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ABSTRACT

Free Space Optical (FSO) communication is rapidly growing technology in the field
of wireless communication. Higher bandwidth, licence free spectrum, high security
and quick deployment are the key advantages of this technology. However, the
atmospheric losses due to bad weather and atmospheric turbulence are still the
challenges which prevent the growth of FSO communication at a higher rate.
Wavelength diversity technique has shown the capability to overcome these
challenges. In this technique, the information signal is transmitted simultaneously on
a different wavelength which increases the availability of FSO link and overcomes the
problem of link blockage. Apart from this, each wavelength is immune against certain
atmospheric elements so the use of multiple wavelengths for transmission helps to
combat the atmospheric losses. Further, different wavelengths are affected differently
by same atmospheric condition which makes FSO communication robust under

different atmospheric turbulence conditions.

In this thesis, wavelength diversity technique is applied to enhance the performance of
FSO system under different turbulence conditions. Three different wavelengths of
1550, 1310 and 850 nm are chosen for this technique. Different turbulence conditions
are realized by adopting well-defined channel model for a particular turbulence
condition. K channel model has been considered to categorize strong turbulence
condition and Exponentiated Weibull channel has been used to represent all turbulence
scenarios. Outage probability and average Bit Error Rate (BER) are considered as a

performance metrics. Simulations results are obtained using Matlab software.

The performance of FSO system under strong turbulence with wavelength diversity
technique is investigated with three different combining methods: optimal combining,
equal gain combining and selection combining. Mathematical expressions are derived
to evaluate average BER and outage probability. The results exhibit that wavelength
diversity with optimal combining method achieves better improvement compared to
equal gain combining and selection combining methods. The obtained BER results are
also compared with the published article in which spatial diversity technique is used
to mitigate the effect of strong turbulence using same channel model. It is observed

that wavelength diversity archives 2—-3 dB higher improvement.



An effort has been made to identify an appropriate diversity order to improve the BER
and outage probability of the system under all turbulence conditions. The effect of
receiver aperture size on the results is also analyzed. 10 mm and 60 mm aperture size
is considered to represent an ideal and practical FSO implementation. Different
turbulence condition is characterized using Exponentiated Weibull channel and
optimal combining method is considered at receiver. Numerical results achieved from
the derived expression of average BER and outage probability show that increasing
diversity order improves the results with both aperture size. It is observed that
increasing receiver aperture size decreases the performance improvement. But, the
BER requirement for modern communication is easily fulfilled with the diversity order

of 3 even at 60 mm receiver aperture under all turbulence conditions.

A comparative analysis of BER results of FSO system with wavelength diversity using
under different turbulence conditions is carried out. The results obtained considering
Exponentiated Weibull channel for all turbulence conditions are compared with the
published articles in the literature in which different turbulence conditions are
represented by appropriate classical channel models. It is found that deployment of
wavelength diversity archives a maximum gain when different turbulence conditions

are characterized with Exponentiated Weibull channel.
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CHAPTER 1

Chapter 1

Introduction

Wireless communication is of great interest due to endless demand for high data rate
communication devices. A plethora of wireless communication standards have
saturated the Radio Frequency (RF) spectrum. An alternative to RF communication is
an essential requirement of modern communication. Free Space Optical (FSO)
communication is evolving as an alternative to RF. It is rapidly growing technology in

the field of wireless communication.

Global Free Space Optics Market Size and Forecast, 2015 - 2024
(US$ Million)

m = 1 N Il . I I I

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Source: Variant Market Research

Fig. 1.1 Prediction of the growth of FSO technology
Source: Variant Market Research: Global Free Space Optics Market size and Forecast 2015-2024 Report
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Fig. 1.1 shows the forecast of FSO market size in the decade 2015-2024, reported by
Variant Market Research. It clearly indicates an exponential rise in the usage of FSO

technology in the field of wireless communication.

FSO is Line of Sight (LOS) communication technology. It uses light propagation to
transmit information from source to destination through free space as an unguided
channel. Use of optical carrier allows higher bandwidth and license-free spectrum.
Interception of the optical signal is very difficult, which results in high security in the
communication. Higher bandwidth, high security, license-free spectrum, ease of
deployment and less power consumption compared to Radio Frequency (RF)
transmission makes FSO more suitable for the high-speed broadband networks (Chan,
2006) (Wasiczko, 2005). Unlike FOC system, it does not require any digging or
permission for the use of transmission medium. This reduces the setup time and
installation cost too. Moreover, FSO system can be deployed at places where laying

down the fiber is very difficult.

Though FSO has tremendous potential to compete with existing communication
technologies, the growth of FSO technology is hampered by various parameters like
building motion, atmospheric losses due to weather (due to rain, fog, haze, etc.) and
atmospheric turbulence. These parameters reduce the link deployment distance or
interrupt the communication. The problem due to building motion on which
transceiver is deployed can be overcome by either automatic beam tracking system or
large beam divergence. Atmospheric losses due to bad weather condition can be
compensated by operating FSO at a higher wavelength. However, performance
degradation due to atmospheric turbulence is still challenging problem. Atmospheric
turbulence causes random fluctuation in the intensity and phase of the received signal
at the receiver. This directly affects the quality of received signal and reduces the
deployable link distance. It can occur even in clear weather condition for any duration
of day and night. So, atmospheric turbulence is considered a major challenge to FSO

system, which is addressed in this thesis.
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1.1 Motivation

There are different turbulence mitigation techniques like aperture averaging, adaptive
optics, error correction coding, hybrid Radio Frequency (RF)/FSO technique and
different diversity techniques. Each of these has their own merits and demerits.
Aperture averaging mitigates turbulence effect by increasing receiver aperture size.
Increasing receiver aperture size also increases background noise on the received
signal. Apart from this, it demands very large size of receiver aperture to mitigate
strong turbulence condition and fails to improve the performance of FSO under weak
turbulence condition (Wasiczko, 2005). Adaptive optics technique corrects the
distorted wavefront of the received signal in real time, but distorted wavefront
measurement sensor performance is very poor under strong turbulence (P. Barbier,
1998). So, this method is not appropriate under strong turbulence condition. On the
other hand, use of error-correcting codes improve the performance of the system under
all turbulence conditions but it demands large memory to store long data stream and
also adds latencies to the output. Hybrid RF/FSO is another technique to combat worst
weather and atmospheric condition. In this method, the signal is transmitted over RF
under bad weather condition. However, it is a very costly solution as it requires to
integrate two different systems. Further, frequent switching among these systems
results in the underutilization of channel bandwidth. Diversity technique is also
capable to mitigate the effect of different turbulence conditions. In this technique,
multiple copies of the signal are transmitted either at a different time, wavelength or
using multiple transmitter/receiver or both which is known as time diversity,
wavelength diversity and spatial diversity, respectively. Use of time diversity to
improve the performance of FSO under different turbulence condition drastically
reduces the data rate (Nistazakis, 2012). Whereas, spatial diversity technigque requires
more than 5 pairs of transceivers to improve performance under strong turbulence
condition (Tsiftsis, 2009). Each of the above-mentioned techniques either has certain
limitations or adds significant cost by demanding additional circuitry.

Wavelength diversity is considered as a promising solution in this situation. In this
technique, multiple copies of information are sent on different wavelength at the same

time. Transmission of the information signal on multiple wavelengths at the same time

3
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also increase the availability of FSO link and solve the problem of temporary blockage

of the link as well. Basically, wavelength diversity is taking advantage of the fact that

each wavelength is immune to certain atmospheric particles. The combination of

different wavelengths in the deployment of wavelength diversity will make FSO

system robust in all weather conditions. This motivates to apply wavelength diversity

technique to improve the performance of FSO under different turbulence conditions.

1.2 Objective

The main objective of this thesis is to investigate the performance improvement of

FSO system under different turbulence condition using wavelength diversity with an

adequate diversity order. This has been achieved by addressing following objectives.

1. To study the different challenges of FSO system and identify a suitable

technique to mitigate different atmospheric turbulence effect.

To derive the mathematical expression of outage probability and average Bit
Error Rate (BER) for FSO system with wavelength diversity under strong
turbulence condition with different combining techniques at receiver.

To investigate the performance improvement of wavelength diversity based
FSO system under moderate and strong turbulence condition and identify an
adequate diversity order for the same.

To compare the obtained results with the published article to identify an
appropriate channel model that represents all turbulence condition and

achieves significant performance improvement with wavelength diversity.

1.3 Contributions of Thesis

The major contributions in this thesis are mainly divided into four parts.

Study on different challenges of FSO system with a possible solution is carried
out. Atmospheric turbulence is identified as a major challenge for terrestrial
FSO link. The channel between source and destination under turbulence

condition is represented by the suitable channel model. A study of different
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channel models for different turbulence conditions is performed. A detailed
literature review on turbulence mitigation techniques is carried out and
identified wavelength diversity technique to mitigate the effect of different

atmospheric turbulence condition.

e The performance of FSO system with wavelength diversity under strong
turbulence condition using K channel is investigated. The source information
Is transmitted onto three carrier wavelengths. The signals at receiver side are
combined using three different methods: Optimal Combining (OC), Equal
Gain Combining (EGC) and Selection Combining (SC). Average BER and
outage probability are considered to evaluate the performance of wavelength
diversity based FSO system. Mathematical expressions are derived to obtain
average BER for all the three combining schemes (OC, EGC and SC).
Comparative analysis is carried out for the results obtained from all three
schemes. Further, outage probability of the system is investigated by deriving
an approximated closed-form mathematical expression considering OC and SC
method at receiver. A comparison of BER results obtained with wavelength
diversity and spatial diversity technique is performed. It also justifies the use

of wavelength diversity technique.

e The obtained results under strong turbulence condition using K channel show
that required SNR is more than 30 dB to achieve the BER in the range of 10
which is the need of modern communication systems for the data rates in the
range of 1-100 Mbps (Goldsmith, 2005). Considering this fact, the
performance of FSO system with wavelength diversity is investigated using
Exponentiated Weibull (EW) channel model for moderate and strong
turbulence conditions. It is achieved by deriving mathematical expressions of
outage probability and average BER using OC method at receiver. The effect
of receiver aperture size on the performance of the system is also examined. 10
mm and 60 mm receiver aperture sizes are considered for the same. Numerical
results are obtained with both the receiver aperture size at different link
distances varying from 1 km to 3 km at a regular interval of 0.5 km under both

the turbulence conditions for different diversity levels (starting from no
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diversity case to diversity of the order of 6). It reveals that diversity order of 3
Is sufficient for practical FSO applications.

e The performance of FSO system with wavelength diversity under weak
turbulence condition, represented by EW channel is investigated. The obtained
results are compared with the published article in which weak turbulence is
presented with the classical Lognormal channel model. Similarly, a
comparison is also presented for moderate to strong turbulence condition. In
this case, BER results obtained with wavelength diversity considering EW
model and Gamma-Gamma model for moderate and strong turbulence is
compared. Finally, BER performance obtained with wavelength diversity
under strong turbulence using K channel is compared with results obtained
considering EW channel. This work shows that EW is more suitable to
represent different turbulence condition than other channel models to gain the

maximum advantage of wavelength diversity technique.

1.4 Organization of Thesis

The rest of the thesis is organized as follows.

Chapter 2 presents the working and classification of Free Space Optical (FSO) system.
A comparison of FSO system with existing technologies is carried out. Various
challenges of FSO system are presented and possible solutions are discussed. An
atmospheric turbulence is found as a major challenge. FSO channel under atmospheric
turbulence is described with the help of an appropriate channel model. A study of
different channel models which categorizes FSO channel under different turbulence
condition is done. Different atmospheric turbulence mitigation techniques have been
reviewed and found that wavelength diversity technique is most suitable to encounter

all turbulence conditions.

FSO system model with wavelength diversity is presented in chapter 3. The

performance of this system model under strong turbulence condition using K channel

6
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Is investigated. Applying wavelength diversity demands a proper signal combining
method at the receiver side. To identify a proper combining technique for maximum
improvement, mathematical expression of average BER for the different combining
techniques (OC, EGC and SC) is derived. The BER performance obtained with
different combining techniques is compared and reported. An outage probability of
system is considered as the other parameter to judge performance. An approximated
closed form of mathematical expression is also derived to evaluate outage probability
considering OC and SC method at receiver and results are presented for the same.
Further, the performance obtained with wavelength diversity is also compared with the
published article in the literature on strong turbulence effect mitigation by spatial

diversity method.

The performance of FSO system with wavelength diversity under moderate and strong
turbulence condition using Exponentiated Weibull (EW) channel is investigated and
reported in chapter 4. It is found in the terms of average BER and outage probability.
Mathematical expressions for both are derived considering OC method at the receiver
side. The results are obtained based on these expressions for the higher diversity order
up to 6. This helps to identify an appropriate diversity order for performance
improvement of FSO system under different turbulence condition. An effect of
receiver aperture size on the performance of FSO system with wavelength diversity is
also examined and reported in this chapter.

Chapter 5 presents a comparative analysis of BER performance of wavelength
diversity based FSO system under different turbulence condition, characterized by EW
channel model with different well-known classical models for a particular turbulence
condition. The performance of FSO system with wavelength diversity under weak
turbulence using EW is compared with the results reported in the published article in
the literature, considering Lognormal channel model for weak turbulence. Similarly,
BER comparison is also carried out for moderate and strong turbulence scenario. In
this comparison, turbulence conditions are characterized using EW channel and
Gamma-Gamma channel. Finally, BER performance obtained with wavelength
diversity considering EW channel and K channel for strong turbulence condition is
compared and discussed.
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Lastly, the conclusion of this thesis is presented in chapter 6. The points are identified

for future research based on this work and reported in this chapter.




Chapter 2

Literature Review

FSO communication is becoming a popular technology for all types of data
transmission in wireless mode. It uses light as a carrier between transmitter and
receiver for communication in full duplex mode. Use of light for communication was
started around 800 BC by ancients Greeks and Romans for signaling purpose through
fire beacons. Similarly, French naval navigators were communicating through optical
telegraph in 1790-1794. The first experimental setup of FSO communication was
carried out by Alexander Graham Bell in 1880. In this setup, voice signal was
transmitted over a 200 m distance by modulating sunlight on foil diaphragm (Killinger,
2002). This prototype is called as photo-phone. After the invention of efficient light
sources such as Light Emitting Diode (LED) and Light Amplification by Stimulated
Emission and Radiation (LASER), FSO technology has captured a lot of attention from
researcher and industries. The researchers of MIT Lincolns Laboratory have used
GaAs (Gallium Arsenide) based LED to broadcast television signal over a distance of
about 48 km in 1962 (Goodwin, 1970). Around 1970, Nippon Electric Company
(NEC) of Japan has established first commercial full-duplex LASER link using He-Ne
(Helium-Neon) LASER over the distance of 14 km between Yokohama and
Tamagawa (Goodwin, 1970). After this successful experiment, the possibility of FSO
application has been explored in the different fields. National Aeronautics and Space
Administration (NASA) has shown the application of FSO in their Mars Laser
Communication Demonstration (MLCD) program (Bemard L. Edwards, 2004).
Similarly, European Space Agency (ESA) has also performed Semiconductor-laser

Inter-satellite Link Experiment (SILEX) in the deep space (G. Fletcher, 1991). FSO
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link between satellites in the space near earth is also implemented at the data rates of
10 Gbps in the past decade. (Hemmati, 2006), (A. Jooshesh, 2012). The application of
FSO is also explored for military communication (Juan C. Juarez, 2006). Nowadays
FSO technology has drawn a lot of attention for last mile applications. As the use of
the optical carrier for information transmission provides license-free spectrum and
higher bandwidth. Secure and quick deployment of information within network makes

FSO as an alternative option to RF communication.

