominant modulation scheme employed
in IM/DD FSO system because of ease in implementation and bandwidth efficient.
However, the OOK modulated optical carrier is highly sensitive to intensity fluc-
tuation, thus, an adaptive threshold detection technology is required to achieve
performance improvement, which adds to the complexity of receiver configuration
[64]. Another common useful IM/DD based issue is subcarrier intensity modulation
(SIM) which already has the successful experience in the field of RF communica-
tion applications such as 4G. The reason for bringing the SIM into the FSO system
which is reason to its the benefit in increased the capacity by accommodating multi-
ple users on different sub-carriers [65],[66]. It provides a choice to avoid the adaptive
threshold requirement in OOK-based FSO link. In the SIM scheme, RF subcarrier
signal first modulated with the user data, which is then used to modulate the in-
tensity of the continuous lightwave from the laser diode (LD) generating, resulting
in transmitted optical power that could proportional to the original RF modulated
signal. In addition, a DC bias added to undertake that the signal amplitude is
positive. These properties lead to a poor power efficiency while the increased trans-
mitted optical power correspond to DC bias increasing. Moreover, I also need to
consider the possibility of signal distortion caused by the inherent laser nonlinearity
in this issue. A general function of received signal after the photo-detector in the

absence of turbulence can be always described as

i(t) = Ln + LpmS®#)+ Ln&s(S(t))? +n(t) (2.17)
~—~ —— N———
DC desired data IMD

where [, is the received photocurrent, m denotes the OMI, and &3 is the third-order

nonlinearity coefficient.

Orthogonal frequency division multiplexing (OFDM) known as a special case of
multiple subcarrier modulation (MSM), which is used to intensity modulated op-

tical carrier signal after the RF pre-modulated on different sub-carriers. In [42],
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TABLE 2.2: Comparison between IM/DD and coherent.

IM/DD Coherent
Problem Quantum limit of detection Sensitive to phase noise
Characteristic Proportion to transmitted field intermediate frequency (IF)
Modulation method amplitude I and @ or PolSK
Detection method Direct detection Heterodyne/Homodyne

a transmission performance of OFDM based FSO link in the presence of turbu-
lence has been evaluated and discussed. The analysis results prove that proposed
system performance sensitive to the turbulence, and choosing an optimal optical
modulation index (OMI) can enhance the overall quality of link transmission. Un-
fortunately, a particular challenge for OFDM with IM/DD, where arises the high
peak-to-average-ratio (PAPR) caused by accommodating large number of users.

Thus, several methods have been proposed for the power reduction in MSM scheme.

Different from the IM-based FSO system as mentioned above, various polarization
shift keying (PolSK) schemes have been applied in FSO systems, where informa-
tion is encoded as different state of polarization (SOP) by using external phase
modulator. Both theoretical analysis and experimental results demonstrate that
polarization sate is much more stable compared to amplitude and phase in the case
of an optical beam propagation. The optical wave depolarization can be neglected
in a turbulent channel as discussion in [67]. The binary PolSK modulation scheme
offers an improved link performance in term of the peak optical power by about 3
dB compared to ASK with the OOK format has been reported in [68],[69]. Finally,
the Fig.2.6 shows the block diagram of modulation issues. Both of the SIM-(internal
modulation) and PolSK-(external modulation) based FSO system will be introduced

in the following chapters.
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FIGURE 2.7: The block diagram of a typical coherent receiver of FSO system.

2.4.3 Coherent Detection

Although IM/DD has been wildly employed in FSO communication systems, which
has inherent advantages in ease of implementation, independent of phase and SOP
of incoming signal in real systems. But, the received signal information is only
associated with the intensity of the transmitted field, which is randomly fluctuat-
ing in the real FSO systems. This leads to the performance loss with undesirable
error floor, which is more sever under the strong turbulence regime. Unlike IM/DD
scheme, with the coherent receiver, the information of optical beam can be restored
by amplitude, phase and state of polarization. It offers an improved frequency
selectivity, better background noise rejection and increased detector sensitivity, e-
specially in potential ability of reduction of signal faded. The block diagram of a
typical coherent receiver of FSO system as shown in Fig.2.7. A local oscillator (LO)
is used to combine the incoming optical signal, however, it does not have to the same
frequency as the incoming information. Thus, two variants of coherent detection
generated as heterodyne and homodyne, which depends on whether the intermedi-
ate frequency (IF) is zero. Therefore, I provide a general mathematical modeling
for describing the coherent detection processing, and then the mixed optical power

(LO and signal) incident on the photo-detector can be expressed as:

Pr(t) = P + Pro + 2+/ PsProcos((ws — wro)t + ¢s + ©r — ©10) (2.18)

where P, and P are received optical power and LO power, respectively. I would
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note that the intermediate frequency as w;p = w, — wro, and s, @, and @ro
are encoded phase information, overall phase noise including the transmitter phase
noise and phase noise due to turbulence channel, and LO phase noise, respectively.
Obviously, the phase and SOP of incoming optical signal have became the signifi-
cant influence factors to coherent detection link performance. In order to solve this
problem, a variants configuration of coherent detection have been proposed such
as by using the square-law demodulation in [70], however, resulting in more com-
plicated and high cost than IM/DD system. In general, the heterodyne detection
can offer the features compared with direct detection as: a LO with a sufficient
power achieves the shot-noise limited receiver sensitivity. This is due to the signal
gain offered by the LO; Compared with DD systemn, the receiver scusitivity can
be improved by using the phase detection (polarization states), a heterodyne re-
ceiver only selects the polarization components of the received optical signal that
match the polarization of the LO and rejects the others; heterodyne detection with
efficient LO provides an excellent background noise rejection and channel fading

compensation over direct detection.



Chapter 3

OFDM-Based RoFSO Systems
with Spatial Diversity over
Correlated Log-normal Fading

Channels

3.1 Introduction

Nowadays, there has an increasing requirement on the high data rate and high-
quality applications for the communication devices, we have to face to an important
problem for explosion in the network traffic. The commercial FSO systems can be
viewed as a good candidate for supporting the heterogeneous services in the real
access networks, as to its ability on the high-speed and high-security over un-license
spectra. Further, combining the advantages of radio communication and laser beam,
which are similar to radio-over-fiber (RoF) [71], has been proposed to transmit the
RF signal but excluding the fiber medium referred as radio-over free space optics
(RoFSO). Tt provides a cost effective and high-capacity solution to connect the
wireless services and optical fiber construction. As to the practical standards, the

34
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first ITU-T recommendation in the area of G.640 for FSO application has been
published [72].

It is well known that the main impairment factor is atmospheric turbulence, re-
sults in irradiance fluctuation of the received optical signal. This effect referred
as the optical scintillation, which general cause the degradation of signal quality.
Spatial diversity technique as an attractive approach with its inherent property in
compensating to turbulence induced signal fading has been considered in FSO com-
munication systems. Thus, spatial diversity plays an important role in turbulence
mitigation methods. However, in this way, the most efficient diversity technology
depends on the conditions of multiple uncorrelated sub-channels. Based on the fact
that any two adjacent antennas must be far apart as an independent case, thus, cor-
relation cocfficient p1o = 0. Further, to determine the channel correlation which will
generates among the sub-channels, is important to achieves a reliable link perfor-
mance. Several studies on spatial diversity in FSO system with various modulation

and receiver combining schemes under independent case have been discussed in [73].

OFDM known as a special case of multiple sub-carriers modulation (MSM) is wildly
accepted to wireless communication that divides the spectrum into a number of
equally spaced sub-channels and carrying a portion of a users information on each
channel. OFDM/OFDMA technologies, which are the air interface for the Long
Term Evolution (LTE) as well as one of important broadband applications by using
the RoF techniques [74]. OFDM technologies have also been applied on several high-
speed digital communication standards such as HDTV broadcasting (i.e., DVB-T)
and IEEE 802.16. As to the MSM-based RoFSO system, the RF signal mapped
into multiple sub-carriers and converted to the optical signals by using the intensity
modulation direct detection (IM/DD), and then transmitted through the turbulent
channel [42]. At the receiver end, the received optical signal is converted to the
electrical signal by using the photo-detector (PD). As Fig.3.1 shows the typical

multiple sub-carriers modulation RoFSO system configuration [25],[75].
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FiGURrE 3.1: The typical MSM RoFSO system configuration.

Since the FSO system is modeled as the diversity reception scheme in the presence
of the turbulence. In order to investigate the benefits of this proposal, different
signal replicas combining schemes have been proposed and discussed in [76], which
are based on the availability of channel state information (CSI). An efficient diver-
sity scheme is required to improve the link performance considering the spatially
independent and correlation channels. The diversity reception scheme consists of
three primary linear combining techniques: maximum ratio combining (MRC) pro-
vides an optimum linear combining performance, resulting in a maximum-likehood
receiver configuration. However, implementation complexity is an inherent property
in this method, and system is extremely sensitive to channel estimation error. The
MRC scheme in the term of average signal-to-noise-ratio (SNR) over the statistics

of the turbulence distribution can be described as [63]:

70

(SNRype(X)) = /w% (Z SNRn(X)) Px(X)dX (3.1)

where N denotes the total number of the reception, the SN R,,(X) is SNR of the nth
reception, and Py (X) denotes the probability density function (PDF) for describ-

ing the variation of turbulence strength. In the regard to the equal gain combining
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(EGC) scheme which as an efficient technique for reducing the system implemen-
tation complexity has been proposed when an accurate estimation of the received
optical signal is difficult in MRC scheme. In general, the EGC scheme in the term
of average SNR with weighting factors as a constant (unity), therefore, is given by

[63]:

(SNRpae(X)) = /0 w% (Z\/SNRR(XO Px(X)dX (3.2)

In this chapter, I proposed a novel OFDM-based RoFSO system with spatial diver-
sity reception over correlated log-normal turbulence distribution channel. The final
goal of this chapter is to analyze and explore the potential of proposed system for
deploying in practical high-performance high-speed transmission. First, I investi-
gate the effect of turbulence and changed channel correlation on link performance,
in terms of averaging BER and outage probability (OP). An analytical modeling
for investigating the proposed system taking into consideration the diversity com-
bining schemes and number of diversity reception has been established. Moreover,
I give a comparison between the diversity receiver scheme and aperture averaging
(AA) under the same link conditions. In this analysis, the use of spatial diversity
configuration employing the OFDM modulation can be seem as a countermeasure
for combating the turbulence-induced signal fading and enhancing the FSO link
performance in the case of the real operation environment. In addition, this the-
oretical study will providing a guideline to optimized construct the actual system
designing by applying an optimum transmission performance, especially for the ar-
cas where connect between the wircless services and optical fiber construction. 1
should mentioned that the work of this chapter is reference to my previous paper,

which published on [25], [75].
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3.2 Turbulence Model

3.2.1 Channel Correlation in Turbulent FSO Links with Di-

versity Reception

In this subsection, I look back the theories used to present the expressions for
describing the channel correlation parameter among the diversity receiver over tur-
bulent channel. Further, a mathematical modeling for the joint probability density
function (PDF) which represents two log-normal random variables (RVs) of the

irradiance intensity in the presence of turbulence has been presented.