This chapter presents the working and classification of FSO system. Various
challenges faced in the implementation of terrestrial FSO link is also discussed with
possible solutions. Atmospheric turbulence has been identified as a major challenge to
FSO system so, the literature review on the different turbulence mitigation techniques

is carried out and discussed in this chapter.

2.1 Free Space Optical Communication

Free Space Optical (FSO) communication is rapidly growing technology in the field
of wireless communication. It is basically Line of Sight (LOS) communication
technology. It uses light propagation to transmit information from source to destination
through free space as an unguided channel. The block diagram of FSO system is shown
in Fig. 2.1. FSO system consists of transmitter, receiver and free space channel. The
working principle of FSO is similar to Fiber Optical Communication (FOC), only the
difference is in the transmission medium. In FSO information is transmitted through
unguided free space. The transmitter section consists of a modulator, a driver circuit,
optical source, and collimator. The incoming message or signal is modulated by the
modulator. Different types of binary and multilevel modulation format are supported
by FSO. On-Off Keying (OOK) and Pulse Position Modulation (PPM) are considered
as binary level format and Pulse Amplitude Modulation (PAM) and Quadrature
Amplitude Modulation (QAM) come under multilevel format category. However,
selection of modulation format depends on the bandwidth and power requirement of

transmission and desired speed of FSO application. Normally, QAM and PPM are
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bandwidth efficient modulation schemes, but both the schemes reduce signal power

level significantly. This makes them unsuitable for high background noise conditions
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Fig. 2.1 Block diagram of FSO system

(Hranilovic, 1999), (Gagliardi, 1976). Binary-level modulation schemes are widely
accepted for FSO communication due to simplicity and high power efficiency. In
OOK modulation, data is transmitted with two different voltage levels (‘1 1is
transmitted with a pulse and ‘0’ is transmitted with no pulse) and threshold detection

is applied at receiver to detect signal level. The bit rate for OOK is denoted as
Ro=1/Ts (2.1)

where, Ty is the bit duration and it is directly related to the rate at which the source can

be switched on and off. The normalized transmit pulse shape for OOK is given by
P(t)={1’ forte(0,Ty,) } 2.2)
0, elsewhere '

Return-to-zero (RZ) and Manchester coding are the variants of OOK. In RZ OOK, the
signal returns to zero level in each pulse. The bits ‘1’ and ‘0’ are represented with the

transition of high-to-low and low-to-high, respectively in Manchester coding. This
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transition occurs at a midpoint of the pulse period. Figure 2.2 shows different variants

of OOK scheme.

NRZ -OOK
RZ -O0OK
Manchester —
0 1 0 1 1 0 0 1

Fig. 2.2 Different OOK schemes

PPM is one of the most commonly used optical block encoding schemes, where an
input word is converted into the position of a rectangular pulse within a frame. In this
scheme, bits are transmitted in blocks instead of one at a time as shown in Fig 2.3.
Optical block encoding is achieved by converting each word of one bit into one of L
= 2! optical fields for transmission. The frame with duration T¢ is divided into L slots
and only one of these slots contains a pulse. This scheme can also be denoted as L-
PPM, in order to emphasize the choice of L. The transmit pulse shape for L-PPM is
given by

(m-1)Tf mT
P(t)={1’fort6[ ; fo]} 2.3)

0, elsewhere

Since L possible pulse positions code for log>LL bits of information, the bit rate is given

by

Ry = logo L/ Ty (2.4)
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A

:

Fig. 2.3 Pulse Position Modulation scheme

A comparison of OOK and PPM based on bandwidth and power requirement is shown
in Table 2.1. It is clear that PPM scheme requires less power than OOK. But, in the
case of bandwidth requirement, OOK wins the race. However, due to implementation
simplicity, OOK modulation is commonly preferred in FSO communication. The same

scheme is considered in this thesis.

Table 2.1 Performance comparison of OOK and PPM modulation format (Trisno,

2
Modulation Scheme Power R(e):(c)lﬁ)irement Bandwidth Requirement
OOK Po Ry
RZ-OOK Po -3 2Ry
Manchester coding Po 2Ry
L-PPM Py - 5logl0 [(L/2)log2L] LRy/log,L

After passing through modulator block, the modulated signal is given to the driver
circuit. The function of the driver circuit is to set the proper bias voltage and current
for an optical source for light emission as per information signal i.e “1 or 0. It also

provides the current to drive the optical source into saturation whenever the input bit
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is “1”. Normally, LED or LASER diode is used as an optical source. An additional
circuitry such as temperature monitoring and coolers are also incorporated in the
circuit to maintain proper cooling. The emitted signal from an optical source is
transmitted in the free space directly or through the collimator. A collimator is a special
collection of lenses use to reduce the beam divergence of the LASER. Finally, the

signal transmitted towards aligned receiver block.

At receiver, the incoming signal is concentrated on photodiode via focusing lens.
Photodiode converts the incoming light signal into electrical signal. Then, the
converted signal is given to amplifier and filter section. Transimpedence amplifier is
used as an amplifier, which converts the incoming current signal into output voltage
form. After proper filtering and pulse shaping, it is given to post detection block to
detect the incoming signal as “1” or “0”. In FSO, communication between two devices
is performed via light without wire, so it is also called as Wireless Optical

Communication (WOC). The classification of FSO is given in the next section.

2.2 Classification of FSO

The classification of FSO system is shown in Fig. 2.4. It is mainly classified into two
categories: Indoor system and Outdoor system. In the indoor system, mostly LED is
used as light source, therefore it is also considered as visible light communication. It
is further classified into three categories, namely: Directed LOS, Non-directed LOS,
and Diffused link. Fig. 2.5 shows the block diagram of different types of indoor
Wireless Optical Communication (OWC) systems. In Directed LOS system,
transmitter and receiver are aligned on the same axis which is not required in the case
of Non-directed LOS. In the Non-directed LOS system field of view angle is larger
than Directed LOS system. Diffused link system, the transmitter emits the optical
power with the wider angle towards the surface of the room and receiver receives the
optical power reflected from the same surface. These types of system overcome the

alignment issue, which occurs in the Directed LOS system.
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Fig. 2.4 Classification of FSO system
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Fig. 2.5 Indoor WOC system

The outdoor system uses LASER diode to transmit signal in the free space and it is

considered as FSO system. The outdoor system is further classified as terrestrial link

and space link. The terrestrial link is normally used for building-to-building, mountain-

to-mountain and the places where transmitter and receiver are placed on the same

horizontal plane. Whereas, in the space link type, the link is designed for ground-to-

satellite, satellite-to-ground, satellite-to-satellite. The communication link can also be

designed between two satellite and orbit in the space link system. In this thesis, work

is presented for terrestrial FSO link.
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2.3 Comparison of FSO System with Existing Technologies

Currently, FOC and RF systems are adopted across the world for all types of
communication. The FSO system has an equal potential in the communication field. It
can replace existing technologies (RF and FOC) fully/partially depending upon the
application. Implementation of FSO link does not require any digging or permission
for the use of transmission medium, unlike FOC system. This reduces the setup time
and installation cost too. Moreover, It can be deployed at places where laying down of
fiber is very difficult. The performance of FSO system in the clear weather (attenuation
loss of 0.5 dB/km) is equal to the FOC system for the short distance (Kim, 2001). FSO
system also provides tremendous advantages over RF system too. A comparison

between FSO and RF system is shown in Table 2.2.

Table 2.2 Comparison of FSO and RF system

Parameter FSO RF
Modulation Bandwidth THz GHz
Beam Divergence Narrow Wider
Directivity High Low
License requirement No Yes

Security level High Moderate

e Modulation Bandwidth: The optical carrier frequencies are normally in the
range of 20 — 300 Thz (W. Hameed, 2010), which is quite higher compared to
RF system.

e Beam Divergence: It is inversely proportional to aperture diameter and directly
proportional to the wavelength of the signal. Thus, beam spreading of RF
carrier is wider than the optical carrier. This results in lower intensity signal at
the receiver for transmitted power in RF system. Whereas, the intensity of

signal increases with narrow beam divergence in FSO system.

e Directivity: FSO is point-to-point communication and also has narrow beam

divergence, which leads to high directivity compared to RF.
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e License Requirement: Spectrum license is mandatory in RF system and it
increases overall cost and setup time of RF system. While FSO uses the optical
carrier and till date, no licensing is required to use an optical carrier. It allows

the deployment of FSO system faster and cheaper compared to the RF system.

e Security Level: Tapping of the optical signal is not possible. Thus, FSO system

becomes highly secure compared to RF.

These advantages of FSO come with certain challenges. FSO system demands
accurate beam tracking and alignment. Moreover, the performance of FSO system

highly depends on the atmospheric conditions.

2.4 Challenges of FSO System

FSO system has to overcome certain challenges to realize the above-mentioned
advantages. The major impairments are building motion, atmospheric losses and
atmospheric turbulence. Each of these degrades the performance of terrestrial FSO

link.
2.4.1 Building Motion

An alignment between transmitter and receiver is a primary requirement for FSO
communication. The transceiver is set either on a rooftop or on the top floor of a
building near a window in the city area for the terrestrial link in the city. Building
motion causes misalignment between transmitter and receiver, which may result either
in poor quality of the signal or complete link failure at the receiver. The constant
movement due to various factors like thermal expansion, wind or vibration due to
heavy machinery causes building motion. Table 2.3 shows the various factors and their
impact on building motion. This effect can be compensated by using either Automatic
Tracking and Pointing (ATP) system or large beam divergence and field view. Each
of these solutions come with some limitations. ATP system allows great link margin
with an additional complexity and cost. Whereas large beam divergence reduces the

link margin but it is cheaper than ATP.
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Table 2.3 Various factor causing building motion (Schuster, 2002)

Factors Effect of building Scale Frequency
Thermal expansion Tip/Tilt High Once per day
: : Once every several
Wind Med Y
- Sway ecum seconds

Equipment (e.g., HVAC),

door slamming, etc. Vibration Low Many times per second

2.4.2 Atmospheric Losses

Absorption and scattering of the optical signal is the main reason of atmospheric
losses. Both of these effects are highly wavelength dependent. Absorption in the FSO
occurs mostly due to water molecules, carbon dioxide and ozone (Long, 1963),
(Langer, 1957). Scattering occurs due to the presence of various particles (dust, smoke,
raindrops, fog, and snow) in the atmosphere. Based on the particle size, scattering can
be categorized in three ways: Rayleigh, Mie and Non-selective. When the particle size
is smaller than the incident wavelength, it creates Rayleigh scattering. Air molecules
and haze are mainly responsible for Rayleigh scattering (Willebrand, 2002). At higher
wavelength (greater than Ium), this scattering can be neglected but at shorter
wavelength, the impact of Rayleigh scattering is noticeable. Mie scattering occurs
when the particle size is comparable to the incident wavelength. Fog and aerosol
particles are the main contributors in Mie scattering (Eardley, 1996). Mie scattering
1s more prominent near-IR wavelength range. If the particle size is larger than the
incident wavelength, it results into non-selective scattering. In the non-selective
scattering, attenuation coefficient does not depend on the wavelength. This happens in
the case of rain and snow. These types of scattering are characterized by the

geometrical optical model (Mahalati, 2012), (Wallace, 1977).

The effect of absorption and scattering on optical signal is described with the help of
Beer — Lambert ’s law. According to this law (M.Bass, 2010), the intensity of optical

signal at point x and time t’ in the atmosphere can be expressed approximately as

It %) = I(A,t,0)eJo KON H)dx’ 2.5)
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where, 1(4, t, 0) represents intensity of transmitter, K(4) and N(x', t) represents total
attenuation and space time distribution of spices in atmosphere, respectively. Total
attenuation K (A1) represents attenuation due to absorption and different type of

scattering.

Table 2.4 International visibility code for different weather conditions. (Lightpointe,

2009)

Weather Precipitation Amount  Visibility dB Deployment
conditions p (mm/hr)  (range) Loss/km  Distance (m)
Dense Fog Om-50m  -271.65 122m
Thick Fog 200m -59.57 490m

Moderate Fog ~ Snow 500m -20.99 1087m
. 770m -12.65 1565m
Light Fog Snow  Cloudburst 100 1 km 926 1493m

. . 1.9 km -4.22 3238m
Thing Fog Snow  Heavy rain 25 2 km 3.96 3369m

. . 2.8 km -2.58 4331m

Haze Snow  Medium rain 12.5 4 km 162 5566m

. : . 5.9 km -0.96 7146m

Light Haze Snow Light rain 2.5 10km 0.44 9670m
. 18.1km -0.24 11468m

Clear Snow Drizzle 0.25 20 km 0.22 11743m

v lear 23 km -0.19 12112m
eIy clea 50 km -0.06 13771m

Absorption and scattering affect the visibility between transmitter and receiver, which
reduce the overall FSO link range. Table 2.4 shows the international visibility code
for different weather conditions. Fog, rain and snow are the main contributors to

absorption and scattering in the FSO system.
24.2.1 Fog

Fog is a contributor in both, absorption and scattering. Water vapor is the main reason
for absorption in the fog. There is a predefined absorption window of water vapor
(Zuev, 2012) and according to that, absorption due to water vapor is very less at 1550
nm. The particle size of fog is same as the incident wavelength, which causes the
scattering of the signal. The scattering due to fog is calculated by using Kruse formula

(Wainright, 2005).

= 22" (2.6)

v 550nm
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where, a represent scattering coefficient, V stands for visibility in km, A is incident
wavelength and q = 0.585V'"? for V < 6km, which represents the size distribution of
scattering particle. Fig. 2.6 shows the effect of fog attenuation on the visibility over

different wavelength.
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Fig. 2.6 Effect of fog attenuation on visibility

From Fig. 2.6, it is clear that at higher wavelength effect of attenuation is less
compared to the lower wavelength. This insists the use of 1550 nm wavelength under
fog condition. Although, authors (Wainright, 2005) have shown that the performance
of 850 nm and 1550 nm is similar when the visibility is around 500 m due to fog. But,
the performance of FSO is not good with the wavelength having a range in between
1000 nm-1310 nm under same conditions. This indicates that the signal transmission
on multiple wavelengths will help to improve the performance of FSO link under fog

condition.
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2.4.2.2 Rain

The effect of rain on the FSO link is less severe than fog as raindrops are significantly
larger than incident wavelength. Rain attenuation caused by rain rate (R), which is

function of distance (d) and it can be expressed as (ITU, 2007)

Arain = myR™? (2.7)

where, R represents rain rate in mm/hr. m; and m, are the model parameters and
their value depends on rain drop size and temperature. The attenuation loss due to rain
is around 10 dB/km and 1 dB/km for heavy rain (25mm/hr) and light rain (2.5 mm/hr),
respectively (A.Z Suriza, 2013), (Crane, 1997). It is also established that use of 1550
nm wavelength in FSO link is most suitable to combat the rain attenuations. (Hilal A.

Fadhil, 2013).
2.4.2.3 Snow

Snow also affects the FSO link distance. The attenuation loss due to snow is higher
than rain and lesser than fog, as the particle size lies in the intermediate range (higher
than rain particle and smaller than fog particle). Snow attenuation can be classified as
either Dry snow or wet snow. The total attenuation due to snow is calculated by

(Vavoulas, 2012)

Asnow = dAY (2.8)

where, A represents snow rate (mm/hr), The value of d and w in the dry and wet snow
is given in (Vavoulas, 2012). For dry snow: d =5.42 X 10 + 5.49 and w=1.38 and d
=1.02 X 10*+3.78 and w = 0.72 for wet snow condition.

The effect of rain and fog on FSO link is analyzed through simulations and
experiment. In (Dhaval Shah, 2014), Simulations are performed to optimize FSO link
distance in the rainy conditions of Ahmedabad. Wavelength Division Multiplexing
(WDM) based FSO link is designed for 2.5 Gbps data rate at 1550nm wavelength. It
is found that heavy rain reduces the link distance drastically. The effect of rain and fog
mitigation by combined diversity is examined (Dhaval Shah, 2015). In this work,

information signal is transmitted at the same time on 850 nm and 1550 nm towards the
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receiver. It is observed that transmission of a signal on these wavelengths enhances the

performance and link availability during rain and fog conditions.

An experiment is carried out to analyze the impact of rain condition and other
parameters (beam divergence, distance and input power) on FSO link (Dhaval Shah,
2016). Link is established in the campus of Nirma University (between Main parking
and K-block) for the distance of about 750m. Practical results are verified with the
simulation results which is performed in Optsim 7. From this experimental study, it is
revealed that operating link with higher wavelength and narrow beam divergence helps
to increase link distance. Further, the impact of light rain is very less on the deployed
link. Simulation results show that use of higher wavelength gives better results under
different weather conditions. An operation of implemented link degrades at a certain
instance in clear weather conditions due to atmospheric turbulence. The effect of

atmospheric turbulence on FSO link is explained in the next section.

2.4.3 Atmospheric Turbulence

Atmospheric turbulence is the major challenge for terrestrial FSO link. It is defined as
the fluctuation in the refractive index due to variation in the temperature and pressure
of the atmosphere. A variation in the temperature and pressure creates small air
pockets, also called as eddies. Each of these has different size and different refractive
index. These pockets work as a prism or lens for an optical signal and create
interference to the propagating optical signal. This interference causes random
fluctuation in the intensity and phase of the received signal at the receiver. Based on
the eddy size, atmospheric turbulence effects are mainly classified into two categories:

Beam wandering and Scintillation.

Beam wandering occurs due to larger turbulence eddies. The signal passing through
larger turbulence eddies divert from its propagation path and may result in the link
failure. The effect of beam wandering and scintillation on the transmitting signal is
shown in Fig. 2.7. The displacement of the beam due to beam wandering is dependent

on link distance, operating wavelength and transmitter beam size (H. Kaushal, 2011).
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When the eddies size is smaller or equivalent to the size of the beam, the passing signal
is diffracted and takes a different path to reach the receiver end. This causes a random
irradiance fluctuation of transmitting beam and degrades the signal quality at the
receiver. The intensity fluctuation of the received signal is known as scintillation. The
combined effect of beam wander and scintillation deteriorates the signal quality of

received signal and overall, it hampers the performance of FSO system.
Transmit power Received power

‘qn;ﬁ%@’@:@nm

Time Beam wander Time

Scintillation

Combined
effect

Ti

Fig. 2.7 Effect of beam wandering and scintillation (Kamugisha Kazaura, 2006)

The amount of intensity fluctuation is measured in terms of scintillation index. It is

also referred as a normalized variance of intensity fluctuation, o7. It is calculated as in

(Andrews, 2001), (Andrews, 2005)

2 <I?> - <I>2
O-I =
<I>2

(2.9)

where, I is the received intensity at any point on detector and the angular bracket
(< >) indicates an ensemble average. Scintillation index value helps to categorize
turbulence strength. It is very less in the case of weak turbulence, ( 67 < 0.3) and for
strong turbulence is more than 1 (Henniger, 2010). The scintillation index value for
horizontal path under weak turbulence is also calculated from Rytov variance () and

it is obtained as (Henniger, 2010)

Bo = 0.49C2K7/6111/6 (2.10)
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where, K = 2711 (optical wavenumber), L represents the link distance and C2 is the

refractive index structure parameter, which also gives the measure of turbulence

strength in m~2/3

. It strongly depends on height, time of day and geographical location
(E. S. Oh, 2004). There are numerous models of C?2 available to approximate
turbulence strength (Kaushal, 2017). From the study of these models, it is observed
that the value of C2 is almost constant for horizontal link above the ground. The typical
value of C? for the weak and strong turbulence is 1077 m2? and 10"® m?3,

respectively.

Among the above-mentioned impairments to FSO system, atmospheric turbulence is
a major challenge, as it can occur even in clear weather condition. FSO channel under
different turbulence conditions can be represented by selecting proper channel model
as per turbulence strength. FSO channel models for different turbulence conditions are

discussed in the next section.

2.5 FSO Channel Models

In FSO system, the transmitter transmits a signal along a horizontal path towards a
receiver which is at the LOS with the transmitter. The received signal after passing

through atmosphere with Additive White Gaussian Noise (AWGN) is expressed as

y=nlx+n (2.11)

where, y is the output, 1 is the effective photo-current conversion ratio of the receiver,
I is the normalized irradiance (statistical average E[I] = 1) received at the receiver, x
is the modulated signal and n is AWGN with mean 0 and variance Ny/2. The
definition of irradiance varies as per turbulence strength. There are different channel
models available to describe the different turbulence regime. Most widely used
channel models like; Lognormal, Gamma-Gamma, Negative Exponential (NE), K and

Exponentiated Weibull (EW) are discussed in this section.
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2.5.1 Lognormal Channel Model

The lognormal channel is widely used and acceptable channel model for weak
turbulence condition. The Probability Density Function (PDF) of this channel model
is derived using a first-order Rytov approximation. According to that, the irradiance

of an optical wave traveling through turbulence is obtained by

[ = (I)exp2Y; (2.12)

where V] = %(q_’)l + ¢7) and ¢ represents the first-order log-amplitude of the field

and phase perturbation, respectively as per Rytov approximation. The log-amplitude

Y, follows a Gaussian distribution and the irradiance is normalized ({I) = 1). Taking
the transformation of variables Y; = %lnl , the PDF of irradiance I can be calculated

as

dy,

i =f, D)= o (2.13)
=
1 (llnl-m))2
fi() = exp [— Z—l (2.14)
: 21 [2mo%, 20y,

Eq. 2.14 denotes a lognormal distribution and the variance of Y; can be expressed in
terms of log-irradiance variance as (Barrios Porras, 2013)
o = 40} (2.15)

Now, considering the expected value of Eq. (2.12)

(D) = (IXexp(2Y1)) = (Dexp[2((Y7) + 0%,)] (2.16)

The equality condition satisfies only if the argument within the exponential part is 0.

Then,

(Y;) = —o0%, (2.17)

Putting the Eq. (2.15) and (2.17) into Eq. (2.14), the final Power Density Function
(PDF) of the lognormal channel is obtained as

39



CHAPTER 2

1 (lnI+lcr12 1)2
fi() = exp [— 2—“] (2.18)
: I ,ZT[()']an 20y

Authors (H. Moradi, 2010) have opted this model to analyze the Bit Error Rate (BER)
of FSO link. They have derived closed-form equation to obtain BER under different
fading intensity with the assumption that perfect Channel State Information (CSI) is
available at the receiver. Average BER of FSO link under weak turbulence using same

channel model without perfect CSI at receiver is reported in (Dhaval Shah, 2012)

At higher turbulence strength, various scattering effects must be considered during
channel estimation. These scattering effects have a great impact on the tail region of
PDF and this channel underestimates the behavior in the tail region of PDF (Uysal,
2006). As detection and fading probability are mainly focused on the tail region of the

PDF, lognormal distribution fails in strong turbulence scenario.

2.5.2 Gamma Gamma Channel Model

Gamma-Gamma channel model is applicable for weak and strong turbulence scenario.
This model is defined based on modified Rytov theory (L. C. Andrew, 1999),
(Andrews, 2000), (Al-Habash, 2001). According to that, an optical channel is defined
as the product of two independent complex perturbations due to small and large-scale
turbulent eddies. i.e. (/) = X*Y where, X and Y represent fluctuation due to large and
small scale turbulent eddies, respectively and both are considered as independent and
identically distributed gamma random variables. In this case, the PDF of X and Yis

obtained as

i () = S exp(—ax) 2.19)
Fr ) = 2L exp(—py) (220)

The conditional PDF of the irradiance is calculated as

AUl =02 (2.21)
Y=y
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Al = £ (Y exp (£ (222)

xI(B) \x T x

It is assumed that ¥ modulates X. Now, the unconditional PDF of irradiance is obtained

by

fith) = 7 fillx) fx (x)dx (2.23)
This leads to
_ (aBDPt oo 0 g apl
fi(D = @G Jy t@FDexp (—t - T) dt (2.24)

here t = ax, this integral is related to modified Bessel function of the second kind

[ (I. Gradshteyn, 2007), Eq. (8.432.6)]. So, the final PDF of Gamma-Gamma is

a+p

2 (a+B)/2 atP_
F(D = %I > ' Kq_p(2apl), 1> 0 (2.25)

here, K.(.) represents second-order modified Bessel function. a and 3 are the numbers
scatter due to large and small eddies in the free space. The value of o and 3 are

calculated as (Al-Habash, 2001)

= [exp( 04965 ) _ 1]_1 (2.26)

140.18d2+0.5612/°)7/6
0

B = [exp( 05155 )— 1]_1 (2.27)

(1+0.9d2+0.62d2 B3/ *)5/6

7 11

1
here, d = (kD?/4L)z and B¢ = 0.5C2ksLs, where L and D represents link distance
and receiver aperture diameter. k = 27”, signifies the optical wavenumber, where, 4

represents operational wavelength of the link. C?2 is the refractive index structure
parameter, the value of this parameter is taken as per turbulence strength. This model
is more suitable for physical FSO link performance comparison as a and B can be
directly related with the physical link parameters (i.e. link length, receiver aperture
size, operation wavelength). Authors (Gappmair, 2009) and (Uysal, 2006) have used

this model for error rate performance analysis of coded FSO link.
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2.5.3 Negative Exponential Channel Model

NE channel model can be used to define channel characteristic under strong turbulence
regime. The PDF of NE is derived considering a circular complex Gaussian random

variable
U=Y,+Y, =Yexp(—if), wherei?= —1 (2.28)

And Y; and Y, are considered as independent and follow Gaussian process with mean

0 and variance ¢°. The joint PDF of Y and 6 is obtained as

f@,0) =yf(1,y2) = yf(ycosh ,ysinb) = yf (ycosd)f(ysinf) (2.29)

As, Y; and Y, are independent, the equality between them is given as

1 2+ 2
fOry2) = —exp (- 532)  where, y? + % = y? (2.30)
From Eq. (2.29) we get,
_ v v
f(,0) = exp (202) ,y>0,0<6<2n 2.31)

Now, the PDF can be determined as the marginal distributions of f(y, 8)), so,

2 2
f0) =1 F(3,0)d0 = Zexp (- ;) (232)
Eq. (2.32) can be identified as Rayleigh distribution, which follows a uniform
distribution in the interval [0, 27) (Parikh, 2011) (Dhaval Shah, 2014).

1

f5(0) = [.” f(3,0)dy = — (2.33)

21

Now, considering the transformation of variable I = Y2,

D =rg] .

1
202

fih) = = exp(-=5) (2.34)

202

By replacing 202 = p, the final PDF of NE channel model is obtained as

fD) = —exp(=7) (2.35)
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where, y represent mean radiance. Here scintillation index is in vicinity of 1. In the
literature (Popoola, 2003) and (Nistazakis, 2011), author have analyzed the

performance of FSO link under strong turbulence using NE model.
2.5.4 K Channel Model

K distribution is widely accepted for the application under strong turbulence condition
(Al-Habash, 2001). Initially, K distribution was applied to model non-Rayleigh eco
(E.Jakeman, 1976). Later on, authors (E.Jakeman, 1978) (Jakeman, 1980) have proved
that this distribution offers excellent agreement with various experimental data that
includes scattering due to strong turbulence condition. The PDF of K channel is

derived with the help of conditional NE channel model. According to that,

1 I
fawUlw) = —exp(=2) (2.36)
here, | represents mean of irradiance and that follows Gamma distribution.

a® p

-1
faoW) = =55 —exp(—ap),u >0 (2.37)

where, I'(.) represents Gamma function and a gives the effective number of discrete
scatter in the channel. The irradiance with unconditional distribution is obtained as

(Parikh, 2011)

fD = J3 Fa T fuo Wl (2.38)

Putting Eq. (2.13) and Eq. (2.24) into Eq. (2.25), the final PDF of K channel is

calculated as

2(0_,)(&+1)/2 a—1

f)==5—17% Ke_1(2Val), 1 >0 (2.39)

where, I is the normalized irradiance and K, (.) is the v*"* order modified Bessel
function of the second kind. As a — oo, Eq. 2.39 approaches to NE channel model. In
(H. G. Sandalidis, 2008), authors have opted this model to represent strong turbulence
scenario and obtained BER of FSO link with pointing errors for the distance of more
than 1 km. (Kiasaleh, 2006) and (Uysal M., 2004) have also applied this model to

characterize strong turbulence and analyzed the FSO link performance.
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2.5.5 Exponentiated Weibull Channel Model

EW channel model is a newly introduced model to characterize all turbulence
condition. It is enhanced version of Weibull channel model which is used for fading
channel measurement in the wireless communication field (Alouini, 2001), (Lupupa,

2009). The PDF of Weibull distribution is

A =L e - (%)B] (2.40)

n\n

where, > 01is shape parameter and 7 > 0 represents scale parameter. 7 depends on
p and it is related to the mean value of the irradiance. For the cases of f = land f§ =2,

Eq. (2.40) reduces to the Negative exponential and Rayleigh PDF, respectively.