As well known, the most serious problem that affect the quality of optical signal
when propagating through atmosphere are caused by variation of the refractive
index as earlier mentioned. In fact, it is important to consider this phenomenon
which can arises the irradiance intensity fluctuation to the received signal, leading to
an increasing in the error probability level in proposed system. Irradiance intensity
fluctuation induced signal faded that depends on the size of the receive aperture, a
number of literatures proposed to compensate the power fading by increasing the
size of aperture beyond the correlation length as aperture averaging (AA) solution.
In the normal, aperture averaging scheme can be seem as a special form of spatial

diversity schemes.

In this proposal, a spatial domain technique can be used to model a novel RoFSO
system and employ the two apertures to collect OFDM signal at different positions.
This model has been limited in the plane-wave applications. Consider a dual di-
versity reception based optics link as shown in Fig.3.2 [25],[75]. The L denotes the
propagation distance, and P; and P, represent the center point of receiver aperture.
Then, the p15 can be described as the channel correlation coefficient between the

two component receiver apertures, 1th receiver aperture and 2th receiver aperture,
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FIGURE 3.2: A dual diversity reception based optics link over turbulent channel.

by F.BAI, performance analysis of RoFSO Inks with diversity reception for trans-

mission of OFDM signals under correlated log-normal fading channels. Journal
of ICT standardization [75].

respectively. Thus, the channel correlation coefficient is given by [76], [75], [25],

BI,lQ(-[l> 129 d12> D)

2 2
0103

P12 (d12, D) =

(3.3)

where di5 denotes the separation distance between the center-to-center point in the
adjacent aperture plane (P, P»), D denotes the aperture diameter. Bri2 and UJZ»
(j=1,2) are the spatial covariance function of the irradiance and scintillation index
of the jth diversity receiver, respectively. For purpose of further analysis on the link
performance, I prefer to introduce the light irradiance spatial covariance function

as follow [25], [75]:

I I
Brao(Iy, Iy, dyy, D) = Ab) (3.4)

(I1) (I2)

and the irradiance spatial covariance function is a more general statistic model with

its special case when the space distance between adjacent point, dio = 0, known as
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scintillation index can be described as [25], [75]:

Bras(5s 1,0, D) = o?,(D) = =)y (3.5)

J

where I denotes the collected irradiance intensity by the single receiver aperture,

the symbol (.) with being the average over scintillation.

Conventionally, two points on-axis log-amplitude fluctuation covariance function in
terms of the log-amplitude X and log-amplitude variance 0% based on extended

Rytov theory, thus, is defined by [57]

BX,12(T17T27L> = <(X1X2)2> - <(X1X2)>2
. (3.6)
=§R6 [Ey(r1, 72, L) + E3(r1,72, L))

where 7, ; is the transverse vector, Re(.) denotes the real part of function. Ey and Ej
are two second-order statistical moments, and when optical beam at output plane,

r; =r; =0, can be expressed as [57]:

1 00
E5(0,0, L) =47T2’<72L/ / K, cp1(K)
0 J0

e (3.7)
exp (— T )JO(Kdu)deg
and
1 ')
E5(0,0, L) :—47r2k:2L/ / K®,.p1(K)
70 70 3.8
exp | —

T z?) Jo(Kdio)dK de

where k = 27 /) denotes the number of optical wave, ¢ = 1 — z/L, L represents
the propagation distance, and Jy(.) is Bessel function of the first kind and zero
order. Further, the covariance function is valid under all turbulence regimes when
effective atmospheric spectrum @, .¢7(K') has been used. The effective atmospheric

spectrum @, .r¢(K) under neglecting the inner-scale and outer-scale conditions can
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be derived as [57]:

) 11/3 K2 K11/3
D, .r(K)=0.033C; K~ exp(— )+ (3.9)
g kg, TR R
with
k  2.61
2
S 1
YO L1+ 1.10% (3.10)
and
3k
K2, = 22(140.69017%) (3.11)

L

where Kx o and Ky represent the low-pass and high-pass spatial frequency cutofts,
respectively. Tt is noted that low-pass spatial frequency cutoft Kx o is related to
the diffraction effects caused by turbulence cells smaller than the spatial coherence
radius, and high-pass spatial frequency cutoft Ky denotes the deflection effects of
turbulence larger than the scattering disk. From the previous literatures, the arising
of channel correlation is mainly on the reflection effects. The parameter 0% denotes
the Rytov variance. The parameter C? is known as index of refraction structure

and assumed to be a constant to define the range of turbulence strength.

Considering the log-amplitude variance is sufficiently small, and making the trans-
verse vector with r; = r; = 0 for the on-axis values at output plane, thus, the
scintillation index can be modified as follow [57]:

BI,i:j(Ii:j7 Ii:ju 0, D) = 02-2: (D) = Eexrp [4BX71:2(0, 0, L)] —1 (312)

J

According to the relationship between the irradiance spatial covariance and log-

amplitude covariance as shown in equation 3.12. Further, bring the equation 3.7,
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3.8 and 3.9 into the equation 3.4, thus, I can obtain

BI,l?(-[laIQad12> ) —exp{QRe [EQ O 0 L +E5(O 0 L)]} 1

K?D?
—exp{8W2k2 // Dy epr(K)exp(— 16) (3.13)

s Jo(K ) {1 ~ cos ( - ’5)} d[(dg} _

Finally, as the mentioned above, the scintillation index parameter 0% defined where

di2 = 0 in equation 3.13. Then, the channel correlation coefficient pi5 obtained

from the equation 3.13 and 3.3.

3.2.2 Correlated Log-normal Turbulence Model

Theory basis to the FSO system operating under the atmospheric turbulence con-
dition can be established on a mathematical modeling by the probability density
function of randomly irradiance intensity that describes the system’s behavior across
the different turbulence regimes [59]. In this subscction, I first give a review of cor-
related log-normal turbulence model to represent the combining faded of irradiance
intensity. It provides an useful way to determine the effect of channel correlation
on the link performance under turbulence condition. Based on previous literatures,
probability density function (PDF) of irradiance intensity fading in term of log-

normal distribution for single receiver is given by [25], [75]

fr(I) = 21]We:cp{—(m(l);én(lo)) } (3.14)

where Iy being with the irradiance intensity without turbulence effects, I = lpexp(2X —
2(X)). Hence, in the case of spatial diversity scheme where signal transmitted/-
collected by multiple transceivers, a general spatial correlation matrix M is used

to model the channel correlation among the transceivers, thus, can be described as
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I2/I2’0 00 I1/I1’0 I2/I2’0 00 I1/I1’0

P4,=0-7 p,,=09

FicUrE 3.3: Irradiance intensity under correlated log-normal distribution with
different values of channel correlation coefficient.

[63]:
_mll(dll) mlz(d12) T mln(dln)_
M= m21Fd21) m22§d22) : m2n§d2n) (3'15)
_mnl (dnl) ey (dng) RN mnn(dnn)_ .

where d,,,, with being the separation space between the two component transceiver-
s. It should note that m(d) = Bx is log-amplitude spatial covariance function.
Further, the spatial covariance matrix can be expressed as:

N =o2M (3.16)

T
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where 02 is variance of irradiance intensity with turbulence effect. This math model
also can be expanded to the spatial diversity at both multiple transmitters and

receivers condition such as MIMO scheme.

To define the turbulence-induced channel fading in term of scintillation by diversity
reception, a correlated joint turbulence distribution of the irradiance intensity by

log-normal modeling is derived as follow:

1 1

T 4Ll 2o, 0x,\/ 1 — p3y
1 Inly — Inl)? Inly — Inlyg)?
X erpq — 5 (inhy 2711,0) —I—<n2 2n2,0) (3.17)
8(1 — piy) Ox, Tx,

(Inly — Inlyo)(Inly — ln[2,o)} }
—2p12

UX10X2

ffl,fg(-[17 12)

where I o and Iy are the collected irradiance intensity by the 1th receiver aperture
and 2th receiver aperture without turbulence condition. The figure 3.3 shows the

irradiance intensity over correlated log-normal distribution [25],[75].

3.3 Performance Analysis of Proposed System

3.3.1 Proposed System Model

Following, I focus on building an math model able to characterize the OFDM signal
propagation through a turbulent FSO link employing IM/DD by dual diversity re-
ception in this subsection. I presented the expressions of the SNR, BER and outage
probability, taking into consideration the scintillation effect, and both of MRC and
EGC combining schemes. As the shown in figure 3.4, a novel FSO configuration is
considered where the OFDM signal was propagated via single aperture and collected
by dual apertures over turbulence channel modeled by joint correlated log-normal

distribution [25],[75].
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FicUure 3.4: OFDM modulation based FSO system with spatial diversity in the
presence of turbulence effect.

OFDM technology as a special form of multiple sub-carrier modulation where its
each subcarrier is orthogonal to the other sub-carriers and separated by the corre-
lation technique at the receiver side. It offers advantages in improved transmission
data rate and distortion reduction of signal quality. However, such as high peak-
average-power-ratio (PAPR) caused by large number of subcarrier is acts an partic-
ularly crucial in IM /DD OFDM systems. In this proposed system, the each low rate
RF signal modulated by using the PSK or QAM modulation and then combined
on high frequency carrier. Thus, the OFDM signal for number of N, sub-carriers,
after up-conversion can be expressed as [42],[25], [75]

Ny -1
Sorpu(t) = Z Xpexp {j(wn +2mfo)t}, 0 <t < Ty (3.18)

n—0
where w,, and T are the set of orthogonal sub-carriers frequency and OFDM symbol
duration, respectively. X,, = a, + jb, is complex data symbol in the nth subcarrier,
with a,, and b, are the in-phase and quadrature modulation symbols. The first raw
data is mapped according to different types of modulation techniques (PSK/QAM).
Each symbol X, is amplitude modulated on orthogonal sub-carriers [25],[75]. The
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signal Sorpar(t) is then used to modulate the optical intensity by using the laser
diode (LD) and converted to the optical signal. It should note that inter-modulation
distortion (IMD) has been neglected in this work. Then, the transmitted optical

power is given by

P(t) = P, <1 + i mnSOFDM(t)) (3.19)

n=0

where P, and m,, are the average transmitted optical power and modulation index

on per sub-carrier, respectively.

Considering the main influence factors, including the channel attenuation and scin-
tillation in the field of FSO link, thus, the received optical power after photo-
detectors can be described as [25], [75]:

Pr.FSO(t) - P(t)LlossX + nFS’O(t) (320)

where L;,s includes the sum of path losses due to attenuation, geometrical loss and
pointing error. The nrgo(t) quantifies the additive white Gaussian noise (AWGN),
and the variation of the irradiance intensity X that associate to the log-normal

distribution, including the X; and X, for each sub-channel.