This model is only applicable for stationary conditions, where channel statistic remains
constant over the observation time period. This limitation is addressed by Mudholkar
and Srivastava (Mudholkar, 1993) by adding an additional shape parameter to the
Weibull distribution and proposed a new model which is called as Exponentiated

Weibull (EW) distribution. The PDF of EW is given by (Barrios Porras, 2013)

ap (1\P~1 A NnNANE!
=G ew =G [{t-ew[-QV]) e
where, f > 0 and a > 0 are shape parameters, and 77 > 0 is a scale parameter, which is
related to the mean value of the irradiance. If (a = 1), then Eq. (2.41) represents the
Weibull distribution and for the cases of (a =1, f =2),and (a =1, f = 1), Eq. (2.41)

represents Rayleigh and the Negative exponential distribution, respectively.

Barrios and Dios (Barrios, 2013) have used this EW distribution to model the
distribution of the irradiance in FSO link. They have also suggested that EW

distribution can be used to categorize fading in all turbulence regime for the FSO link.

FSO channel under turbulence condition can be characterized using any of these
channel models as per turbulence strength. In this thesis, K channel and EW channel
models have been used to define strong turbulence and different turbulence condition,

respectively. Once, FSO channel under turbulence condition is defined, different
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turbulence mitigation techniques can be applied to compensate different turbulence

effect.

2.6 Turbulence Mitigation Techniques

Atmospheric turbulence severely affects the performance of FSO system. There are
various techniques available to mitigate this effect, namely aperture averaging,
adaptive optics, error correcting codes, hybrid RF/FSO and different diversity
techniques. Each of these has certain advantages and limitations. This section presents

a detailed study of these techniques.
2.6.1 Aperture Averaging

In FSO communication, received signal quality is degraded due to turbulence in the
free space. The effect of turbulence, which is mainly due to scintillation, can be
compensated by increasing receiver aperture size. This phenomenon is called as
Aperture averaging. Large receiver aperture averages the received fluctuation, which
leads to less signal fluctuation compared to point receiver. The reduction in the
received fluctuation due to aperture averaging is measured by the parameter, called as
aperture averaging factor, A. Aperture averaging factor (A) is described as ratio of
variance of the received signal fluctuation with large aperture diameter Dy, to that with

a point receiver Dp. i.e.

A= % (2.42)
There are numerous approximations available to define aperture averaging factor.
Initially, Fried (Fried, 1973) had derived the approximate formula of the averaging
factor under weak turbulence. Based on this preliminary work, authors (Churnside,
1991) have derived the approximate expression of aperture averaging factor for plane
and spherical wave under strong and weak turbulence conditions. However, the result
obtained based on those approximations are far from the practical results by a factor
of 2, especially when aperture diameter size is same as the inner scale of turbulence.

Andrew (Andrews, 1992) has provided an accurate approximation for aperture
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averaging factor for both spherical and plane wave under weak turbulence conditions.
According to that, the approximate value of aperture averaging factor under weak
turbulence for plane wave and the spherical wave is given by Eq. (2.39) and Eq. (2.40),
respectively.

Aptane = [1+1.062 ("—Df’)]_7/6 (2.43)

4L

2, 5/6]77/°
2o l (2.44)

Aspherical = [1 +0.333 ( 4L
where, L represents link length, K = 2m /A, defines optical wavenumber and Dg
represents aperture size. An experimental study on different aperture averaging factor
approximation under weak turbulence for different aperture size ranging from 1 cm to

16 cm is presented in (Wasiczko, 2005).

Normally, Plane wave and spherical wave model are suitable for space-to-ground and
ground-to-space optical links with a point source, respectively. Whereas, Gaussian
beam model provides a good approximation for the horizontal (terrestrial) link
(Majumdar, 2008). However, Gaussian beam statistical properties are close to the point
source properties (Yuksel, 2005). So, plane wave and spherical wave approximation
are also valid for the terrestrial link. Authors (Yuksel, 2005) have performed an
experiment to obtain a value for aperture averaging factor with aperture size from
I cm to 16 cm under moderate turbulence condition for FSO link of 832 m. Their
results also demonstrate that increasing aperture size reduces the intensity fluctuation

of the signal.

Aperture averaging method is applied in various literature to reduce turbulence effect.
In literature (G. L. Bastin, 2005), authors have applied this method to analyze the BER
performance of FSO link. They have performed the experiment at Kennedy Space
Center- NASA with the help of commercially available transceiver, made by FSONA
Company. The FSO link was set up for the distance of 1 km with operating wavelength
of 1550 nm. A consistent improvement in the BER is observed with an increase in the

size of receiver aperture. The receiver aperture size was varied from 1 inch to 8 inches.
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BER of 107 was obtained with receiver aperture of 2 inches. Almost 90 dB
improvement in the BER was observed with an aperture of 8 inches compared to

2-inch aperture size.

Cheng et. al. (Cheng, 2015) have investigated the effect of aperture averaging on the
error performance of FSO link under weak turbulence for the marine environment. The
analysis was carried out considering Gaussian-beam wave. The results are reported for
different receiver aperture size (2 cm, 4 cm, and 6 cm). Increasing aperture size
improves the BER performance under weak turbulence marine time condition. For
107 BER, the improvement in the BER of 10 dB with 6 cm aperture size compared to
2 cm. They have also evaluated receiver aperture averaged irradiance scintillation
index under weak turbulence for terrestrial and marine time and found that the larger

aperture reduces the atmospheric turbulence in both the case.

The impact of this method under different turbulence regime is investigated in (M.A.
Khalighi, 2009). An Effect of a plane wave, spherical wave and Gaussian beam
propagation on the aperture averaging factor under moderate and strong turbulence
condition is also analyzed. In all propagation models, as receiver aperture size
increases, aperture average factor reduces. The impact of aperture averaging was same
for the plane wave and Gaussian wave propagation and better than spherical wave
under moderate turbulence condition at particular aperture size. Whereas, higher
aperture averaging gain is observed for Gaussian beam propagation with larger
receiver size under strong turbulence condition. They have also investigated BER
performance in all turbulence condition with 5 mm, 10mm, 20 mm, 50 mm, 100mm
and 200 mm receiver aperture size. Aperture averaging performs better in strong
turbulence condition compared to weak and moderate turbulence conditions. The
improvement of 53 dB in SNR for BER of 107 is observed with 10 mm aperture size
compared to point receiver (0 mm) under strong turbulence. These trends continue
with higher aperture size as well. At very large aperture size (200 mm), the observed
gain in SNR is about 75 dB with the same BER. In the case of moderate turbulence,
the improvement in the SNR is 20 dB and 54 dB at BER of 107 with the aperture size
of 5 mm and 200 mm, respectively, compared to point receiver. BER performance

improvement is also observed under weak turbulence as well with this method, but it
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is far lesser than other two turbulence scenarios. It is only 0.33 dB with 50 mm aperture

size compared to point receiver for the BER of 107.

Though aperture averaging method mitigates turbulence effect, this advantage comes
with larger receiver aperture, which also increases the background noise. For strong
turbulence condition, effective aperture receiver size should be larger than 10 cm
(Wasiczko, 2005). There is no significant improvement observed by this method under
weak turbulence regime. So, this method is not applicable to improve the performance

of FSO system under all turbulence conditions.
2.6.2 Adaptive Optics

Adaptive optics (AO) is another method to mitigate turbulence effect. AO correct the
received distorted wavefront in real time to reduce the fluctuation of the received
signal. AO systems measure the distortions in a wavefront and compensate it in real
time with a device that corrects those errors with the help of a deformable mirror or

liquid crystal array. Fig. 2.8 shows the working of AO system.

|
actuator drive signals drivers

compensated
image

Fig. 2.8 Block diagram of AO system (Grumman, 2017)
Source:http://www.northropgrumman.com/BusinessVentures/AOAXinetics/IntelligentOptics/Technolo
gy/Pages/AdaptiveOpticalSystem.aspx

The transmitted signal is incident on the deformable mirror after passing through the

atmosphere. The deformable mirror reflects the distorted wavefront on the beam
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splitter, which splits the signal and passes that portion of the signal to Wavefront
Sensor (WS). The function of WS is to measure the phase of an optical wavefront.
Based on the value of WS, driver circuit generates the actuator driving signal, which
is fed to wavefront actuator to compensate phase fluctuation. This closed-loop control
system performs the phase conjugation by distorting the wavefront of the light beam
without disturbing the intensity profile. This real-time correction of the transmitted

beam is also known as precompensation.

There are numerous ways to correct wavefront in real time. In (Vorontsov, 1997),
authors have performed wavefront correction using parallel stochastic perturbation
method. They have corrected phase distortion with the help of 127-element liquid
crystal phase modulators. Their approach reduces the time requirement of the adaptive
control process. However, it is observed that this method failed to achieve proper

wavefront corrections.

The performance of FSO link under all turbulence (weak to strong) condition
incorporating AO has been investigated by Barbier (P. Barbier, 1998). They have used
commercially available Shack-Hartmann (SH) wavefront sensor for the measurement
of the phase of the wavefront. Scintillation reduction of propagating signal was
analyzed using Monte-Carlo simulations. They have also examined the effect of a
dynamic range of the wavefront sensor, limited adaptive optics aperture size, and link
length on the performance improvement obtained with AO. There is no significant
improvement is observed with the aperture size of 4 cm under different turbulence
conditions. It is observed that acceptable aperture size is 15 cm to obtain typical BER
in the range of 10”. The performance improvement with AO is negligible at shorter
link distance (1 km). However, AO increases the average intensity of signal by a factor
of 6 over a 5 km path under weak turbulence. But it fails to give good improvement

under strong turbulence at the same distance compared to weak turbulence condition.

Schwartz et. al. (Schwartz, 2009) have investigated an AO system approach to mitigate
the effect of atmospheric turbulence with numerical simulations. The results are
presented for different turbulence conditions at the link length of 10 km with different

wavefront correction methods, namely; iterative, non-iterative and phase correction
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method. In the iterative method (also known as optimal correction method), wavefront
correction is obtained by phase conjugation. Whereas, non-iterative correction method
uses SH sensor to measure the phase of the wavefront. In the optimal correction
method, a significant correction is obtained with an aperture size of 30 cm in different
turbulence condition with an operating wavelength of 1550 nm. Wavefront correction
by this method required two deformable mirror sets to correct phase and amplitude
both. This adds cost and complexity of the system. In the second method, it is observed
that SH wavefront sensor is not robust and the performance of it decreases in the strong
turbulence condition. On the other hand, phase correction method demands frequently

update of the deformable mirror during the lifetime of atmospheric turbulent cells.

The addition of AO in FSO link improves the performance of FSO link under weak
and moderate turbulence. However, deployment of AO does not improve performance
significantly under strong turbulence condition. Apart from this, commercially
available SH wavefront sensor performance is very poor as well under strong
turbulence condition. Incorporation of AO in FSO system increase cost drastically.
Moreover, the improvement obtained by AO is not feasible with the smaller size of the

aperture.
2.6.3 Error Correcting Codes

The performance of FSO link under atmospheric turbulence condition can be improved
by applying different error controlling codes such as Reed-Solomon (RS) codes, Turbo
codes, convolution codes, Low-Density Parity Check (LDPC) code and Trellis codes.
Use of these codes adds redundant information on the transmitting signal. At the
receiver side, decoding algorithm is applied to decode the generated code from the
received signal. So, the error occurs during communication due to fading can be
detected and corrected. An error performance of error-correcting codes under fading
conditions is presented in (Hagenauer, 1987), (J. A. Anguita, 2005) and (Alzubi,
2014). These studies show that improvement provided by RS code and Convolution
code is adequate for weak turbulence condition. Whereas LDPC and Turbo codes are

more preferred under strong turbulence conditions.
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In (S. S. Muhammad, 2007), authors have investigated the performance of terrestrial
FSO link with RS coded PPM. They have investigated the performance of FSO link
under ambient noise and moderate fog condition with and without RS (255,127)
coding techniques with different levels of PPM (16-PPM and 256-PPM). It is observed
that application of RS code improves receiver sensitivity by 6 dB at BER of 107 for
both the level of PPM. A similar improvement is observed under moderate fog

conditions. However, RS coding fails in the case where fog attenuation is higher than

10 dB.

The performance of FSO link with different coding techniques under weak and strong
turbulence is examined and reported by Xu (F. Xu, 2008). RS, Turbo, Convolution and
Concatenated Convolution and RS (CCRS) code are considered for the performance
evaluation. Results are presented for all coding techniques with and without time
diversity. The improvement of 1 dB in SNR with RS coding compared to without the
use of coding technique at BER of 10~ is observed under weak turbulence. The same
is about 3.5 dB for the other three schemes compared to that of no coding technique.
The presented results for the strong turbulence case show that these coding techniques
are not improving the performance of FSO link. This also indicates that only coding
technique is not sufficient under strong turbulence scenario. The noticeable
improvement in the performance is observed with the time diversity scheme. It is
observed that Turbo coding with time diversity achieves the highest improvement
under strong turbulence scenario. It improves the SNR by 31 dB and 47.5 dB for the
diversity order of 2 and 4, respectively at BER of 107. The consideration of time
diversity with coding techniques also marginally improves the performance under
weak turbulence. Convolution code has shown the highest performance improvement
of 5.2 dB compared to that of no coding with time diversity of the order of 2. It is
noteworthy to mention that improvement obtained by time diversity with coding
techniques demands large memory for error correcting coding techniques at receiver

and also adds a delay in the data detection.

An error correction of turbulence affected FSO link with LDPC coding is performed
by Anguita (J. A. Anguita, 2005). In this article, turbulence effect was simulated with

Gamma-Gamma channel model and comparison of the performance of LDPC with RS
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code is presented. The codeword lengths of LDPC codes were of 2025 and 4320 bits
ata code rate of 0.91 and 0.75, respectively. A comparison is given with two RS codes;
RS (255,239) and RS (255,191) with the rate of 0.94 and 0.75, respectively. The
presented results have shown that LDPC provides an outstanding improvement of 20
dB compared to without coding method. It is also observed that LDPC provides great
improvement in the performance over RS coding under strong and weak turbulence
conditions. The maximum gain achieved in SNR is 12 dB and 14 dB with the LDPC
code rate 0of 0.91 and 0.75, respectively compared to RS code under strong turbulence
condition. The same is reported as 7.5 dB and 9 dB under weak turbulence condition.
This enhancement comes with an additional encoder at the transmitter and a decoder

at a receiver side.

The performance comparison of uncoded FSO link with different coding techniques is
presented in (D. Shah, 2017). In this paper, the author has examined the performance
of FSO link under strong turbulence with convolution coding, Orthogonal Variable
Spreading Factor (OVSF) coding and the combination of both codings. Strong
turbulence condition is represented by NE channel model. These results again show
that applying error controlling code improves the performance of FSO link. A
maximum improvement in SNR of 13 dB is observed with the combination of OVSF
and convolution coding. The performance gain is achieved by applying only

convolution code is 2 dB higher than the case of OVSF code.

It is evident from the literature that application of error control coding techniques
improves the performance of FSO link. But, this improvement comes with some
stringent requirements. Normally, the coherence time of FSO is about 10 ms (F. Xu,
2008), this demands large memory to store long data stream. This makes receiver
design more complex and adds latencies. Another option of interleaving transmitted

data with coding scheme requires an additional section of encoder and decoder.
2.6.4 Hybrid RF/FSO

Atmospheric turbulence and different weather conditions badly affect the FSO link

performance. These conditions sometimes cause link failure as well. Among different
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weather conditions, the effect of fog is more prominent on the FSO link performance.
On the other hand, the performance of RF links badly suffer under rain condition. The
pairing of FSO link with RF link compensates the effect of rain and fog both. It is
known as hybrid RF/FSO link. It improves link availability under all weather
conditions. FSO link transmits the information during rain condition, while RF link
can be used for transmission during fog condition. So the pairing of both will
overcome each other’s weaknesses and give better performance under both the

conditions.

The concept of Hybrid RF/FSO gains a lot of attention in the field of Mobile Ad-hoc
NETwork (MANET) (D. K. Kumar, 2013), (Derenick, 2005). The performance of
MANET is limited due to available limits in per-node throughput for radio frequency
(RF) based communications. This limitation is easily overcome by Hybrid RF/FSO
link. In (Derenick, 2005), authors have implemented hybrid RF/FSO based MANET.
This network consists of 100 Mbps optical link and 802 .11g based RF transceiver.
Feasibility of Hybrid RF/FSO is realized by routing real-time video information
through this network. The mathematical expression of availability and capacity of
FSO/RF ad-hoc mesh network considering different turbulence scenarios is presented
in (Moradi, 2010). A closed-form expression for system capacity assuming Gamma-

Gamma and lognormal fading conditions is reported in this work.

In (Wu, 2007), authors have evaluated the availability of hybrid RF/FSO link from
ground-to-air. It is observed that FSO link fails in cloudy conditions. Use of hybrid
RF/FSO link provides great improvement in this condition due to immunity of RF
signal under cloudy interference. Another experimental study on hybrid RF/FSO link
availability is performed by Kim (Kim, 2001). In which, a comparison of availability
of FSO and hybrid RF/FSO link is carried out. It is observed that hybrid RF/FSO link
availability is 99.999% compared to FSO link for distance more than 140 m.

Hybrid RF/FSO link provides robust solution under adverse weather conditions, but
the channel bandwidth utilization is inefficient (H. Moradi, 2010). Apart from this, the
continuous switching between FSO and RF may completely fail the system. Moreover,

incorporation of the two systems drastically increases design complexity of the system.
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2.6.5 Diversity Techniques

Diversity techniques are another solution to combat atmospheric turbulence. In this
method, multiple copies of the information signal are transmitted by either using
different time, wavelength or multiple antennas. If the same information signal is
transmitted at different time stamp then it is called as time diversity. Multiple
transmission of a signal on different wavelength is known as wavelength diversity.
Use of multiple antenna to transmit signal is known as spatial diversity. An idea
behind multiple transmission of the same information signal is that an atmospheric
turbulence is random in nature and its impact will be different on multiple copies of
the information signal. When all multiple copies of information signal combined using
any combining method, the overall signal quality will be improved. OC, EGC and SC

are commonly used combining methods at receiver in the diversity technique.
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Fig. 2.9 Optimal Combining Method

In OC method, all the signals from the different channel are weighted and co-phased
before applying to summing circuit as shown in Fig. 2.7. The value of weighting factor
for the respective signal is selected so it can maximize the SNR value and reduces the

error probability at the output. Then, the signal is applied to summing circuit. This
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method is also known as Maximum Ratio Combining (MRC) in the wireless

communication field.

The working of EGC method is shown in Fig. 2.10. Unlike OC, it does not apply
weighting to incoming signals. This makes EGC less complex than OC. All incoming
signals are directly applied to the summing circuit and final output is applied to the
receiver. As all incoming signals are directly combined, it also increases the
probability of noise addition in the final signal. Therefore, the performance of this

method is slightly lesser than OC.

Channel - 1 ~—}
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Transmitter
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Fig. 2.10 Equal Gain Combining method

The working of SC method is shown in Fig. 2.11. In this method, the channel with
maximum SNR will be selected out of all available channels. However, to identify
channel with maximum SNR within the very short time interval is very challenging.
Selection of highest SNR channel is similar to the selection of the channel with highest
received power where average noise power is same for all the available channel. This
makes a selection of highest SNR channel feasible.

Each of these combining methods has their own advantages and disadvantages.

Selection of combining method for diversity techniques depend on the application and
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environment in which it will be deployed. Use of these methods has been reported in

the literature with different diversity techniques.
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Fig. 2.11 Selection Combining

Transmitter Receiver

2.6.5.1 Time diversity

In (Nistazakis, 2013), authors have applied time diversity techniques to improve the
performance of Single FSO system under strong turbulence condition. Strong
turbulence condition is modeled with help of NE channel model. This FSO system
model transmits M copies of the same signal in M different time interval. Outage
Probability and BER have been considered for performance analysis and their closed-
form mathematical expression have been presented. It is observed that as time
diversity order increases the performance gets better. Results are presented for the
diversity order of 1, 3, 5, 7, and 9. In the case of outage probability, consistent
improvement of 20 dB is observed as diversity order increases. The maximum
improvement of 80 dB is observed with a diversity order of 9 compared to no diversity
case. A similar improvement is also observed in the case of BER with time diversity.
Deployment of diversity has shown the improvement in BER performance. For the
BER of 10, required SNR is observed around 19 dB observed with a diversity order
of 9. The observed SNR is 23 dB, 30 dB and 42 dB for the diversity order of 3, 5 and

7, respectively for the BER of 10, Results have shown significant improvement in
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the outage probability and BER with time diversity. On the other hand, a drastic

reduction in the maximum effective bit rate is observed with time diversity.

Deployment of time diversity on FSO system under moderate to strong turbulence
condition is reported by Nistazakis (Nistazakis, 2012). Turbulence condition is
characterized using Gamma-Gamma channel model. Results are demonstrated for the
link distance of 1 km and 2 km with a diversity order of 1 to 5 with the step of 2.
Presented system was operating at 1550 nm wavelength with receiver aperture
diameter of 10 mm. Outage probability has been considered for performance analysis
of FSO system. A maximum of 50 dB improvement in the outage probability is
observed with diversity order 5 compared to no diversity case under moderate
turbulence condition for both the link length of 2 km. At a shorter distance of 1 km,
the observed improvement is two times under moderate turbulence scenario compared
to turbulence condition. A consistent improvement of 30 dB is observed in the outage
probability under strong turbulence at distance of 1 km as diversity order increases
from no diversity case. The similar result is observed at the distance of 2 km. The
steady improvement of 20 dB is observed in the outage as diversity order goes from 1

to 5 in the step of 2.

Both of the above literature show that time diversity improves the performance of FSO
system, but it significantly reduces the data rate of deployed FSO system. Apart from
this, time diversity demands same signal’s multiple copies need to be transmitted in a
different time interval, which demands large memory. The performance of this scheme
can be further improved by using it in conjunction with different error control coding
(F. Xu, 2008). However, this solution introduces long delay latencies and requires a
huge amount of memory to store data. Apart from this, using of coding technique with

time diversity may demand additional circuitry of interleavers, encoder and decoder.
2.6.5.2 Spatial Diversity

Spatial diversity in the FSO can be realized with multiple antennas either on the
transmitter side, receiver side or at both the places. Transmission of information
through multiple antenna overcomes the disadvantage of temporary blockage of FSO

signal and it is also helpful to mitigate atmospheric turbulence effects.
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Initially, this concept for FSO was realized by Ibrahim (Ibrahim, 1996). The
performance of FSO link has been analyzed with multiple antennas at the receiver side.
SC and EGC used at the receiver to combine different incoming signal. Highest
improvement in Carrier-to-noise ratio (CNR) is observed for selection combining
method. The observed improvement in the availability is of 7% with two branches
(M=2) diversity compared to no diversity case (M=1) at particular threshold value with
SC method. An optimum spacing between two diversity channels is also identified in
this work. Presented results show that few centimeter spacing between two channels
is sufficient. For example, the spacing between two detectors should be in between
7 cm to 50 cm for the link range of 10 km. This estimation of spacing between two

detectors makes implementation of spatial diversity feasible in the FSO.

Spatial diversity with multiple antenna at receiver and transmitter to mitigate
turbulence effect is investigated in (Shin, 2002). Derivation of outage probability of
system with OC and EGC method is presented. Results are demonstrated for low-to-
moderate turbulence condition in form of power gain analysis. Turbulence condition
is realized with lognormal channel model. Results have shown that received power
gain increases with the higher number of channel compared to single channel system.
It 1s observed that obtained power gain is higher in moderate turbulence condition
compared to lower turbulence condition. A comparison of power gain with OC and
EGC methods is also presented. It is also observed that performance of OC and EGC
is quite similar except in the deep fading case. In the deep fading case performance of
OC is slightly better than EGC. Results have shown that higher number of the channel
increases power gain of the system but, it increases background noise in proportion to
a number of channels. This overcomes the advantage of power gain with a higher
number of channel. Authors have also found that performance improvement by spatial
diversity with very less number of channel is possible only under clear to moderate

atmospheric turbulence condition.

A performance analysis of FSO link with spatial diversity under strong turbulence is

performed by Tsiftsis (Tsiftsis, 2009). Strong turbulence scenario is realized by using
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K channel model. Spatial diversity applied at both the end, which is also referred as
Multiple Input Multiple Output (MIMO). An approximated closed form equation of
average BER is derived for Single Input Multiple Output (SIMO) case. The
performance analysis of FSO system with Multiple Input Single Output (MISO) is also
demonstrated. Presented results again validate the use of spatial diversity to increase
the performance of FSO link under strong turbulence condition. Fig. 2.12 shows the
result of the BER performance of FSO link with MISO case. This graph is plotted for
o =4 using [ (Tsiftsis, 2009), Eq. 21, with no of receiver = 1]. Where a represents an

effective number of scattering in the K distribution.
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Fig. 2.12 Performance of FSO link with MISO diversity

From Fig. 2.12, it is evident that as a number of transmitting antenna increases the
BER performance of the system is also improved. A major improvement in the BER
performance is observed with higher diversity order (M= 5 and M=7). The observed
improvement in the BER is 40 dB and 50 dB at SNR of 26 dB for diversity order of
5 and 7, respectively compared to M =1 (no diversity case). A marginal improvement

of 10-12 dB is observed in the case of the diversity order of 2 and 3. Still, the achieved
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BER is in the range of 107 to 10~ at SNR of 26 dB. Similar results were observed for
the higher value of a.These results also indicate that significant improvement in the
BER performance is obtained with diversity order more than 5 in the case of MISO.
So, the performance improvement is achieved with higher diversity order overwhelms

by very high cost and complexity of the system.

From the above mention literature, it is very clear that spatial diversity improves the
performance of FSO system in all turbulence conditions, from weak to strong.
However, significant improvement in the performance observed with high diversity
order (more than 5) in the case of strong and moderate turbulence condition.
Deployment of FSO system with higher spatial diversity may not feasible in all

geographical conditions. This also adds complexity and cost to the system.
2.6.5.3 Wavelength Diversity

Wavelength diversity has been seen as an attractive option to mitigate turbulence
effect. In this method, information is transmitted on more than one wavelength at the
same time. Transmission of the information signal on multiple wavelengths at the same
time also increases the availability of FSO link. Basically, wavelength diversity is
taking advantage of fact that each wavelength is immune to certain atmospheric
particle. The combination of that wavelength in the deployment of diversity will make

FSO system robust in all atmospheric conditions.

A preliminary investigation on the feasibility of wavelength diversity for the
performance improvement of FSO system is presented in (Giggenbach, 2006).
Theoretical and numerical analysis of the wavelength diversity effect on FSO system
is reported. 840 nm and 1550 nm wavelengths were chosen for wavelength diversity.
Their analysis has confirmed the feasibility of wavelength diversity during day and
night time both. An attractive outcome of this study is that transmission of multiple

wavelengths from the single terminal is feasible.

An investigation of wavelength diversity to improve the FSO link performance under
fog condition is performed by Wainright (Wainright, 2005). The entire study was

performed under lab conditions with simulation software - PcModWin by on Tar
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Corporation. 850 nm, 1000 nm and 1550 nm wavelengths were considered for
wavelength diversity. Their simulation results have shown significant improvement in

the performance FSO under fog condition.

The performance evaluation of FSO system with wavelength diversity under weak
turbulence is examined in (V.Xarcha, 2012). Weak turbulence scenario is realized by
lognormal channel model and three wavelengths (850 nm, 1310 nm and 1550 nm)
were considered for wavelength diversity. OC method was used to combine signal of
a different wavelength at receiver. The performance of FSO is analyzed in term of
outage probability and average BER. Results are presented for the link length of 1 km
and 1.5 km. It is observed that increasing diversity order has gained significant
improvement in the performance of FSO system at both the distance. An improvement
of around 40 dB in the outage probability and 50 dB in average BER at SNR of 15 dB
is observed at the distance of 1 km with diversity order of 3, compared to no diversity
case. The similar was observed of about 30 dB at 1.5 distance for outage probability

and average BER.

From the above research, it is clear that wavelength diversity has tremendous potential
to improve the performance of FSO system. It also capable of improving performance
even in fog condition, which has drawn a lot of attention towards implementation of
wavelength diversity based FSO system. An existing research has addressed the
performance improvement of FSO system under weak turbulence, moderate
turbulence and fog conditions. This gives an opportunity to investigate and analyze the
performance of FSO link under strong turbulence condition. Moreover, optimum

wavelength diversity order for performance improvement is also unidentified.

2.7 Comparison of Turbulence Mitigation Techniques

Deployment of wavelength diversity for the performance improvement of FSO system
has more advantage than other mitigation techniques. Use of multiple wavelengths to
transmit information signal makes this scheme more attractive and robust to overcome
adverse effect of atmospheric conditions. Moreover, it does not require large aperture

size like in the case of aperture averaging. Further, it also does not require large
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memory and large latency, which is must in the case of time diversity. This technique

has potential to improve the performance of FSO system under all atmospheric

turbulence without any incorporation of another method, unlike AO. Apart from this,

AO almost fails to improve the performance under strong turbulence scenario.