Then, the received optical signal converted to the electrical signal by each photo-
detector (PD), hence, the FSO noise can be filtered after passing the PDs. Moreover,
the each sub-channel passes through the electrical filter and OFDM demodulator.
Assuming the total photo current at output of the combiner in the presence of
turbulence is given [25], [75]

N-1

’i(t, Il, IQ,X) = ph(Ila ]2) <1 + Z mnSOFDM7172(t)> + Tlopt7172(t) (321)

n=0

where I, = RpP,LjyssX is DC of the received photo current which depends on

received irradiance intensity and has the same statistic to X, including the I; and
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I received by each receiver aperture, Rp is detector responsivity. It note that the

optical modulation index (OMI) per sub-carrier is given as

o Myotal

my, =
VN

n=01.N—1 (3.22)

In this RoFSO link, the total noise parameter n,,(t) is the sum of thermal noise,
shot noise and relative intensity noise, respectively, is modeled as Gaussian white
random process with zero mean and variance 0% = Ny/2. Then, the total noise

power can be described as [25], [75]

4J:(B TabsFe

No(I1, I5) = R,

+2qLpn (I, o) + (RIN)I%, (I, I) (3.23)

where Kp and T, are the Boltzmann’s constant and absolute temperature, respec-
tively, F, denotes the noise figure, RIN with being the relative intensity noise, Ry,

is the load resistor od photo-detector, and q is the electron charge.

3.3.2 Signal-to-Noise-Ratio and Bit-Error-Ratio

In this subsection, a comparison between the MRC and EGC combining scheme
obtained from the performance evaluation of proposed system has been discussed,
in terms of BER and SNR. In the regard to the MRC combining scheme, the in-
stantaneous electrical signal-to-noise-ratio (SNR) in the presence of turbulence can

be expressed as
2
Yarre(In, I, X7, X3) = vi(X2) /2 (3.24)
j=1

and with EGC combining scheme by dual diversity reception is derived as

vece(ly, L, X7, X3) = (\/71(X12) + \/’7’2(X22)>2/4 (3.25)



Chapter 3. OFDM-Based RoFSO Systems with Diversity Reception over
Correlated Log-normal Fading Channels 48

where 7; denotes the SNR of the jth receiver aperture within turbulence cffect. In
the case of both of MRC and EGC combining scheme in term of electrical SNR for

the proposed system, thus, can be derived as follow

my (1 (I, X1) + 1, 5(12, X5))

'W/MRC<X127X22) = 2N0<]1 IQ)B (326>

and

2

\/mn h.1 117X1>+\/m%12h.2<127X2>

(3.27)

where I, ; is the DC current part that related to the I; with the same statistics
model as X, B, denotes the electrical filter bandwidth.

Hence, when considering the M-QAM is used to modulate the original RF signal
in the case of OFDM modulator where sub-channel collected irradiance intensity
I, I, following a joint correlated log-normal distribution, taking into account the
channel correlation with representation of log-amplitude fluctuation by parameter

X, thus, the equation 3.17 can be modified as follow

1

27TCTX10X2 V 1—- /)%2
1 (X1 —(X1))? | (X —(X))?
X e:cp{ 30— %) { = + 72 (3.28)

215 (X1 — (X3))(Xa — <X2>)} }

0x,0X,

fX1,X2 <X17 X2> =

Further, the BE Ryt for the M-QAM based OFDM signal, where M = 2™ and n

is an even number, under the turbulence effect is derived as [25], [75]

—1
21-vM 37 ota X2aX2
2
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where er fe(.) denotes the complementary error function as

L[>
erfc(:ﬁ):%'/x e ¥ dy (3.30)

Finally, the total average B E Ry, for the received signal over correlated log-normal

distribution can be obtained from

(BERypt) — / / Ferea(X1, Xo) BE Rt (X2, X2)dX,dX,  (3.31)
0 0

where fx, x,(X1, Xs) denotes the probability density function as above mentioned

for describing the variation of signal fading.

3.3.3 Analysis of Outage Probability

The outage probability as an useful performance metric has been commonly used
in evaluation of fading channel. Tt is defined as the probability that instantaneous
SNR (Viotar) falls below a specific threshold SNR (;,), where represents a value of
the SNR above which quality of link is satisfactory. It provides an alternative way
to evaluate the signal f larly under the scintillation effect condition.

The outage probability for a given threshold SNR (7¢,) can be described as [69],[75]:
Pout(Yen) = P [Vtotal < Yen] (3.32)

The outage probability by the MRC combining scheme is derived as

Yth Yth—Y2
Prus(n) — / / £, 2)dyado (3.33)
0 0

where f(71,72) denotes the function of SNR follow the correlated log-normal distri-

bution model.
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TABLE 3.1: Numerical Parameters. by F.BAI, performance analysis of RoFSO
Inks with diversity reception for transmission of OFDM signals under correlated
log-normal fading channels. Journal of ICT standardization [25,75].

Operation wavelength A 1550nm
Relative intensity noise RIN -130dB/Hz
Photo detector load resistor Ry, 500
Absolute temperature Tpp, 300K
Propagation distance L 2000m
Electron charge 1.602 x 1019
Noise figure F, 2dB
Filter bandwidth B, 2GHz
Number of subcarrier Ny 256
Optical modulation index m,, 0.01
Responsivity of detector Rp 0.8A/W

3.4 Numerical Results and Discussions

Following, the characters evaluation results of OFDM-based FSO Link with spatial
diversity over correlated log-normal distribution obtained from the simulation by
MATLAB. The related evaluation parameters used in this work are shown in Tabel

3.1.

Ever since the property of channel correlation coefficient has been investigate in
several works [75], T would to remark the important points that will be useful while
analyzing the link performance to follow. Figure 3.5 shows the channel correla-
tion coefficient pi5 as a function of separation distance under variation turbulence
regimes represented by 0%, and aperture size with being a fixed value D = 2cm.
From the graph, it shows that the p;5 decreases with increasing separation distance
di12, and the curves go cross a zero point where the channel correlation length p,. is
defined as, pi2(p.) = 0 under the changed turbulence strength o%. In general, the
channel correlation length p. acts an important parameter which is useful way of
making a quick judicial decision on whether channel correlations exist among com-
ponent antennas. The obtained result also shows the when the two sub-channels
are overlapped, they must be perfectly correlated. In general, two sub-channels are

as an independent case of each other when the d;5 is larger than channel correlation
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FI1GURE 3.5: Channel correlation coefficient p12 against separation distance dja
and scintillation index for variation of turbulence strength regimes.

length p., and channel correlation is also affected by variance of turbulence strength.
Moreover, considering the aperture averaging (AA) scheme based the previous liter-
atures in [36], the point aperture is defined as D < VL. Thus, the point aperture
size D is approximate to 2¢m in this analysis. The effect of AA (D > v/AL) on the

system performance will be discussed in following result.

In Fig.3.6, a link performance comparison between the EGC and MRC combining
schemes with different channel correlation coefficient, p1o = (0.9,0.1), respectively
[25],[75]. It is observed that performance of receiver with EGC combiner is close to
the receiver with MRC combiner when link under the only two reception components
and within same channel correlation cocfficient condition. The result also shown
that there is a 2dB difference between the p;,=0.1 and p12=0.9 at BER=1076. It

should note that the receiver aperture size is D = 2c¢m which acts point aperture
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F1GURE 3.6: Average BER versus electrical SNR of proposed system with both

of MRC and EGC combining schemes over turbulence channel. by F.BAI, perfor-

mance analysis of RoFSO Inks with diversity reception for transmission of OFDM

signals under correlated log-normal fading channels. Journal of ICT standardiza-
tion [25,75].

scheme, and Rytov variance with being 0% = 0.14 defined as weak turbulence
regime. In uncorrelated channel, pi12(p.) = 0, each receiver aperture deployment
far apart, and separation distance beyond to the channel correlation length p..
Thus, the transmission performance can be seen as under an independent condition
without sub-channel interference. This point of view is also in contract I typically
see in RF wireless communication [77], where only the uncorrelated channel has a
lower data error level, leading to a potential ability on the reduction of signal fading.
The obtained result demonstrates that efficient separation between the apertures

is crucial to achieve the promised improvement of system from independent dual
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F1GURE 3.7: Average BER versus electrical SNR of proposed system over tur-

bulence channel under different modulation schemes. by F.BAI, performance

analysis of RoFSO Inks with diversity reception for transmission of OFDM sig-

nals under correlated log-normal fading channels. Journal of ICT standardization
[25,75].

diversity reception (channel correlation coefficient pi5 approximate to zero, i.e. pjo =
0.1). In fact, they are also highly sensitive to the turbulence due to the required

precision in accurate constellation scaling in the following signal processing.

In Fig.3.7, the figure plots the average BER versus the average electrical SNR for
different modulation types, such as BPSK, QPSK, 16-QAM, 64-QAM, respectively,
and considering the MRC combining scheme with correlation coefficient p15 = 0.1 as
a independent case and p12 = 0.9 over weak turbulence channel, 0% = 0.14 with the

point receiver aperture size D = 2¢m [25],[75]. The proposed FSO link performance
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is degraded as well as the correlation cocfficient is high. However, as to the average
BER=10"1, the BPSK with correlation coeflicient p;» = 0.1 outperforms BPSK
with correlation coeflicient p15 = 0.9 by approximately 5dB. These results indicate
the importance of chanmnel correlation and also demonstrate the effect of correlation
on system performance. For instance, the effect of modulation on the average BER
in clearly apparent. For the average SNR=14dB, the average BER increases from
10 2 to 10 ' for QPSK and 64-QAM with same correlation coefficient p15 = 0.1,
respectively. Actually, the average error probability of spatial diversity OFDM-
FSO system with larger constellation size requires higher received optical power to

accurately discriminate among the transmitted information.

To highlight the performance enhancement by using diversity reception, I have
shown in Fig.3.8 the system performance with ternary, dual and single reception
(AA) in weak turbulence regime 0% = 0.14, and using MRC' scheme for two different
channel correlation coefficient p12 = (0,0.9), respectively [25],[75]. In this analysis,
the effect of aperture averaging on system performance have been considered, i.e.
D = 4cm for single reception. It should be noted that the collected area of single
aperture is approximately equal to the sum of the diversity apertures area in this
case. Before expressing the analysis content, I first derive the function of electrical
SNR within MRC combiner, based on previous mentioned on equation 3.24, and is

given
3
yre (I, I, Is, X7, X3, X3) = Z’Y’j(Xf) (3.34)
j=1
and average BER over scintillation is derived as
(BE Rypat) — / / / F(X1, Xo, Xo) BE Rt (X2, X2, X2)dX1dXd X5 (3.35)
o Jo Jo

where f(X7, X5, X3) denotes the PDF of turbulence model. The result shows that
ternary reception link performance outperforms dual and single reception cases. For

instance, considering the electrical SNR=15dB, the average BER increases from
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FiGURE 3.8: Link performance comparison of a turbulent OFDM-based FSO

link under ternary reception, dual diversity reception and single reception con-

ditions. by F.BAI, performance analysis of RoFSO Inks with diversity reception

for transmission of OFDM signals under correlated log-normal fading channels.
Journal of ICT standardization [25,75].

10~* for ternary reception, 1073 for dual reception to 10~2 for single reception
with AA under same channel correlation coefficient p;5 = 0, respectively. These
results determine that selecting diversity reception may increase the overall link
performance, and diversity techniques can be obtained in practice through aper-
ture averaging effect. Furthermore, I determined that there is a 5dB difference at
BER=10"* for the ternary reception with channel correlation parameter p;s = 0
and p12 = 0.9, respectively. As pointed out above, the result indicates that increased

channel correlation coefficient leads to the link performance degradation.
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FIGURE 3.9: Performance of dual diversity reception with MRC combining

scheme in term of outage probability. by F.BAI, performance analysis of RoFSO

Inks with diversity reception for transmission of OFDM signals under correlated
log-normal fading channels. Journal of ICT standardization [25,75].

The system’s outage probability P, is analyzed using Eq.(3.33). Figure 3.9 shows
P,,; for single and dual reception with QPSK under the weak turbulence effect, and
optical modulation index m, = 0.01. Two cases of channel correlation coeflicient
have been considered, p1o = (0.1,0.9), respectively [25],[75]. It is observed that
the use of a dual reception leads to better P,,;, which outlines its contribution to
mitigating the turbulence-induced fading. For instance, for a SN Ry, =-15dB, P,
decreases from 1071Y to 10 7° for a dual reception with p;, = 0.1 and single reception,

respectively. Now, considering the case of the channel correlation, p12 = (0.1,0.9)
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at the same outage probability P,,; = 107, T obtained a 4dB different for thresh-
old SN Ry, between p1os = 0.1 and p12 = 0.9 with a dual reception, respectively.
The proposed system performance with channel correlation increasing leads to the

performance degradation as the case of two channels are overlapped.

3.5 Conclusion

In this chapter, I provide a theoretical study of the channel correlation effect on
the diversity reception OFDM-FSO system over turbulence channel. In our study,
a novel transceiver architecture for turbulent OFDM-FSO system with diversity
reception over correlated fading channel has been considered. I analyze and e-
valuate the channel correlation effects on the transmission performance of system
over correlated log-normal turbulence channel in terms of SNR, BER and outage
probability by different combining schemes and in the case of plane-wave model.
The analysis results determined that spatial diversity -based OFDM-FSO system
performance is related to the variation of channel correlation, modulation formats,
receiver aperture size and scintillation, respectively. The numerical results also rep-
resented that spatial diversity can be seem as a helpful solution to compensate the
turbulence-induced signal fading as well as reduction of data errors. The evaluation
of the proposed system behaviors confirm that the use of the diversity reception
with OFDM scheme lead to a potential ability on link performance improvemen-
t, especially in high demand on transmission capacity becomes more important in

access networks.



Chapter 4

PolSK-Based Direct Detection
OCDMA Systems Through
Turbulent FSO Links

4.1 Introduction

Generally, different modulation types, in particular based on intensity modula-
tion/direction detection (IM/DD), for FSO systems have been wildly reported, such
as on-off keying (OOK), etc. However, the performance of this modulation scheme
is readily affected by the turbulence fluctuation and optical modulation index; thus,
this mean the requirement of the knowledge of the channel characteristic, and an op-
timal adaptive detection is required at the receiver to improve the link performance,

which brings to the system complexity in the real case [64],(69].

Different from IM-based modulation schemes, polarization shift keying (PolSK)
technology was proposed as an alternative modulation technique to both envelop-
and phase-based modulation schemes [78]. By this way of modulating, data infor-

mation is encoded by different states of polarization (SOPs) of the optical source

58



Chapter 4. PolSK-Based Direct Detection OCDMA Systems over Turbulent FSO
Links 29

FIGURE 4.1: The electrical field vector of linear polarization light (a), circle
polarization light (b) and elliptical polarization light (c). E: electric field, H:
magnetic field

by using an external modulator (i.e., a Mach—Zehnder interferometer) [78]. In the
general of polarization light, the field amplitudes can be seen as along the horizontal

axis F, and vertical axis F,, and can be described by following equations

E, = Agexplj(wt + ¢,)] - T (4.1)

B, = Ajexplj(wt +¢,)] - (4.2)

where A, and A, denote the amplitude of the electrical field, respectively, and ¢,
and ¢, denote the phase of the z-component and y-component, respectively, and w
being with the optical frequency. Then, assuming that laser beam is set to three

polarization categories including the linear, circle and elliptical, respectively. The
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functions are given as [78]:

APlinear = mm(m = 0,1, £2, ...) (4.3)
Apeirere = mm/2(m = 0,£3,£5,...) (4.4)
A@elliptical % 07 7T07'7T/27 A:C % Ay (45)

where Ay = ¢, — ¢, denotes the phase difference between the two components.

For inherent property of light wave, polarization states are the most stable properties
compared with the amplitude and phase when propagating though a turbulent
channel. Various PolSK modulation types have been proposed in FSO transmission
systems [79]. In [68], it demonstrated that the binary PolSK (BPolSK) modulation
offers an enhanced link performance in terms of the peak optical power by about
3 dB compared to the ASK scheme. For this reason, a novel transceiver architecture
based on the PolSK scheme with multiplexing transmission technique has been
proposed to mitigate the channel fading, as well as to enhance the system capacity

in FSO communication systems in this chapter [69)].

Optical code division multiplexing access (OCDMA) acts an useful solution to sup-
port multiplexing transmission and multiple users access, which supports high-speed
and large capacity communication in optical fiber networks. At the same time, the
OCDMA technique has also drawn a lot of attention in optical wireless commu-
nications. The use of OCDMA schemes as a countermeasure for improving link
performance has been considered in [36],[80],[81], where the propagation signal influ-
enced by turbulence effect and multiple-access interference (MATI) was exhaustively
discussed. Fig.4.2 shows the system configuration of CDMA signal transmitted
through a RoFSO link [36].
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Basically, for the case of the received CDMA signal Scpara at the receiver end from

the K users is described as:

Separal(t) = éj:lSk(t — ) = édk(t — ekl — ) (4.6)

and
di(t) = le dy; Pr(t — iT}) (4.7)

and
ca(t) = Ni dyi Pr(t —iT,) (4.8)

where the 74, 0 < 75, < Ty is the time delay of the k-th user, and d(t) and ¢ (t)
are the intended user data signal with M bits and spreading code for k£ th user,
respectively. The code sequence signal has N chips and dy,(¢), cx(t) € {0,1}, where
Pr denotes a unity rectangular pulse of width 7', and T, and 7, are the symbol

duration and chip duration.

However, in the most of previous literatures such as discussed in [36], FSO links only
can be used to transmit the CDMA signal based on intensity modulation as well as
coding/decoding in the RF domain as shown in figure 4.2 . There is no systematic
study of a cost-effective all-optical OCDMA-FSO system with external modulation
has been carried out. Therefore, such a study will be important in designing and
optimizing methods to enhance the performance of the OCDMA FSO systems in
operation environments, combining the multiplexing transmission technologies and

an optimum robust modulation scheme for the mitigation of signal fading [69].

The advantages of combining PolSK and OCDMA in optical fiber networks were
already reported in [82], where the fiber dispersion and noise are the important
impairment factors. However, no complete study providing an analytical model

for PolSK-modulated OCDMA systems over an FSO link has been proposed so far
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FI1GURE 4.2: Conventional CDMA signals over turbulent RoFSO link.

to our knowledge. Therefore, the goal of this chapter is to analyze and explore
the potential of proposed system on high speed optical wireless transmission, and
the main contribution of this work is based on my previous results [69]. Firstly, I
proposed a novel PolSK-modulated OCDMA systems over turbulent FSO link with
IM/DD. Then, I developed a closed-form mathematical modeling for describing and
evaluating the impact of scintillation and MAI on the link performance, in terms of
the BER as well as the outage probability in the case of Gamma-Gamma turbulence
model. Finally, the numerical results show that the transmission performance of
the proposed system is highly sensitive to atmospheric turbulence and MAI. For
comparison, the OOK and PolSK for the OCDMA-FSO link performance have also
been presented. This theoretical study provides an all-optical CDMA-FSO system
structure based on the PolSK modulation scheme, which takes into consideration
the significant influence and limitation factors. I should mentioned that the work

of this chapter is reference to my previous paper, which published on [69].
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F1GURE 4.3: PolSK modulated OCDMA systems over turbulent FSO links. by
F.BAI, performance analysis of polarization modulated direct-detection optical

CDMA systems over turbulent FSO links modeled by the gamma-gamma distri-
bution, MDPI, Photonics [69)].

4.2 Analysis of PolSK Modulated OCDMA Sys-
tems Over Turbulent FSO Links

4.2.1 System Model

The focus of this subsection is to establish an analytical model that is able to
characterize the polarization-modulated optical CDMA signal propagation through
turbulent FSO links. Considering the main effect of atmospheric turbulence is irradi-
ance fluctuations, known as scintillation. For covering a wildly range of turbulence
strength, the Gamma-Gamma distribution has been adopted in this analysis. It
should note that the modified prime codes (MPCs) with the auto-correlation and
cross-correlation value bounded by one as serving for spreading code in this analy-
sis. The modified prime code is characterized by its code length F' = p?; the code
weight W = p. The cardinality of MPC is defined p?, and the p is a prime number

[83]. The configuration of proposed system is shown in Figure 4.3 [69].