Similarly, there is no significant improvement observed by aperture averaging under

weak turbulence condition. Spatial diversity can also be considered as a viable option

to overcome adverse turbulence effect. But it requires at least more than 5 sets of

transceivers for the significant improvement in the performance of FSO. This

comparison reveals that wavelength diversity is a prime applicant to mitigate

turbulence effect in FSO system. The summary of different turbulence condition is

shown in Table 2.5.

Table 2.5 Summary of different turbulence mitigation techniques

Mitigation

Technique

Advantages

Disadvantages

Aperture
Averaging

Single pair of transceiver is
required

Large size of receiver
aperture is required, which
adds more background noise
Performance is not
impressive  under weak
turbulence condition

Adaptive Optics

Real-time distorted wavefront
measurement

Real-time wavefront error
correction

Performance of wavefront
measurement Sensor is very
poor under strong
turbulence

Demands large aperture
receiver

High implementation cost

Error Correcting
Coding

Single pair of transceiver is
required
Applicable to all turbulence

Large memory require
Large interleave, encoder
and decoder require

Hybrid RF/FSO

conditions Add latency
The robust solution for fog and Inefficient utilization of
rain condition. channel bandwidth

Avoid temporary link
blockage

Continuous switching may
bring system down

Highly complex and costly
solution

Time diversity

Single pair of transceiver is
required

Lower effective bit rate
Long delay latencies
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Applicable in all-weather
conditions

Require large memory and
additional circuitry

Avoid temporary link
blockage
Acceptable performance in

More than 5 transceiver
pairs required for
improvement in  strong

Spatial diversit .
P J different turbulence turbulence.
conditions. Highly complex and costly
Use of different wavelength Complex transmitter design
gives immunity under Increase cost and
Wavelength different weather conditions complexity moderately
. . like rain, fog, etc. compare to other mitigation
Diversity

e C(Capable of improving techniques.
performance in  different
turbulence conditions

2.8 Conclusion

In this chapter, working and classification of FSO system are discussed. A comparison
of FSO system with existing technology is presented. Various challenges of FSO with
the possible solutions are reported. It is found that atmospheric turbulence is a major
challenge to FSO system, as it can occur even in clear weather condition. The
performance of FSO is badly hampered under atmospheric turbulence condition. So,
various turbulence mitigation techniques are discussed with their advantages and
limitations. After the detailed study of the different turbulence mitigation techniques,
wavelength diversity is identified to improve the performance of FSO system under
different atmospheric turbulence condition. Further, use of this method to improve the
performance of FSO system under weak to moderate turbulence conditions is only
reported till date. The performance improvement of FSO system under strong
turbulence using this method is not investigated yet as per my best knowledge. Also,
an adequate diversity order to improve the performance of FSO under different
turbulence condition is still an open problem. Both of these issues are addressed in this

thesis.
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Chapter 3
Performance Evaluation of FSO system with
Wavelength Diversity under Strong Turbulence

Conditions

Atmospheric turbulence is a major threat to the FSO system. It causes random
fluctuation in the phase and intensity of signal passing through free space which
degrades the quality of received signal. This situation occurs even in clear weather
condition. Therefore, it is necessary to encounter this challenge. The strength of
atmospheric turbulence varies from weak to strong. Preliminary investigation on the
performance of FSO system under weak turbulence with wavelength diversity is
already reported. But, the impact of wavelength diversity on the working of FSO link
under strong turbulence is still needed to be examined. In this chapter, the performance
of FSO system under strong turbulence with wavelength diversity is explored. The
FSO channel under strong turbulence condition is characterized using K channel
model. The performance is evaluated in terms of Average BER and outage probability.
In this work, source information transmitted onto three carrier wavelengths are
combined using three different methods: OC, EGC and SC. Mathematical expressions
are derived for the calculation of the BER for all the three combining schemes. The
obtained average BER results of these combining methods at the different link distance
are also compared. Further, an outage probability of FSO system with wavelength
diversity is analyzed by deriving an approximated closed-form mathematical
expression considering OC and SC method at receiver. Finally, the average BER

results of this system are compared with the published article on spatial diversity.
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3.1 System Model

FSO system model with wavelength diversity is shown in Fig. 3.1. In this model, the
composite transmitter transmits same information signal on different wavelengths
towards different receivers. Each of the receivers is capable of receiving signal of a
particular wavelength only. The signal received by the different receiver is combined
with a proper combining method in the combining section. OC, EGC and SC are the
available signals combining methods in the field of wireless communication. After
applying any of these methods, the signal is given for the post-detection process. It is
established that transmission of multiple wavelengths from one terminal is feasible
(Giggenbach, 2006) and spacing of few centimeters between receivers gives
independent fading to each received signal (K. P. Peppas, 2012), (Ibrahim, 1996).
These facts justify the feasibility of this system model.

Turbulent
Medium
Receiver - 1
Composite o Combining Post Detection
Transmitter Recaiver - 2 1 Method Process
|
I
|
|
I
|
Receiver - N

Fig. 3.1 FSO system model with wavelength diversity

Considering this model, the expression of the FSO channel model with wavelength

diversity is written as

Yw =hyx+n=n,xl,+n w=1,.,W (3.1)

66



CHAPTER 3

where, y,, is the output signal at each of W" receivers, h,, = n,1,, is the intensity
gain, 7,, represents the conversion ratio of the photon to electric current of each
receiver, x represents the modulated bit. For this case, OOK modulation has been
considered. So, the value of x could be ‘0’ or ‘1’. Here, n represents the Additive
White Gaussian Noise (AWGN) with zero mean and variance Ny/2 and [, is the
normalized irradiance (E[I, ] = 1) seen at each receiver. The value of irradiance is
estimated by considering an adequate channel model as per turbulence strength. K

channel is found most suitable to represent strong turbulence condition.

3.2 K Channel Model

In strong turbulence condition, scintillation index is 1 and the value of log intensity
variance is varied between 3 and 4. K-Channel model is a well-accepted model to
represent this turbulence condition. It is a product of Exponential model and Gamma

model. The PDF for K channel model is derived in chapter 2 which is given as

(a+1)/2 a-1

F(D) = “‘”Tl = Koq(2Val), 1> 0 (3.2)

where, a is channel parameter related to the effective number of discrete scatters, / is
the normalized irradiance (i.e. E[I] = 1), I'(.) is the well-known Gamma function and
K, (.) is the v*" order modified Bessel function of the second kind. When a@ — oo,

Eq. (3.2) approaches the negative exponential (NE) distribution.

The PDF of the normalized irradiance of K channel after applying wavelength

diversity is expressed as

2(ay,)@w+/z - dw=1
fi () = 20 1,75 Koyya (2/a01), L > 0 (33)

where, a,, and I,,, are the channel parameters related to the effective number of discrete

" wavelength channel. K,(.),

scatters and normalized irradiance with respect to wt
modified Bessel function is written in terms of the Meijer G-function ( (Prudnikov,
1988), Eq. (8.4.23.1)).
1 z
K00 = 1638 (1) (G4

22
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The Cumulative Density Function (CDF) of [, can be easily derived by
Fi, (L) = J” fi,, (w)dl, (35
After the integration, the final CDF is written as
Fo () = [y 20 | 55 K (242l (3.6)
The second-order modified Bessel function K,,(.) in terms of the Meijer G-function is

xZ

written as (Wolfram, 2016) K,(x) = %G(i‘zo <T |z_—_v> Here,v =a,, —1 and x =
2’ 2

_ _ _ _ 2
2./ ayl,,. So, §= aw2 1, 7” = (a%l) ande = ayl,,. Based on this, F; (1) is
written as
(aw+1) (aw+1)
w©2(@ay) 2 (Iy) 2 1 .20 -
FIW(IW) = fo T'(ay,) I:E GO,Z (awlwlaw—l —(aw—l))] dIW
w 2 7 2
Which is rearranged as
0 (aWIW)(aW+1)/2 _ : _
R, (1) = [ TIWO 'Goy ( awlylay-1 @y ) dlw (3.7
w 2 72

Eq. (3.7) is further simplified by applying variable separation method as shown in Eq.
(3.8)

mn aq,..+0n, An41,---A mn a1+t,...,an+t, an+1+t,...,a +t
Z'G (Zlb b, b bp)zGPQ(Zlb +t,...bm+t, b ) (3-8
1Pm Pm+1,--40q ’ 1 yeuDm ) m+1+t,...,bq+t

Applying variable separation method to Eq. (3.7) (where, Z = a,I,, and t = (a,, +

1)/2), the resultant equation is written as

© 1,01 o a
Fiy () = J;" 25 628 (@whuloes ey s wrn ) Al (G29)

I(aw) 2 2 2 2

which is further expressed in the simplified form as

o 1,01

FIW(IW) = fo T'(ay)

Goz (@wlwlalr) dl (3.10)

The integration of single Meijer-G function can be performed as (Wolfram, 2016)

co
Zx_le’n Zlal,...,an, An+1,-ap \ _ Gm’n+1 le, ai+x, ., Aptx, Apy1tx, .., aptx
0 p.q by,..obm, bmg1,bg) — T PHLAFL bi+x, ., by+x,0, bpyr+x, .., bgtx
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here, x = 0, Applying integration on Eq. (3.10), the CDF of K channel with

wavelength diversity is derived as
Fi, (1) = 105 Gotrzea (@wlwlagso+00) (3.11)
Finally, the CDF of K channel with wavelength diversity is written as
Fiy () = 105 643 (@whwla10) (3.12)

Now, the scintillation index (S7) is calculated by using

2]_p2
o ElW?]-E2lI] _ ay+2 (3.13)

E2[Ly] aw

where E[.] gives the expected value of the enclosed. Since S/ depends on the
parameter a,,, it can be seen that the turbulence is stronger for lower values of a,, and
gets weaker as a,, increases. The instantaneous electrical SNR can be defined as

2
and the average electrical SNR 1is defined as, p,, = @ Here,
0

— (nwlw)z
w NO

E[l,] =1, since I, is normalized. After a power transformation of the random

variable [, = ’Z—W, the PDF for the instantaneous electrical SNR, y,, is derived as

aw+1 aw-3
(aw) 2 (yp 4 W
Fr (y) = & o Kay,—1| 2 |aw /y— S Yw >0 (3.14)
T(aw)(y) % Hw

And the corresponding CDF of the instantaneous electrical SNR y,,, is

1 w
wa()/w) = T(ay) 612,,31 (aw ::_W |av:,1,0) (3.15)

3.3 Performance Metric of FSO Channel

The performance analysis of FSO system is investigated by finding average BER and
outage probability of the FSO link. Both of these parameters help to decide availability
and reliability of FSO link. This section discusses the method to find out both the

parameters.

69



CHAPTER 3

3.3.1 Average BER

The BER of FSO systems with on-off keying (OOK) modulation, in the presence of

AWGN, can be estimated from the following expression

P, = p(0)P(e|0) + p(1)P(e|1) (3.16)

here, p(0) and p(1) is being the probabilities of transmitting the bit “0” and “1”,
respectively. On the other hand, P(e|0) and P(e|1) represent the conditional bit-error
probabilities for the transmitted bit. Assuming that the problem is symmetric, i.e. p(0)

=p(1)=0.5,and P(e|0) = P(e|1), the BER is estimated as a function of /, as

P(1) = P(el, +Pelo,n =P(n>2L)=P(n>"T)=q (J;’—LNO) (3.17)

where, Q(.) is the Gaussian Q-function defined as Q(x) = <‘/%> fxw exp (g) dt and
0

it is related to the complimentary error function erfc(.) by erfc(x) = 2Q (\/Ex) The
average BER P, , is derived by averaging Eq. (3.17) over [

P = [} P f(D)dl =1 [T erfc (z(jl’v_)o) F(DdI (3.18)

3.3.2 Outage Probability

Outage probability of the system defines the availability of the channel. This is

particularly a significant metric for any wireless link since it represents the probability
that the instantaneous SNR at the receiver’s iput falls below a critical threshold, Vi,

which corresponds to the receiver’s sensitivity limit (Nistazakis, 2013). Outage

probability of the system is expressed as

Pout = P.(¥ < ven) =Fy(Yth) (3.19)

In the next section, Mathematical expressions of both average BER and outage
probability are derived considering wavelength diversity for FSO link under strong

turbulence condition.
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3.4 Average BER of FSO System with Wavelength Diversity

This section presents the mathematical derivation of Average BER with and without
diversity scenario. Firstly, the average BER for Single Input Single Output (SISO) link
with no diversity case is derived. Following a similar approach, the average BER
considering wavelength diversity is derived. For the wavelength diversity case, the

expression of average BER is obtained considering OC, EGC and SC.

The average BER for SISO link of the FSO system, P, is obtained by averaging
Eq. (3.18) over I, i.e.

P = Iy " PIDA(DAT = [ Q (Fa) fiDatl = [ D [3erfe (35=)| a1
(3.19)

After placing the PDF of K channel model in Eq. (3.19), the average BER for SISO
link of the FSO system is written as

p,, = [FoR@CIR Sty 1(2\/_)[ erfc( )] Al (320

0 I'(a)

The above integral can be expressed by the second kind of, v, order modified Bessel

function, K, (.) and complimentary error function erfc(.) as Meijer G-functions

(erfc(\/}) = \/% Gi,z() (x|0'11/2)). Thus, (3.20) is expressed as

o @)@z o, _ 111 )2
Pap = [ s 10763 (a1|a__1 _(a_l))x [F680 (Blody)| @l 321
2

2’

Applying variable separation method (as per Eq. (3.8)), the Eq. (3.21) is rewritten as

o) 10—1 ( I)
Pav = J 57575 68 (alla )65 (S lodya) dl (3:21)
Eq. (3.21) is rearranged as

Puv = Iy e 638 (all )] [ 628 (L2 Filo )] (3.22)

After integration, the final expression of average BER for FSO link without diversity

is written as

71



CHAPTER 3

Py = B g (A1) 53005 (3.23)
av = Jr3r(a) 2 \ Noa2 0% ’

In terms of the average electrical SNR of the SISO system p, (3.23) is expressed as

P - (2)(@-2) g2t (4 =201 o
w = Jm3r(a) 52 \ a? 0l (3.24)

For the wavelength diversity case, the average BER of proposed FSO system model is
derived by considering one transmitter and W receivers, which is clearly comparable
to a single input multiple outputs (SIMO) optical communication system. In this case,

the optimum decision metric for OOK will be given by

off
P(yloff, 1) s P(ylon, 1) (3.25)

on

where, ¥ = (V1, Y2, .., Yw) is the vector signal with W components arriving at the

receivers of the wavelength diversity FSO system.