Next, a detailed theoretical model for describing the OCDMA signals transmission
processing by PolSK modulation will be provided. Since a laser beam with a fully

polarized SOP generated by a laser diode and propagating along the z-axis can
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be described as equation 4.1 and 4.2. In this work, assuming for simplicity that
the laser beam is set to be linearly polarized at an angle of w/4 (§ = 45°) with
respect to the transmitter reference axis. The linearly polarized beam is divided
into horizontal and vertical SOPs with equal amplitude (A, = A,) and zero phase
difference (Ap = ¢, —¢, = 0) at the output of the polarization beam splitter (PBS).
Then, the SOP of the input beam is switched between two orthogonal states by the
optical phase modulator, which refer to 0° to 180° (Ap = 0orAp = m). The N
times per bit is according to the modified prime code mapping the optical signal
into CDMA format. Then, the emitted PolSK-modulated electrical field vector at

the polarization beam combiner (PBC) output is given as [69]:

Bralt) = | Reanlj ot + [+ cop (12654() ) (4.9

where Si(t) denotes the CDMA signal, and P, with being the transmitted optical
power. Moreover, the use of Jones notation for representing the electrical field

vector can be defined as [84]
T
J= | B, (4.10)

where J is Jones matrix, and in the case of two SOPs (717 or 70”) can be express by
Jg and Jy are orthogonal if their inner product is zero as mentioned in [84]. For the
binary PolSK modulation scheme, the data bits mpped into the Jones vectors when
the angle of one polarization component is switched relative the other between two
angles. Therefore, the k-th user SOP-encoded OCDMA signal with the first user
as the desired one, defined as [69]:

JYif dp(t) XORey(t) = 0(Ap = 0)symbol”0”
. (DX ORa (1) = 0(Ap =0 -

Jbif dip(t) XORey(t) = 1{Ap = 7)symbol”1”
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where XOR represented the exclusive disjunction operation. Thus, the emitted

optical signal represented by the Jones vector for 70” and ”1”, are given as:

0 __ 1 T
J _—\/5[11] (4.12)

1 _ 1 o T
J _—\/5[ 11] (4.13)

Hence, complex Jones matrix with unit determinant is derived as:

Q= [JO Jl] (4.14)

Finally, each user modulated signal is combined together by the optical combiner.
Conscquently, the received optical signal suffers from several impairments, including
the channel attenuation, such as beam divergence and turbulence-induced scintil-
lation. Thus, the received composite signal at the output of splitter by the Jones

vector notation can be described as [69]:

30X =B By = X+ S AX) 4 o) (415)

k=2
where the first and second elements are represented the data from the intended user
and interference by other users, and Jpgo(t) denotes the Jones vector of AWGN.
The X quantifies the variation of signal fading, as mentioned earlier, and its PDF
is defined by Equation 2.13. As shown in Figure 4.4, the changing of SOP due to
the turbulence effect is compensated by the polarization controller, whose function
is to ensure that the received signal at the receiver side has the same SOP reference
axis as reported in [85]. Then, the received composite signal passes through the
PBS and divided into upper and lower branches. In the case of signal processing,
the received signal of each branch is correlated through the optical correlator de-
vice. This processing can be described as, considering the if a coded signal with
the correct codeword arrives, the optical correlator is tuned to the intended user’s

assigned spreading code to de-spreading the CDMA format signals, and thus the
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auto-correlation function achieves a high peak value. However, conversely, for an
incorrect codeword, a cross-correlation is generated with increased the MAI as men-
tioned in [86]. Hence, the polarizer acts a polarization filter which produces only
corresponding to the desired part of polarization components. The the function of

cach polarizer output is given as [85], [84]:

60 [ea 1] =5 ) o

Next, a mathematical modeling for describing the PolSK modulated optical CDMA
signal processing has been established. Firstly, the received signal for a single

receiver in the presence of turbulence effect, is given as [69]:

K
Eg(t,X) = Re{ Ey(t)e @)y Q Pr(t — kTs)eg(t) (4.17)
=1 |1 dk( )

where Er(t, X) is proportional to variable X and has the same statistical model,
Re(.) denotes the real part, and ¢, with being the phase of the received optical
field. The each orthogonal component (z-, y-component) are assumed as being
equally amplitude and channel attenuated without the losses of turbulence-induced
depolarized. Then, the received signal at the output of polarizer for the upper
branch is derived as follow [69],[85]:

E,. .+ Ey k K

5 =) di(H)en(t)

p (4.18)
E.p—FE
y %PT@ - k:Ts)} cos (wst + a.r)

and similarly, the lower branch is given as:

ok =Bk S )1
k=1 (4.19)

Pr(t — k:TS)] cos (wst + oy 1)

Ell%.y.k(tu X) =

Em.k + Ey.k
T
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FIGURE 4.4: Block diagram of the proposed system transceiver structure.
F.BAI, performance analysis of polarization modulated direct-detection optical
CDMA systems over turbulent FSO links modeled by the gamma-gamma distri-
bution MDPI, Photonics [69].

by

Here, orthogonal components of k-th user based on the equation 4.14, are given as

and

By = J di(t)ex(t)Eo(t)

By = JH(1 = di(t))cr(t) Eo(t)

(4.20)

(4.21)
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where ¢, and ¢, represented the phase of the received optical field for cach
component, respectively. Further, as previous mentioned on optical correlator that
spreads the encoded signals by pre-reserving the intended user’s assigned spreading
code. In the same time, it should note that correlator is set up with the complement
of the code (phase shift in 7) in the lower branch. With that, the received signals
are detected by the balanced detector to generate the different photo currents, and
ready for extraction in the following decision processing. Thus, the photo current

at a certain symbol duration T at the upper branch can be described as [69]:

T, N
o= [ 3L (0 X)) (1.22)
=0 p—1

and lower branch [69]

1 c(nT)

t=0

5, =% (B, (1, X))  dt (4.23)

n=1
where R and ¢, (t — nT.) denote the responsivity of photo detector and n-th chip
of the assigned spreading code of the kth user, respectively. Note, the sum term of

the functions can be solved as:
K 2 K K K
(Z ak> = Z az + Z Z aia; (4.24)
k=1 k=1 k=1 j=1,j#k

Since the second-order terms in the functions can be filtered out cause of beyond the
photo detector frequency range. Then, equation 4.22 and 4.23 based on equation
4.24 can be modified as follow [69],[85]:

RX o c(nT,) +1
Tho = 2 {T

n=1

K

> (B2 + B
k=1 (4.25)

+ di(t)en(t — nTo)(E7 . — Eyy)) ]+ mo0(t)
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Similarly, the lower branch is given as [69],[85]:

X 1 —¢(nT,)
IRy 4 Z{

n=1

K

> (Bl + By,

k=1 (4.26)
+ di(t)er(t = nTe)(Eyy — Eyy))] ) +ma(t)

where the ng(t) and n,(¢) represent the filtered Gaussian noise. In the following pro-
cessing at the output of balanced detector, the differential photo current is derived

as [69]:

Liigp(t, X) =1}, — I

-y
§RX N K
= _cn T.)Y (El,+E}, (4.27)
n=1 k=1
+ dp(t)cr(t —nT) (B2, — E2,)) + nope(t)

where total noise n,,:(t) includes the thermal noise, shot noise and relative intensity
noise (RIN) processes. T assume that first user as the intended user with interference

by other users, thus, the equation 4.27 can be modified as:

RY
Lyipp(t, X) = 4 Z c(nT.) (B, + Ej )
n=1
DC C‘urrrent
RX
2 2
+ = 2 cnT)dy(ter(t = nT) (B, — B} y) (4.28)

1

3
Il

o

e
desired user

K
Z o(nTe)di(t)e(t — nTL) (B2, — EZ;:) +1opt (1)

1 k=2
. - o

interference

#\i
] =

3
Il

where DC photo current can be filtered in the balanced detector, and second term
and third term denote the desired user data with auto-correlation and interference

with cross-correlation, respectively.
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4.2.2 Signal-to-Noise-Ratio and Bit-Error Ratio Analysis

Now, I derive the expressions of proposed system performance in terms of SNR and
BER, which considers the scintillaiton effect and multiple-access interference (MAT)
within CDMA users. In the case of IM/DD based FSO link, at the input of single

receiver for kth user, the received optical power is written as [69]:

Pr.FSO(t) =X- Pr.o(t)LFSO + Tlpso(t) (4.29)

where P, () is the received optical power in the absence turbulence, and nggso(t)
and Lpgo denote the AWGN and FSO link losses, respectively, and FSO losses can

be expressed as [69]

LFSO(dB) = Lgeo + Lpoz'nt + Lyis, (430)

where Lge, is geometrical loss, and L,;s is channel scattering with low-visibility
caused by channel attenuation, L, is the pointing error between the transmit-
ter and receiver antennas. Hence, considering the 7, = 0, and background light
interference can be filtered in bandpass filter (BPF). Generally, the detected photo

current at the output of matched filter is given as [69]:

2(6.%) = /t :TO it X) }N: ¢ (nT) dt .

=D(t, X) 4+ Inar(t, X) + nop(t)

where output photo current of PDs with the noise component is given as [69]

K
i(t, X) = RPrx Y _ Sk(t) + nope(t) (4.32)
k=1
where Prx = P, X denotes the received optical power over the scintillation, D(¢, X)
and Iy 47(t, X) denote the signal from the desired user and the interference compo-

nent, respectively.
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Moreover, I should mentioned that the desired signal as well as interference con-
tribute the average power (K-1 users) to the each PD in the same time. Thus, the

AWGN with a double-sided power spectral density of Ny/2, and is derived as [69]:

No =Nsnot + Ny + Nrin

4KBTabsFe (433)

=2q (Prx®R) + 7 + (RIN) (PrxR)?
L

where ¢ and Kp are the electron charge and Boltzmann’s constant, respectively,
F, denotes the noise factor, and T,,s with being the absolute temperature and Ry,
denotes the PD load resistance. Here, the proposed FSO link performance in the

term of SNR in the presence of turbulence can be expressed as [69]:

D(t,X)?
0.2 + 0—2

Ingar Nopt

[%_X SN e(nT)dy(t)er (t — nT.)(E2, — E2 )]2 (4.34)

4 n=1 y.1

SNR(K, X?) =

(2SN S T de(en(t - nT) (B2, — 2|+ NoB

where bandwidth is given as B = 1/T, and required to pass the signal without

distortion.

Then, for the following analysis, I focus on the MPC properties, the auto-correlation
denoted by using the Zgzl c(nT,)ci(t — nT.) = p in the equation 4.34. In the
meantime, the term S ¢(nT,)ex(t — nT.) = A represents the cross-correlation
value. As we known, the cross-correlation value is either zero or one, depending on
whether the codes are in the same group or different groups, while only the one can
cause the interference, which is among the intended user and (p? — p) users from the
different groups (whole sequences p?, sequences from the same group of the intend

user p) [69],[83].

Further, defining the cross-correlation values as uniformly distributed among inter-
fering users, the PDF of variable ). is defined as P(\.) = k/p* — p [69],[85], and k

is the number of actively involved multiple users. Therefore, the SNR function is
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wodified as follow [69]:

1

SNR(K,X?) = (4.35)

(K(K—l))2 16 NoB
(»?-p)p (R X -pdi(t)(E2 *Eﬁ.l))Q

In this work, it is important to determine the scintillation effect on the proposed
link performance, thus, a averaging error probability for binary PoLLSK modulation

within turbulence modeled by Gamma-Gamma distribution can be expressed as:

(PEPS(R)) = [ PEPISK (R P(X)q X (4.36)

0

where condition error probability in the presence of turbulence is given as [79):

1 —SNR(K,X?
PEBPOZSK(K) — —exp( 2( )

> ) (4.37)

In order to simplify the integral of equation 4.37, a well-known solution in terms of
Meijer’s G-function G7%"(.) [87], has been proposed. Assuming the SNR(K, X?)
can be approximated by averaging the noises and interference power over scintilla-

tion, is derived as [42],[75]:

(S(t, X)*) X*

<O—%MAI> + <O-7210pt>

SNR(K, X?) =~ ~ (SNR(K, X)) X (4.38)

Thus, a closed-form error probability for the proposed link becomes [69],[87]:

2(1—&-571

= ST
— - — — 4.39
S(SNR(EXY) B e g ) Y
0

<PeBPOlSK<K>>

X Gﬁ (f)
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Here, the expressions in terms of Meijer’s G-function are used following transforms

[87]):

1
67"]00(\/5) = ﬁG?g [ﬂé,l/z} (4.40)
and
1 2,0 ..'13'2 o

4.2.3 Outage Probability Analysis

The outage probability is an useful way to determine the degradation of link per-
formance in the presence of atmospheric turbulence. Defining as the probability
that the instantaneous SNR falls below a special threshold value of SNR, which
represented a specified value of the SNR above which the quality of the FSO link is
satisfactory. The outage probability for a given threshold SN Ry, is defined as [69]:

Poi(SNRy,) = P.(SNR(K, X?) < SNRy,)

(4.42)
= P, (X*(SNR(K, X?)) < SNRy,)
I assume a constant Cy, can be expressed as [69)]:
Cin = (SNRuy/ (SNR(K, X2)))/? (4.43)
Thus, the outage probability is derived as [69]:
Ctn
Poua(SNRuy) = / Py(X)o_adX
0 (4.44)

Ctn 2(()z/)))QTJrﬁ ot
= 2P P e (9 /aBX)dX
/0 C(a)T(5) p(2vafX)
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TABLE 4.1: Numerical parameters. by F.BAI, performance analysis of polariza-
tion modulated direct-detection optical CDMA systems over turbulent FSO links
modeled by the gamma-gamma distribution, MDPI, Photonics [69].

Parameters Value
Link distance L 1000 m
Channel bandwidth B 2 GHz
Operating wavelength A 1550 nm
Aperture diameter D 100 mm
Coupling losses Lpoint 3dB

Beam divergence © +0.75 rmad

Relative intensity noise RIN  —130 dB/Hz
Absolute temperature T, 300 k

PD responsivity p 0.9 A/W
Electron charge ¢ 1.602 x 10¥ C
Noise figure F, 2 dB
PBS/PBC loss 2 dB
Atmospheric attenuation L,;s 1 dB
Geometrical loss Lgeo 1dB

Similar to the above solution by closed-form in term of Meijer’s G-function, thus,
the equation 4.44 becomes:
()" - =58

2.1
CthGl 3 O‘/jcth‘ o

Pout(SNRth)ZW : @  f-a a4B

(4.45)

4.3 Numerical Results and Discussions

In this section, I focus on evaluating the overall proposed system performance in
terms of BER and outage probability, taking into consideration the turbulence-
induced scintillation and MAI effects. The main numerical parameters in following

calculation are shown in Table 4.1 [69)].

Since the behavior of the OOK-modulated OCDMA FSO system has already been
investigated in several works [88], I prefer to give a performance comparison between

the proposed system and OOK-based system under the same link conditions. Hence,

it should note that OOK-based OCDMA FSO system employing a fixed threshold
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in this analysis. Figure 4.5 plots the error probability versus the electric SNR for
both of PolSK- and OOK- (fixed threshold of 0.5) OCDMA systems over turbulent
FSO links when the number of active users K = 1 (no interference) and K =
30, respectively, and prime code parameter p = 13 [69]. It is observed that the
BER performance degradation within the variation of turbulence levels, and OOK
displaying the worst case scenario. For a BER of 107% and scintillation parameters
a = 116,53 = 10.1 as a weak turbulent regime, the SNR for PolSK and OOK
are about 24.5 dB and 33 dB, respectively. When the scintillation parameters are
changed to o = 2.1, § = 1.3 as a strong turbulent regime, a lower SNR is required for
PolSK compared with OOK at the same BER level. Thus, based on these numerical
results illustrated in this plot, it determined that the information encoded in the
intensity of the carrier signal is much more prone to turbulence-induced fluctuation.
In other words, PolSK scheme offers an improved link performance compared to

OOK across the whole turbulence regimes [69].

To give an insight in efficiency of the proposed technique in this analysis, Figure
4.6 shows the variation of BER performance against the received optical power P,
[69]. In this case, the number of active users is p?> — p which defined the total of
the interfering users when the prime number is given a fixed value p = 13. The
ctfect of the turbulence on the average BER is obvious, as the scintillation index
increases. For instance, a single active user system with average BER = 1073,
P, = —30 dBm, without turbulence outperforms the weak turbulence (o, ) =
(11.6,10.1) and strong turbulence («, 5) = (2.1,1.3) by approximately 4 dBm and
20 dBm, respectively. Hence, three cases of the number of simultaneous active users
have been considered, represented by K = 1, K = 25 and K = 45, as the single
user, 15% and 30% of the full-load in the proposed scheme, respectively. As it
apparent from the graph, the result determines that the proposed system able to
support 15% of the active users to provide a high transmission performance, i.e.,
BER = 108 with received optical power P, = —18 dBm in the weak turbulence.

However, when the system accommodates 30% of all users, the system is unable to
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FIGURE 4.5: Performance comparison between the PolSK- and OOK-based

OCDMA systems over turbulence channel. by F.BAI, performance analysis of

polarization modulated direct-detection optical CDMA systems over turbulent F-
SO links modeled by the gamma-gamma distribution, MDPI, Photonics [69].

guarantee a reliable communication service in the whole of the turbulence regime
due to MAI as a dominate noise under this condition. These results indicate that
the system performance is highly sensitive to the atmospheric turbulence and also
requires higher received optical power to overcome the BER degradation caused by

MAI at the same time.

To highlight the impact of MAI on the overall system load performance, further, I
conduct a study on the capacity performance when the large number of active users
shared in the same channel, as shown in Figure 4.7. In this analysis, in the case

of received optical power P, = —20 dBm, the system accommodates the variation
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FIGURE 4.6: BER performance against received optical cross the whole turbu-

lence regimes, K = 1, K = 25 and K = 45. by F.BAI, performance analysis

of polarization modulated direct-detection optical CDMA systems over turbulent
FSO links modeled by the gamma-gamma distribution, MDPI, Photonics[69].

number of active users, with prime number parameters p = 5, p = 11, p = 13,
p = 17. In fact, the prime code corresponding to the code-set cardinality p* is the
main limiting factor of the number of supporting active users. From the graph, the
BER performance improved by p increases due to heavier code weight p and longer
code length p?. Furhter, the larger of the p is closely related to the higher auto-
correlation peaks or lower hit probabilities [83]. The BER performance gets worse as
K increases with respect to the strong mutual interference and, therefore, is unable
to guarantee a reliable communication performance for larger active users, as the

previous analysis in Figure 4.6 [69]. Under the different turbulence strength regimes,
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FI1GURE 4.7: Average BER performance versus the number of active users K with
different prime number p in the presence of turbulence. by F.BAI, performance
analysis of polarization modulated direct-detection optical CDMA systems over
turbulent FSO links modeled by the gamma-gamma distribution, MDPI, Photon-
ics[69].

the impact of optical scintillation on the system BER performance is observed,

especially when the signal propagates through the strong turbulent channel: (a, 3)

= (2.1,1.3). These results indicate that the system employed a greater number of

users, leading to growing interference, however, a larger prime number p can be

adopted to guarantee a reliable link performance when the system accommodates

a large number of users.

Next, an analysis of system outage probability P, by using Equation 4.45 has

been provided. Figure 4.8 shows the variation of the outage probability P,,; versus

a single user with different SNR thresholds (SNRy,) in both the weak and strong
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FIGURE 4.8: Outage probability P,,; against received optical power, when
SNRy, = (10 dB, 20 dB), K = 1 in the presence of turbulence. by F.BAI,
performance analysis of polarization modulated direct-detection optical CDMA
systems over turbulent FSO links modeled by the gamma-gamma distribution,

MDPI, Photonics [69].

turbulence regimes, the prime number is p = 13 [69]. Two cases of the SNR thresh-
old level have been considered, SN Ry, = (10 dB, 20 dB), respectively. Obviously,
the outage probability is similar to the BER performance under the turbulence
fluctuation. We can see clearly that the outage probability is affected by the at-
mospheric turbulence and required more received optical power to achieve a better
link performance. For instance, when the system P,,; = 1072 and SNRy, = 10 dB,
the received optical power is close to —19 dBm in weak turbulence compared to —5
dBm in strong turbulence. In fact, system outage probability is also highly depen-

dent on the effect of turbulence fluctuation. Besides, for the reccived optical power
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FI1GURE 4.9: Average BER performance versus the number of active users K with
different prime number p in the presence of turbulence. by F.BAI, performance
analysis of polarization modulated direct-detection optical CDMA systems over
turbulent FSO links modeled by the gamma-gamma distribution, MDPI, Photonics

[69].

P, = —15 dBm, the outage probability is close to 10 ° and 10 2 for SN R, = 10 dB
and SN Ry, = 20 dB, respectively. Note the number of active users K = 1 in this
analysis, which means that the system only suffered from the impact of turbulence

fluctuation without MAI.

Finally, Figure 4.9 shows the variation of the outage probability as a function of the
number of users K with the SNR threshold level at SN Ry, = (10 dB, 20 dB), a fixed
prime parameter p = 13 in both the weak and strong turbulence regimes [69]. It

can be observed that the outage probability gets worse with increasing the number
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of active users, due to the increase of MAI coffect. In order to tolerate the large
number of active users and provide reliable communication service, a longer code
is necessary. Hence, the graph also shows the impact of atmospheric turbulence on
the outage probability performance. For the number of active users K = 20, the
outage probability increases from P,,; = 1073 P,,; = 10! for the weak turbulence
and strong turbulence regime with the same SNR threshold, SNR;, = 20 dB,

respectively.

4.4 Conclusion

In this chapter, a theoretical model based on polarization modulated OCDMA sys-
tems over an atmospheric FSO link, considering the MAI and scintillation effects,
have been discussed. A mathematical model for characterizing the PolSK-OCDMA
signal processing, in term of Meijer’s function is presented. Different from the opti-
cal fiber medium, this analysis results demonstrated that the PolSK-OCDMA FSO
system transmission performance is sensitive to the optical scintillation caused by
atmospheric turbulence. Moreover, important performance metric parameter, such
as the prime number p, have been measured and analyzed to evaluate and quantify
the influence of MAI effects on the proposed system. The obtained results indicate
that a large number of active users can degrade the system performance due to the
effect of MAI while a larger prime number can potentially improve the overall sys-
tem performance. Finally, I also conclude that the choice of PolSK modulation for
the design of the FSO system is an optimum method for the mitigation of channel
fading, which obtained from a comparison with internal modulation (i.e., OOK)

based FSO Link.



Chapter 5

PolSK-Based OCDMA Systems
with Heterodyne Detection over

Turbulent FSO Links

5.1 Introduction

Recently, various PoLSK schemes-based FSO link have been adopted in [79],[65],
depending on its stable properties compared to the amplitude and phase when
the light beam propagating under turbulence. Several results show that PolSK
modulation offers an eflective method for reduction of turbulence effect, especially

in the strong turbulence regime.