Considering this system model, the mathematical expression for the average BER of
wavelength diversity based FSO system is derived using OC, EGC and SC method for
combining different signals at the receiver end. The working of these methods is

discussed in chapter 2.
3.4.1 Optimal Combining

In the OC method, different diversity branch signals are co-phased and weighted as
per their signal strength prior to the combination. Considering this, the BER of the

FSO link with wavelength diversity is written as

Pyoc = ffff(f) Q (\/%NOV sz=1(77wlw)2) dI (3.26)

where, I[= (I, I, ..., Iyy) is the vector representation of the irradiance of W receivers.

In order to integrate (3.26), an approximation for the Q-function is taken ( (Wolfram,

2016), Eq. (14)) ie. Q0 =~ =exp (=) +1exp(=2

approximation in Eq. (3.26), The BER expression of FSO system with OC method is

2

). Substituting this
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obtained as

PW,OC ~ Hw 1f fIW(IW)exp( Onwho ) )dI +

4WNg
S Sy i, (e (F22elYan,  (327)

3WN

Eq. (3.27) is expressed as an exponential function and represented in the form of
Meijer G-function (Wolfram, 2016), e ™ = G&’f (x| 5) to obtain close form of'it. After

integration, the obtained closed equation for Eq. (3.27) is written as
(aw-1) 4n. 2 Awz2zaw 1
Pyoc = (Y Gyy |z e
12 nl(ay) %1\ (ay)2WN, 0

1 S(aw—-1) 1672 1zaw2-aw ;1
+ oo | Gt (s | 2 (3.28)
4 nl(ay) %1\ 3(ayw)2WN, 0

2
For the average electrical SNR p,, = —("W';[IW])

p 1_[ 2(aw 1) 1'4 4“—w |1—2aw'2—2aw‘0%
woc =12 nl(a,,) Gap (a,)?W 0

20 g (Caem S5 50
+- HW 1 il (ay) 4,1 3(aw)2W| 0 ( : )

, Eq.(3.28) is rewritten as

where, a,, defines the number of discrete scatter of the wy;, channel and ,, signifies

the average electrical SNR of the wy; channel.
3.4.2 Equal Gain Combining

The EGC method is similar to OC with an exception to neglect the weighting circuits.
The average BER of the FSO system with W different channel for the case of EGC is

expressed as

PESC — ffz(f) 0 (Zw 177w1w> di (3.30)

where,f = (I, 15, ..., Iyy) is the vector representation of the irradiance of W receivers.
An integration of Eq. (3.30) is obtained by Q function approximation. An

approximation of Q function is considered using similar approach as in case of OC
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2
(ie. Q(x) = —exp ( ) +-exp ( )). Putting this approximation in Eq. (3.29),

the BER expression of FSO system with EGC method at receiver is obtained as

Py gec = Hw 1f flw(lw)exP( ()" )dlw +

4W?2N,

Wy Iy fi U)exp (Sl 3(’;;”21”;) )dl, (3.31)

Representing Eq. (3.31) in exponential form with the Meijer G-function (Wolfram,
2016), e ™ = G&'f (x] o) and performing integration on it, the obtained closed form

expression for the average BER considering EGC method is expressed as

= o Tt e 5
WEGC = 13 nl(a,,) Gt (a,,)2W?2N, 0

P, (20 g (_teme® | o] (332)
41 W=111r(a,) 41\ 3(ay)2W2N, 0 ’

Finally, Eq. (3.32) is represented in form of average electrical SNR as
p 1 w 2(aw—1) 61'4 4y, l—ztlw‘_Z ;W,O,E
WEGC = T Lw=11Tr Y Y41 | (g, )2w? | 0

(@w=1) 1-aw 2-aw ;1
+1 Hw . 2 G14-< 16y, | 2 02 2 (333)

nl(ay) 1\ 3(ay)?w?

3.4.3 Selection Combining

The general form of selection combining is to monitor all the diversity branches and
select the one which has the highest SNR. Therefore, the selection of irradiance and

average electrical SNR are made according to
ISC = max(ll,lz, ’IW) (334)

And,

tsc = max (g, fa, -, Hw) (3.35)
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The average BER of the FSO system for the case of SC can be obtained as

Py sc = fooo frscUsc) Q (:};C,VLNC) dlsc (3.36)

where, fi..(Isc) is the PDF of the highest value of the irradiance. The closed form of
BER expression in this case is obtained by adopting similar approach as mentioned in
the above cases. Applying the similar approach, the closed form expression of the

average BER considering SC method in terms of pg. is written as

b 1_[ Z(aw 1) 14 4’.uSC |1—2aW'2—2aW'0%
wse =12 nl(a,,) Ga) (ay)?W 0

1-aw 2—a 1
1w 2(aw—1) 1,4 16usc 2W’ 2W’O’E
+ 4 HW=1 lnl‘(aw) G4,1 3(aw)2W | 0 (337)

where, uscis the maximum average SNR achieved by the system for the irradiance

Isc.

3.4.4 Results and Discussions

The numerical results of average BER of FSO system with wavelength diversity under
strong turbulence are presented in this section. For strong turbulence, the refractive
index structure parameter C2 = 2 X 10713m~2/3 is chosen. To apply the wavelength
diversity, three wavelengths are chosen as: A; = 1550 nm, 4, = 1310 nm, and
A3 = 850 nm. The selection of these wavelengths is based on the fact that these
wavelengths suffer less attenuation in the atmosphere and components on these
wavelengths are readily available in the market (Kaushal, 2017). The BER
performance of FSO system using each of these wavelength for diversity less scenario
is also presented. The receiver aperture diameter D is kept fixed at 0.01m. The
sensitivity threshold and electrical SNR for all the W receivers are considered as
identical, i.e., gy = P = =y =W and Yep1 = Venz2 = = = Yenw = Ven - The
BER performance of FSO system with different combining techniques at receiver is
evaluated for the distance of 2 km and 3 km. The results of all the three combining

methods are also compared and discussed.
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The BER results of FSO system with a single transceiver operating at different
wavelength using Eq. (3.24) is presented in Fig. 3.2 It is apparent from Fig. 3.2 that
the performance of FSO link with 1550 nm under strong turbulence is better than other
two wavelengths (i.e. 850 nm and 1310 nm). However, the improvement in the BER
is achieved with 1550 nm comes at higher values of average electrical SNR (more than
50 dB for BER of 107). This reveals that the obtained performance of SISO-FSO link
even with a higher wavelength under strong turbulence is not suitable for any practical

application. This justifies the need for wavelength diversity also.

The graphs of average BER without and with wavelength diversity using SC, EGC and
OC are plotted in Fig. 3.3, Fig. 3.4 and Fig. 3.5, respectively. In these graphs, W =1,
represents without diversity case with an operational wavelength of 1550 nm while
W=2 and 3 signify the wavelength diversity order of 2 and 3 respectively. For the
diversity of the order of 2, 1550 nm and 1310 nm wavelengths are chosen. The
information is transmitted at 1550 nm, 1310 nm and 850 nm in the case of diversity of

the order of 3.

Fig. 3.3 illustrate the BER performance of wavelength diversity based FSO system
with SC combining method. This graph is plotted from Eq. (3.37). The achieved results
show that the use of wavelength diversity improves the performance of FSO system
under strong turbulence. The required maximum SNR is 55 dB and 68 dB at distance
of 2 km and 3 km, respectively for the BER of 10* under no diversity case. As diversity
order increases the required SNR for the targeted BER is decreases. The decrement of
14 dB in the required SNR is observed for the BER of 10 at the distance of 2 km with
diversity order 3 compared to no diversity case. The same was 19 dB for the distance

of 3 km.

Fig. 3.4 represents the performance of wavelength diversity based FSO system with
EGC method at the receiver side. It is obtained using Eq. (3.33). The required
maximum SNR is 38 dB and 47.5 dB to obtain the BER of 10 at the distance of 2 km

and 3 km, respectively for diversity less case under strong turbulence. The observed
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Fig. 3.2 BER performance of SISO-FSO system at different wavelength
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Fig. 3.3 BER performance of FSO system link with SC scheme.
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maximum improvement in the SNR for the same BER is 2 dB and 9 dB at distance of

2 km and 3 km, respectively with diversity order 3 compared to no diversity case.

The performance of FSO system considering OC method at receiver is illustrated in
Fig. 3.5. These results are determined by Eq. (3.29). The results of OC method is quite
similar to EGC method under no diversity case. The SNR of 38 dB is required to get
BER of 10 at the distance of 2 km in without diversity case. The same is of 47.5 dB
at the distance of 3 km. The observed maximum improvement in the SNR for the
targeted BER is of 5 dB and 12.5 dB at the distance of 2 km and 3 km, respectively.
The detailed results of required SNR at the BER of 10 for all the methods are given
in Table 3.1.

Table 3.1 Required SNR at the BER of 10 for different combining methods

Combining Methods
Diversity OC EGC SC
order
L=2km L=3km L=2km L=3km L=2km L=3km
W=1 38 dB 47.5dB 38 dB 47.5dB 55dB 68 dB
Ww=2 34 dB 37.5dB 36 dB 39.5dB 46 dB 57 dB
W=3 33dB 35dB 36 dB 38.2dB 41 dB 49 dB

The achieved results show improvement in the performance of FSO system after
applying wavelength diversity in all three schemes. The results also show that the
maximum improvement is obtained at a higher distance of 3 km for all the combining
methods. A maximum improvement is observed in the case of SC but the required
SNR is still very high to consider for any practical application. On the other hand, OC
demands less SNR for targeted BER compared to other two techniques.

A performance comparison of all three techniques with a diversity order of 2 at 2 km
distance is plotted in Fig. 3.6. It is evident that the OC technique provides the best
performance as compared to other techniques. The difference in SNR with respect to
the average BER remains almost constant for OC and EGC. The observed difference
is around 2 dB. The performance of the SC is poorer compared to other two techniques.

This trend continues even at higher distance and diversity order as well.
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Fig. 3.6 Performance Comparison of OC, EGC and SC scheme with W=2 at 2 km

3.5 Outage Probability of FSO System with Wavelength

Diversity

The outage probability of the system is the point after which noise dominates over
signal. This provides probability at which the spontaneous SNR falls below the
threshold SNR, ¥:x which is related to the receiver’s input sensitivity limit. Using the
PDF of K channel with wavelength diversity (Eq. (3.3)) and a basic outage probability
expression (Eq. (3.17)), closed form expression of outage probability for FSO system
with wavelength diversity has been derived. As the performance of OC and EGC is
quite similar, the results are only obtained with OC and SC methods. The mathematical

expressions are derived for the same.
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3.5.1 Optimal Combining

The outage probability of FSO system with wavelength diversity using optimal

combining at receiver is given by

Pout,oc = PT(YW < Yth,w) = FyW(Yth,w)' w=1, .., W (3.38)

Assuming that Py,¢ o 1s autonomous for different wavelengths. Then, the FSO

system’s total outage probability Py, o, 0f all the W links is given by

Pout,oc = szl Pout,w = HW:lPr(YW < Yth,w) = szl FyW(Yth,w) (3.39)

Putting Eq. (3.11) in Eq. (3.39), the final closed form expression of outage probability

with optimal combining is written as

1 w
Pout,oc = HW:l [WW)GE'?,I (aw Y::/ |av3,1,0)] (3.40)

3.5.2 Selection Combining

To derive outage probability expression using SC, consider the v, is the threshold
value of the SNR. If there are W links then the probability at which the SNR of all the

links are lower than the threshold y, is given by

Pout,sc = P(max{yl' Yo,y Vw}) (3.41)

Now,

1 , Ythw
Pout,sc = Pr(y < Yth,w) = Fy(Yth,w) = mGlz,?,l (aw % |av:,1,0> (3.42)

Assuming P,,; is independent for the different wavelength channels in the wavelength
diversity based FSO system. Then, the total outage probability P, s of the FSO
system which is taken into account will correspond to the outage probabilities of W
independent links with different wavelength. Based on this, the outage probability

with SC method is given as
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w
1
ngt,w = [[m(;fsl (a yfh |a,%,0)] ] (3.43)

3.5.3 Results and Discussions

The results of outage probability for FSO system with wavelength diversity
considering OC and SC are reported in this section. Results are obtained for the
distance of 2 km and 3 km. All the other parameters like wavelengths and receiver

aperture size are kept same as in the case of average BER.

Fig. 3.7 demonstrates the outage probability vs. normalized average electrical SNR
(WYy¢n), of the FSO system with the wavelength diversity using SC method. This graph
is plotted from Eq. (3.43). It is evident from the graph that as the wavelength diversity
order increases the outage probability of FSO system decreases. A maximum
improvement of 10 dB is observed in the outage probability at the SNR of 30 dB with
diversity order of 2 compared to no diversity case at the distance of 2 km. However,
increasing diversity order does not bring the improvement in the outage probability of
FSO system under strong turbulence. The similar results are observed at the distance

of 3 km.

The outage probability of FSO system with wavelength diversity using OC method is
shown in Fig. 3.8. It is evident from the graph that the use of wavelength diversity
makes outage probability of FSO smaller. The outage probability of FSO system is
reduced by 10 dB at the distance of 3 km with diversity order 3 compared to diversity
less scenario at SNR of 30 dB. The similar results are observed for the distance of 2

km. The detailed results are shown in Table 3.2.
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Outage Probability
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It is evident from Table 3.2 that wavelength diversity reduces the outage probability
of FSO system. Both the combining methods, OC and SC have gained an equal
improvement of 10 dB in the outage probability with the diversity order of 2 at both
the distance compared to no diversity scenario. However, the performance of FSO
system with OC method is still better than SC method. It also evident from the Table
3.2 that increase in diversity order from 2 to 3 has not gained significant improvement

in the outage probability under strong turbulence scenario.

Table 3.2 Outage probability of FSO system at SNR of 30 dB
Combining Method

Diversity oC SC
order
L=2km  L-3km L=2km  L=3km
W=1 035X 10* 3.50X 10 0.74 X 10! 1.35X 10!
W=2 1.49 X 10° 3.51 X107 077X 10?% 244X 1072
W=3 1.28 X 10 2.71 X 107 025X 10?% 1.17X 10?2

3.6 Performance Comparison of Wavelength Diversity with

Spatial diversity

The performance of FSO system under strong turbulence with spatial and wavelength
diversity is compared and discussed in this section. In (Tsiftsis, 2009), authors have
applied spatial diversity to analyze the performance of FSO system under strong
turbulence condition using K channel. The performance of FSO system is reported in
terms of BER for MISO and SIMO structures. The presented FSO system model in
this chapter resemble SIMO case. So, the performance comparison between spatial and
wavelength diversity is presented for SIMO case considering OC method at the

receiver end.