Immediately following the above discussed in Chapter 4, alternatively, a heterodyne
detection (coherent detection) technique has been proposed in OCDMA-FSO link in
the presence of turbulence. The reason for this proposal is to cover the shortage of
directly-detected FSO systems in overcoming the impact of turbulence, enhance the
power efficiency, thus, the use of heterodyne detection as a countermeasure has been

reported in [79], [89], which has been demonstrated that heterodyne detection can

82
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TABLE 5.1: Comparison between homodyne detection and heterodyne detection.

Homodyne detection Heterodyne detection
Detection method Directly by modulating the Optical signal is converted
optical signal to baseband to an electrical signal with IF
Challenges Unstable, Costly Phase compensation
Minimum PD bandwidth BW BW +wip =~ 2BW

offer a better background noise rejection and increased detector sensitivity compared
to direct detection, leading to a potential for channel fading reduction, especially

at the high value of turbulence strength [89].

Hence, a conclusion on comparison between the coherent detection and direct de-
tection schemes is given as follow: a coherent detection by using the local oscillator
within a sufficient power achieves the shot-limited receiver sensitivity and provides
a signal gain; Compared with direct detection system, the receiver sensitivity can
be improved by using the phase detection (polarization states), a coherent receiver
only selects the polarization components of the received optical signal that match

the polarization of the LO and rejects the others.

Back to the theory of coherent FSO communications. [ should noted that the
”coherent” used in this work as a FSO system where a local oscillator light beam is
combined with the incoming the received optical signal, then, produce an AC photo
current signal. Different from the direct detection, this AC term is proportional
to the received optical signal electric field [90]. On the contrary way, the AC part
is proportional to the optical power in the direct detection scheme. In general,
coherent detection can be divided into two categories, homodyne detection and
heterodyne detection, respectively. The use of homodyne detection for converting
the received optical signal where demodulated signal is directly to the baseband,
LO frequency is synchronized to the optical signal carrier frequency [91]. Hence, a
simplify coherent detection known as heterodyne detection which combined optical
signal is converted to an electrical signal with intermediate frequency (IF). The

Table 5.1 shows the comparison between the homodyne and heterodyne detection.
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For the motivation given above, such a study to combine the PolSK-modulated
OCDMA systems and heterodyne detection is important in optimizing the solution
to enhance the FSO link performance in the terms of high transmission capacity
and compensation for turbulence mitigation. This chapter aims at demonstrat-
ing the potential of the proposed system in overcoming the degradation of signal
quality, taking into consideration the turbulence-induced signal fading and interfer-
ence noise. Moreover, a performance comparison between heterodyne detection and
direct detection applied on OCDMA-FSO link has been also discussed. I should
mentioned that the work of this chapter is reference to my previous paper, which

published on [91].

5.2 Performance Analysis of Heterodyne Detec-

tion PolSK-OCDMA FSO Systems

5.2.1 System Model

In this subsection, a novel receiver configuration deploying the heterodyne detection
has been proposed. The focus of this section is to establish an analytical model that
is able to characterize the polarization-modulated optical CDMA signal through
heterodyne detection FSO link, taking into account the turbulence-induced scintil-
lation and MAI. Additionally, a closed-form expression in terms of BER and outage
probability by Meijer’s-G function have been provided. A wildly accepted turbu-
lence model, Gamma-Gamma distribution which provides a accurately description
for variation of irradiance intensity over weak to strong turbulence regime. I noted
that this turbulence model is defined spherical wave model with aperture averaging
(AA). The modified prime code used in this work, and characterized by its code
length F' = p?; the code weight W = p. The cardinality of MPC is defined p?, and

the p is a prime number.
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F1GURE 5.1: Heterodyne detection PolSK-OCDMA FSO link. by F.BAI, perfor-
mance analysis of heterodyne-detected OCDMA systems using PolSK modulation
over a free-space optical turbulence channel, MDPI, Electronics[91].

Transmitter

The proposed configuration is illustrated in Figure 5.1 [91]. At the transmitter side,

the transmitted laser beam is set to be linearly polarized at an angel of 7/4 as a

transmitter reference axis by using a polarization controller (PC) and then is fed

into the polarization beam splitter (PBS) and split into two equal beams with z

and ¢ polarization components, respectively, while only the y-component is phase

modulated by using a optical phase modulator between zero and 7 depending on

the input data stream as mentioned in chapter 4. Hence, under this assumption,

each incoming user’s data are encoded by means of an MPC signature sequence and

then alternatively mapped into two linear orthogonal states of polarization (SOPs)

of the laser beam with a constant envelop.
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The propagation signal suffers from the combined cffects of the channel fading and
interference noise over the atmosphere. The received signal that propagates from
the channel can be expressed as Zszl Sk(t — 1), where 73, 0 < 7, < Ty is the time
delay between the desired user and k-th user. Thus, the overall field vectors in the

channel is given [91]:

Echannet(t) = Eqi(t) - h+ Epso(t) (5.1)

where h denotes the channel fading of the propagation path, and can be expressed

as [91]:
h=L,L,X(t) (5.2)

where L, is the atmospheric attenuation, including the rain and visibility losses, L,
and L,, respectively; L,, denotes the geometric spread and pointing error losses, and
X (t) the quantifies variation of the channel fading in terms of optical scintillation
due to the turbulence effects and is satisfied with the gamma-gamma turbulence
model, as mentioned earlier. Ergo(t) denotes the field vector of additive Gaussian
white noise (AWGN), including the background radiation, thermal noise and shot
noise. In the analysis to follow, the mathematical modeling for PolSK-OCDMA
signal processing based on heterodyne detection is presented. The received com-
posite signal outputs from the 1 x K optical splitter (OS) for a single receiver are

expressed as follows [91]

Er(t,X) = Re{Eo(t)e:cp [7(wst + @ (1))]

(5.3)

X EI_(: Q@ L dk;t)(t)} () Pr(t — k‘TS)}
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In the formula, Re {.} represents the real part of Ex(t, X); the clectromagnetic filed

vector of the k-th user before the external modulation is defined as:

where the overall phase noise is given as [91]:

©r(t) = @s(t) + @elt) (5.5)

where ¢.(t) representing the phase noise induced from a turbulent channel, ¢4(t)
denotes the phase information from the transmitter. The turbulence-induced SOP
fluctuation is compensated by using the polarization controller (PC), whose function
is to ensure that the received optical beam has the same SOP reference axis as the
transmitter side. Thus, both of the received orthogonal components are assumed as
being equally amplitude and turbulence fluctuated without the loss of orthogonality

between the two orthogonal polarizations.

The power of the local oscillator laser source is equally split by the PBS between the
x and y component, linearly polarized at 7/4, and thus, the local oscillator (LO)

signal Epo(t) of the desired user (e.g., the first user) is given by:

Frolt) =\ “2eap[j(wrot + pro()] {3 + ) (5

where parameters Pro, wro and ¢ro(t) denote the power, angular frequency and
local oscillator phase noise generated from the heterodyne receiver, respectively.
The received composite signals in both the upper branch (z-component) and lower
branch (y-compomnent) are then coherently combined with the local optical field of
Ero(t) in using the 3-dB balanced directional coupler within a balanced intensity

coupling ratio; thus, the mixed electric field consequently can be written as:

Eupper(t, X) ={Er.(t,X) + Ero.(t)} (5.7)
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and

Elower(t>X) = {ER-y(taX) + ELO.y(t)}g (58)

Hence, the received signal at the upper branch after combining with LO can be

expressed as:

K
E, E E.r—F,
Ep.(t, X) = (% +> dk(t)ck(t)%PT(t - kTS)) (5.9)
k=1
and lower branch is given as:
K
E.r—E E.r+E
Epy(t,X) = (% +y dk(wck(t)%mt - k:TS)> (5.10)
k=1

The orthogonal components of the kth user for the x-component as:
By = JOdi(t)cr(t) Eo(t) (5.11)
and y-component as:
Eyy = J'(1 — dy(t))ex(t) Eo(t) (5.12)

In the regard to the OCDMA signal de-spreading in this proposed system, a simplify
device known as optical correlator has been adopted, which correlates the incoming
signals in terms of desired user with auto-correlation and interference with cross-

correlation as earlier mentioned in chapter 4.

The optical fields are detected by the dual detectors with unit area to generate
differential current ready for extraction in the following processing. The outputs of
identical dual detectors are passed through electric bandpass filters (BPFs) with a
one-sideband bandwidth By. Assuming that the BPF bandwidth is larger than the
IF line-width to avoid the phase noise to amplitude noise conversion [91],[89], and

FSO noise, such as background light interference, can be considered negligible in
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this analysis. The photocurrent after removing the direct-current (DC) and high

frequency components in the upper branch can be described as [91]:

M) cos(wrrpt + SOIF(t))} } + 1 (t)

(5.13)
+ dk (t)Ck(t — nTc)

and the lower branch is similarly as:

zm(

I, (. X) %XZ{
(5.14)
E k"’Eyk

+ di(t)c(t — nT.)—= 5 ) cos(wrpt + gofp(t))} } + ny (1)

where 3t denotes the responsivity of the detector, and frequency of IF signal is given

as:
WiF = Ws — WLO (5.15)
and the phase of IF signal as follow

orr(t) = o (t) — oro(t) (5.16)

Then, a square-law demodulator is used to process the photo current I3, , and I,
and then the IF noise can be removed, and signal information is recovered [91].
Finally, the differential output between the upper and lower branch over a symbol

duration 7T} is given by:

Ty

Ct, X) = / (1% (1, X)) — (Th, (1, X)) dt (5.17)
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Hence, it noted that the decision signal is sampled at the ¢t = T to obtain the
variable decision Cy, the decision rule of the final bit d is defined as [91]:
if Cqg<O

0
d= (5.18)
1 if C;>0

5.2.2 Signal-to-Noise-Ratio and Bit-Error Ratio Analysis

In this subsection, the closed-form expressions for investigating the degree to which
proposed system may be expected to be degraded due to the irradiance fluctuation
and multiple users interference. Assuming the time delay 7, = 0 as a synchronized

case. Thus, the electric signal in equation 5.17 can be modified as [91]:

Cy(t, X) o w > c(nTy)
p =t (5.19)
X Z ter(t — nT) (B2, — E2)) + nop(t)

Further, considering the signal components by desired signal and interference, thus,

equation 5.18 becomes [91]:

X) 2P al
Cy(t, X) o B’X)"Pro > e(nT.)dy (t)er (t — nT) (B2, — E2,)
n=1

-~

desired user data
(5.20)

2P N K
— Z Z ¢ nT dk )C’f(t —nT, )(Eg k Ey k) +nopt(t)

=1 k=2

~ ~

MAI

3

In this expression, the link noise process n,, which includes the shot noise and

thermal noise, is given by:

ngt :Ughot + O-t2h
4KBTabsFeBO (521)

ZQQ%(PLO + PR)BO +
Ry
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where ¢ and Kp are the electron charge and Boltzmann’s constant, respectively,
T,ps denotes the absolute temperature and F, and R, represent the noise factor
and load resistance, respectively. Particularly, the power of LO is assumed to be
sufficiently high compared to the received signal power, Pro > Pg, where Pg is
characterized by the received optical power. The shot noise can then be calculated

as
Tohot = 2qRPLo By (5.22)

Finally, the signal-to-noise ratio (SNR) is derived as:

Py(t, X)
OXrar + ngt
O p TN cnT)d(Be(t - nT) (B2, - E2)
S PLo Yool Yoy e(nTo)di(ten(t — nT) (B2 — E2y) + 0,

SNR(K,X) =
(5.23)

where P,(t, X) is the expected desired signal power in the presence of turbulence.

Similarly, the MPC as the signature code used to determine the auto-correlation
and cross-correlation. Thus, same as the previous work results, the equation 5.23

can be modified as [91]:

SNR(K,X) = !

(5.24)

(K(K—l))2 + 20(27pt
(% —p) (RX)2 PLo-d1(t) (B | —E_ )

Next, a closed-form expression for the average bit error probability by the Meijer’s-G

function, thus, is derived as [87]:

(a+3) la 2-a 18 2-8
2 Gl,4 8 <SNR<K7X>> | 20 20 20 2 (525)
0

S T ey
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TABLE 5.2: Numerical parameters. by F.BAI, performance analysis of
heterodyne-detected OCDMA systems using PolSK modulation over a free-space
optical turbulence channel, MDPI, Electronics [91].

Parameters Value
Transmission distance L 1 km
Wavelength A 1550 nm
Aperture diameter D 150 mm
bandwidth By 2 GHz
Absolute temperature T, 300 k
Detector responsivity 0.9 A/W
Electron charge ¢ 1.602 x 10" C
Noise figure F, 2 dB
LO optical power Pro 0 dBm
Pointing error loss L, 1dB
Visibility loss L, 0.4 dB [92],[93]

5.2.3 Outage Probability Analysis

Same as the last chapter mentioned, the outage probability as an evaluation method,

in term of Meijer’s-G function is obtained as [91]:

Con 2(af)"2" _ ag8
P,s(SNRy,) = —~— X * K, 32 X)dX
85 = [ S S

. . (5.26)
F(O&)F(/B) thT1.3 th a—pj B—a a+f

20 2 0 2

5.3 Numerical Results and Discussions

The main simulation parameters are shown in Table 5.2 [91]. In this section, I use
simulation and numerical analysis to verify the overall performance of the proposed
system, taking into account the error probability and outage probability. This
analysis uses weak and strong turbulence intensity levels at different Rytov variance
values 0 = 0.2 and ¢ = 5. The scintillation parameters are {o = 11.6, 3 = 10.1},

{a = 2.6, = 1.3}, respectively.
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FiGURE 5.2: Average BER versus SNR in both of OOK- and PolSK-based

OCDMA-FSO link, when K = 1. by F.BAI, performance analysis of heterodyne-

detected OCDMA systems using PolSK modulation over a free-space optical tur-
bulence channel, MDPI, Electronics [91].

As the performance of OOK-based OCDMA FSO system with and without hetero-
dyne detection has been well studied in several literature, I first prefer to give a
comparison between OOK with a fixed threshold detection and PolSK modulation
under the same link conditions. Figure 5.2 shows the numerical results of the rela-
tionship between the electrical SNR and BER when the single OCDMA user with
modified prime code parameter p = 13 and without MAI noise [91]. It is seen that
the system average error probability increases as the turbulence strength increases,

with link performance under strong turbulence showing the worst case scenario. For
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FI1GURE 5.3: Average BER versus variation of number of users when Pr = —20

dBm in the presence of turbulence, (a) Heterodyne detection; (b) direct detection.
by F.BAI, performance analysis of heterodyne-detected OCDMA systems using
PolSK modulation over a free-space optical turbulence channel, MDPI, Electronics

[91].

instance, when SNR = 16 dB for the proposed system, the average BER perfor-
mance is 1 x 1077, 2 x 1072 under weak and strong turbulence regimes, respectively.
At the same time, it is recognized that the proposed system offers the optimum
performance compared to that of the conventional cases. In addition, the system
error probability using the heterodyne detection is significantly improved compared
to the direct detection mode, especially considered in the case of turbulence con-
ditions. The average BER of both modulation schemes with heterodyne detection

can be lower by one order of magnitude than the case of the direct detection in
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FIGURE 5.4: Variation of the outage probability against number of users, when

Pr=-20dBm under turbulence channel. by F.BAI, performance analysis of

heterodyne-detected OCDMA systems using PolSK modulation over a free-space
optical turbulence channel, MDPI, Electronics [91].

the strong turbulence for the same SNR. Furthermore, using the PolSK modulation
scheme also displays a better system performance than OOK with a fixed threshold
detection. This result can be explained as it was previously studied that polariza-
tion states can maintain much more stable properties when propagating through
the turbulence channel. The above-mentioned results indicate that combining the
PolSK modulation and coherent detection can be used as an efficient method of

turbulence mitigation to overcome the link performance degradation.

Next, I present the results that aim at highlighting the limit of MAI noise to the
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system load-ability under turbulence effects. The average BER performance against
the variation of number of active users with MPC parameters, p = 5, p = 13 and
p = 17, respectively, in the different turbulence regimes is shown in Figure 5.3
9 (a) [91]. For the received optical power Pp = —20 dBm, the average BER is
decreased when the number of active users increases with respect to the strong
interference caused by multiple users. In fact, the conventional CDMA system is
able to maintain a credible quality of communication when multiple users share the
same link, which mainly depends on the code parameter corresponding to the code-
set cardinality p® [83]. The average bit error probability improved by the larger
of the MPC parameters p, which is related to the higher auto-correlation peaks as

discussed in [84].

To continue the performance comparison, both the heterodyne detection and direct
detection are under the same link conditions, as shown in Figure 5.3 a,b [91]. It is
noted that the performance of heterodyne detection outperforms that of direct de-
tection under the same link conditions, especially in the strong turbulence regimes,
where the heterodyne detection can be lower by nearly two orders of magnitude
than the case of direct detection in terms of the average BER for the same number
of active users. Therefore, based on the results illustrated in this plot, we can de-
termine that coherent detection is an attractive alternative to-the direct detection,

which offers an efficient way to compensate the turbulence induced channel fading.

Finally, it can be observed that outage probability increases as the number of active
users increases, as shown in the Figure 5.4 [91], this is explained as above as being
due to the increase of the MAI noise. Two cases of SN Ry, and prime code parameter
p have been considered, SN Ry, = (20 dB,30 dB), p = (13,17), respectively. For
instance, for SNRy, = 20 dB and P,; = 1 x 1072 with p = 13, the number of
active users decreases from value K = 20 to K = 12 across the weak and strong

turbulence regimes.
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5.4 Conclusion

This work combines the advantages of PolSK modulation and heterodyne detection
and proposes an analytical model to characterize the performance of PolSK-based
OCDMA systems with heterodyne detection over a turbulent FSO link. I derived
the closed-form expressions of the system error probability and outage probability
over the gamma-gamma turbulence channel. The MPC parameter as a perfor-
mance metric has been also considered and quantifies the impact of interference
noise on the system load-ability. The conclusions obtained through numerical sim-
ulation indicate that the performance of the propose system is highly sensitive to
turbulence-induced irradiance fluctuation and the MAI effect; the choice of hetero-
dyne detection receiver offers an improved FSO link performance compared to the
conventional cases and provides an effective and promising method for turbulence

mitigation in the field of FSO communications.



Chapter 6

Conclusion

6.1 Summary of Thesis

Advanced FSO technologies, has been considered as a promising solution to connect
the construction and end user. It offers a number of potential on future high-speed,
large capacity applications in both of indoor and outdoor. In this thesis, the work
was aimed at analysis the transmission performance of FSO system by advanced
turbulence mitigation methods in an atmospheric turbulence channel, taking into
consideration the its characteristics and limitations. The goal of this work was also

provided comparison with previous proposed systems.

Firstly, giving a brief overview of FSO communications from its fundamentals, fea-
tures and limitations in chapter 1. Then, the major influence factors known as
channel attenuation as well as turbulence-induced scintillation were introduced.
Hence, various turbulence mitigation methods were also discussed in chapter 2,
such as the internal modulation and external modulation, direct detection and co-
herent detection. This discussion covered the existing solutions for overcoming the
turbulence-induced channel fading, especially in improving the reliability of FSO

link operating in the practical environment.

98
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Further, I presented a theoretical study and numerical results for the OFDM-based
RoFSO systems with spatial diversity technology over correlated log-normal turbu-
lence distribution. The performance of proposed link in terms of BER and outage
probability expressions have been derived. Important performance metric for in-
vestigating the proposed link have been analyzed and discussed under the channel
correlation effect and different combining schemes. Moreover, a comparison between
the aperture averaging and diversity reception has been also carried out. The anal-
ysis results demonstrate that the proposed system is sensitivity to the variation of
channel correlation. The comparison of aperture averaging in a turbulent FSO link
that determined the efficient in selection of diversity reception, in terms of reduction

of turbulence and power efficient.

This work focused on PolSK modulated scheme in OCDMA-FSO link to investi-
gate the transmission performance, both of direct detection and coherent detection.
Firstly, a novel system configuration and analytical modeling across the weak-strong
turbulence regime has been provided and discussed. The advantages of combin-
ing the PolSK scheme and OCDMA technique in the field of optical fiber com-
munications has been reported, especially in large capacity and number of active
users. The performed analysis outlines the main influence factors for investigating
the proposed link performance, considering on turbulence-induced scintillation and
multiple-access interference (MAI). For giving a highlight on this work, further, a
comparison with OOK modulation obtained form a evaluation under the same en-
vironment conditions. The numerical results can be seen as an useful method for
designing the advanced FSO system over a actual environment, which can support-

ing the multiple users shared the channel.

Moreover, a coherent detection technology has been carried out in this work, which
acts an efficient compensation for my previous work depending its potential on com-
bating the turbulence-induced fading. Hence, an analytical modeling is provided to
characterize the performance of PolISK-OCDMA systems with heterodyne detection

over turbulent FSO link across the whole turbulence regimes. The obtained results
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demonstrate that coherent detection offers an improved receiver sensitivity, leading

to potential ability on turbulence mitigation in the presence of turbulence.

6.2 Future Works

This work covers several issues that has been considered in turbulence mitigation
as discussion in chapter 3, chapter 4 and chapter 5. However, I will focus on an
extensive measurements of proposed system by real experiment in the next step.
This further work will providing a more deeper understanding of these proposals on

the practical environment.

Hence, coherent detection based FSO link under the phase fluctuation effect have
not been considered in analytical modeling. Thus, I will pay attention on further
investigation for accurate describing the system modeling. In the case of turbulence
model, several statistic models have been proposed in recent years, such as double-
weibull distribution and generalized gamma distribution. A more accurately link
performance analytical model based on these turbulence model will be considered
and discussed in the next step. For the applications of FSO communication system,
such as under water and multi-path diversity which is as an alternative solution in
the future applications. Investigation of theses novel applications performance is

important, especially in connection the existing network construction.
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