In (Tsiftsis, 2009), spatial diversity has been realized by transmitting information
signal on a single wavelength of 1550nm towards multiple receivers and few
centimeter spacing between receivers has been considered. For a fair comparison
between two turbulence mitigation techniques, all the required parameters for

performance evaluation is considered as reported in (Tsiftsis, 2009). The value of
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refractive index structure parameter C2, for strong turbulence and receiver aperture
size is kept as 2 * 10713m~2/3 and 10 mm, respectively. Fig. 3.9 shows the result of
comparison between two diversity techniques. The result is presented for the diversity
order of 2 and 3 for the distance of 2 km. The result of spatial diversity has been
obtained from Eq. (20) of (Tsiftsis, 2009) and the result of wavelength diversity is
plotted using Eq. (3.29).
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Fig. 3.9 Comparison of wavelength and spatial diversity using OC at 2 km distance

It is apparent from the Fig 3.9, that the performance of wavelength diversity is better
compared to spatial diversity. The required SNR to obtain the BER of 107 is 41 dB
and 38 dB for the spatial and wavelength diversity respectively, with two receivers.
The similar performance difference is also observed with the diversity order of 3. This
comparison shows that the wavelength diversity performs better than spatial diversity.
Wavelength diversity requires 3 dB less SNR to achieve the targeted BER compared

to spatial diversity technique.

85



CHAPTER 3

3.7 Conclusion

The performance of the FSO link with wavelength diversity under strong turbulence
is investigated and discussed in this chapter. The performance is found in terms of
average BER and outage probability. In the case of average BER, mathematical
expressions for the three different combining techniques namely OC, EGC and SC are
derived. It is observed that diversity order of 3 decreases the SNR requirement by 13%
and 25% for link length of 2 km and 3 km for the BER of 107, respectively as
compared to without wavelength diversity using OC method. The same is 25% and
27% in the case of SC. SC provides better improvement than OC at both the distances.
However, OC requires 8 — 14 dB lesser SNR value than SC to achieve the targeted
BER of 10, It is also observed that the EGC performance is 2 to 3 dB lesser than OC.
Overall, OC provides better results than other two combining methods i.e. EGC and

SC.

The performance of proposed technique is also analyzed in terms of outage probability.
An approximated closed-form expression of outage probability with SC and OC
method is derived. OC method provides 30 dB more performance improvement
compared to SC with different diversity levels at different distances. Numerical results

once again show that the performance of OC is better than SC.

Finally, the performance comparison between spatial and wavelength diversity is
presented for the SIMO case. It is found that the performance of wavelength diversity

is better than spatial diversity.
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Performance of FSO Link with Wavelength

Diversity over Exponentiated Weibull Channel

The performance of FSO link under strong turbulence condition using K channel is
investigated and discussed in chapter 3. The obtained results show that required SNR
is more than 30 dB to achieve BER of 10™* with wavelength diversity of order of 3
with OC method. The BER in the range of 107 is the need of current communication
systems which is operating at high data rates (Goldsmith, 2005). The further decrement
in the BER with wavelength diversity using K channel is achieved by increasing SNR
which is not a viable solution. So, this demands the further investigation on FSO link
performance under strong turbulence condition using another channel model with
wavelength diversity. EW channel model is another alternative to characterize strong
turbulence condition. This chapter presents the performance analysis of FSO system
under moderate and strong turbulence conditions using EW channel model with
wavelength diversity. OC method is considered to combine different signals, as OC
achieves better results than EGC and SC. The mathematical expressions have been
derived to calculate outage probability and average BER using OC method. An
appropriate wavelength diversity order to mitigate atmospheric turbulence effect is
also a major concern. So, results are obtained for diversity order up to 6 at different
link distances varying from 1 km to 3 km at a regular interval of 0.5 km under both
turbulence conditions. The performance of this system is also analyzed with receiver

aperture size as per commercial FSO system.
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4.1 Exponentiated Weibull Channel Model

The EW channel model is enhanced version of Weibull channel model. The Weibull
Channel model is widely used to model wind speed distribution (Seguro, 2000),
particle size distribution (Fang, 1993) and for a specific type of clutter (Schleher, 1976)
in the field of physics and engineering. It is also used in the field of wireless
communication (Alouini, 2001), (Lupupa, 2009) to model channel. The PDF of

Weibull distribution is written as.

) =2(0)" " e[ €Y w

n\n

where, [ >0 is a shape parameter and 1 > 0 represents scale parameter. 7 is dependent
on f and it is related to the mean value of the irradiance. For the cases of f = land

=2, Eq. (4.1) reduces to the Negative exponential and Rayleigh PDF, respectively.

The CDF of Weibull distribution is defined by

F (D) = jo (Dl = jo I%(%) exp [— (%)ﬁl dI

= 77ﬁﬁ'];)l(l)ﬁ—lexp l— <%)ﬁl dl

B B
Assume (%) =t and B (%) (DA'dl = dt or, n%(l)ﬁ_ldl =dt, Now, F,(I) =

-1

Ye~tdt = [—e~t]§ + Constant = —e~t — (—e®). So, F;(I) = —e™t — (—e°)
o 0

Finally, CDF of Weibull becomes,

F() =1—exp [— (é)ﬁ] 4.2)

This model is only applicable for stationary conditions, where channel statistic remains
constant over the observation time period. Mudholkar and Srivastava (Mudholkar,
1993) have introduced an additional shape parameter to the Weibull distribution and
proposed a new model as Exponentiated Weibull (EW) distribution. Barrios and Dios

(Barrios, 2013) have used this EW distribution to model the distribution of the
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irradiance in FSO link. The CDF of a random variable I described by the EW

distribution is given as (Barrios, 2013)

[

F(D) = {1 — exp [— (%)B]} (4.3)

The PDF of EW can be calculated by

d d I\F
filh = Fy (D) = 5{1 ~ exp [— ) ]}

fi(D) = C;—B (%)B_l exp [— (%)ﬁ] {1 —exp [— (%)ﬂ]} (4.4)

where, § > 0 and a > 0 are shape parameters, and 1 > 0 is a scale parameter, which is
related to the mean value of the irradiance. If (a = 1), then Eq. (4.4) represents the
Weibull distribution and for the cases of (¢ =1, f§ =2),and (¢ =1, § = 1), Eq. (4.4)
represents Rayleigh and the Negative exponential distribution, respectively. The

equation to calculate the values of a, § and 7 is given in (Barrios, 2013).

4.2 System Model

The system model for FSO link with wavelength diversity is discussed in chapter 3.
The same model is used in this chapter. In this system model, the atmospheric
turbulence is modeled using an EW distribution. The PDF of EW distribution after

applying Wavelength diversity is given as

ay—1

(,l)(ﬁw—l) e[_(:’_v‘;)ﬁw] x {1 — e[_(’l’_“d’;)ﬁw]} Iy =0 (4.5)

fio 1) = S (2

Nw

where, a,,, 5, > 0 are two shape parameters related to the scintillation index at the
wep, wavelength, and 7,, > 0 is a scale parameter related to the mean value of I, for
we, wavelength channel. «,, gives more adaptability to the tail shape of the PDF.
When data is visualized on a logarithmic scale, «,, controls the lower-tail steepness

for the fixed values of the shape parameter S, and the scale parameter 7,,. This is an
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important property of the EW distribution, as lower tails expresses the error rate and

fades probability (Parenti, 2005). The CDF of I, can be easily derived by

Fo, () = J5 fi, (Lw)dl,, (4.6)
OR,
Fy (L) = {1 — exp. [— (;—“;)BW]}QW 1, >0 4.7)

The expression of the shape parameter «, for w;, wavelength in the case of
wavelength diversity is written as

D -0.519
@, ~ 3.931 (—) (4.8)

Po,w

where, D is the receiving aperture diameter and p,,, is the atmospheric coherence

radius at w;;, wavelength which is calculated as

-3/5
por = (1.46C2k,2L) " (4.9)

here, k,, = i—n , 1s the wave number, 4,, is the operational wavelength of each of the
w

W channels of the FSO system and L is the distance between the transmitter and
receiver planes. The C? represents the refractive index structure parameter, depends

on the altitude and the atmospheric conditions (Henniger, 2010).

The shape parameter f3,,, which is related to the scintillation index o7 and it is
expressed as

:Bw ~ (0-'w0-12)_6/11 (410)
and the scale parameter 7,, is written as

1

w = awl(1+1/Bw)g(aw,Bw) (41 1)
where, g(a,,, B,,) with w;; wavelength is calculated as
o (D41~ O+Aw)/Awr(a,)
(@, By) = 20— . (4.12)

T (ay,—1)
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where, I'(.) represents gamma function. For wy, wavelength, the instantaneous

2
electrical SNR can be defined as y,,, = GWN;W) and the average electrical SNR is defined
0
_ GwElw])? _ . . .
as Wy, N Here, E[I,] =1 since I, is normalized. After a power

transformation of the random variable [,,,, the PDF of the instantaneous electrical

SNR, y,, with w;;, wavelength is derived as

Bw Bw]y @w~1
Bu-1) |( [ ] [_LM
fyw()/W) — awBw (i ,M) e (TIW\/;) x {1e (ﬂW\/;)
NMw  \TMw | bkm
, Yw >0
(4.13)
and the corresponding CDF of the instantaneous electrical SNR ¥, is
[ (1 F)ﬁw} (240
(L | Yw
Fy (Yw) = {1—el ™™ Y >0 (4.14)

Thus, from Eq. (4.13) and Eq. (4.14), it is clear that both PDF and CDF of the
instantaneous electrical SNR of EW channel strongly depend on the atmospheric

conditions.

4.3 Outage Probability

The outage probability is a vital parameter for the reliability of diversity systems
operating in the fading environments. Considering this concept and CDF of the EW
channel, the closed form expressions for the outage probability using OC for the FSO
system with the wavelength diversity is derived. The outage probability P,,; of the

FSO system for a single channel (i.e., W = 1) is calculated as

Poue = P.(v < ven) = F) (Yen) (4.15)

using Eq. (4.14), the Eq. (4.15) is modified as
B (24
Poye = {1 — exp [— (nl /%“) l} (4.16)
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For the multiple wavelength channel W, assuming that the outage probability for each
of the channel is different. As each of the channel is working on different wavelength,
the total outage probability P, of the considered FSO systems corresponds to the

probability of outage of all the W links, i.e.,

Pout,W = H\I:l/l/:l Pout,w = szl Pr(Yw < Yth,w) = Hw=1 FyW(Yth,w) (4-17)

OR,

Pout = szl[{l—exp - (2 \/%)ﬁwl}wl @18

4.4 Average BER of the System

The average BER of FSO system with SISO is discussed in chapter 3. Following the
same concept, the average BER of EW channel for SISO link of the FSO system is

obtained by averaging over I, i.e.

00 0 I
P = JyRADADA = [ 0 () ial (4.19)

In this scenario, average BER is computed from the CDF F; (1), as follows
Py == [y " PL(DF, (Dl (4.20)

where, P/ (I) in Eq. (4.20) is the first order derivative of the conditional BER P,(I). It

is derived as

D = e (L) = o (2) @2

Substituting Eq. (4.7) and Eq. (4.21) into Eq. (4.20), average BER is expressed as

1 +oo —g2p2 NN
Puy = = J; exp. ( o ){1 — exp. [— (1—7) ]} dl (4.22)
A closed-form solution for the integral Eq. (4.22) is not available. On the other hand,

272
putting the variable x? = £ = Y%, Eq. (4.22) becomes
0
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B (24
P, = ZR‘/—\gf_Jr; exp. (—x?) {1 — exp. l— <2§x> l} dx (4.23)

here, Eq. (4.23) is in the form offj;g(x)e_xz, Whereg(x)={1—

B 24
exp. [— (% x) l} , and it can be approximated by using Gauss—Hermite quadrature

rule. The Gauss—Hermite quadrature approximation is defined as (Abramowitz, 1972)

+00 _
2 900 e™ ~ T mig(x) (4.24)
where, n is the number of sample point used. x; is the roots of the Hermite

Polynomials H, (i) (i = 1,2,...,n) and the associated weight m; are given as

2=/
LT B2 [Hy G2 (4.25)
Using Eq. (4.24) and Eq. (4.25), Eq. (4.23) is written as
2N n 2w\
Fav ® S romiil—exp. |- o i (4.26)

In terms of the average electrical SNR of the SISO system, p, (4.26) is expressed as

2 2 M

P,, =~ = romy {1 — exp. [— (mxi) ]} (4.27)
If wavelength diversity is to be used, its average BER will be derived by considering
the channel model presented in chapter 3, i.e. one transmitter and W receivers. This
case can be compared to a single input multiple output (SIMO) scheme. Considering

above case, the optimum decision metric for OOK is written as

of f
PGloff.1w) s P(¥lon, 1) (4.28)
on

where, vector signal Y = (yq, V2, ..., V) is received at different receiver. In this
respect, the expressions for the average BER for wavelength diversity FSO system
with W different channels at receiver has been derived. At receiver side, OC method

is being considered. The average BER of the FSO system with the W different
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wavelength channels considering OC method can be achieved as follows

Pwoc = J; f1(I) @ < Jﬁ $’=1§W21W2> i (4.29)

In terms of CDF, F; (l,,), the average BER for Wy, channel is written as

—&w” W2 w\Pw @
o () {1_9[—(:,7)

1
Pwoc = K/V=1\/_Ef0 } dly (4.30)

where, I = (11,15, ..., I,,)) is the vector of the normalized irradiances for each of the W
receivers. Applying Gauss-Hermite quadrature rule on Eq. (4.30), the average BER

expression with wavelength diversity is obtained as

Bw]) W
2,/ N, 2/N,
Pwoc ~ Ty o2 ST 1ml{l—exp [— (3o x,) ]} (431)

Swhlw

In the form of average electrical SNR, u,,, the final average BER expression for OC

method is expressed as

w+/ Hw

Bw])
Puwoc ~ Ty B m, {1 — exp [— (20x) ]} (432)

where, p,, defines the average electrical SNR for the wy;, wavelength channel.

4.5 Results and Discussion

The numerical results obtained for the outage probability and average BER are
discussed in this section. The optimal combining scheme is applied at the receiver end
to combine all the signals. Results are obtained for the different turbulence conditions
at different link distances. The link performance is analyzed and presented for the
moderate (C2 = 6 X 10~*m=2/3) and strong turbulence ( CZ? = 2 x 10~ 13m=2/3)
conditions with different size (10 mm and 60 mm) of receiver aperture. All the
available literature on wavelength diversity has considered receiver aperture diameter
of 10 mm. However, a commercially available FSO has receiver aperture diameter

more than 10 mm (fSONA, 2016). So, the aperture diameter of 60 mm is also
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considered to realize the results for practical applications under possible worst case
scenario. Three different wavelengths of 1550 nm, 1310nm and 850 nm is chosen to
realized the wavelength diversity. A few centimeter spacing between the receivers is
sufficient to make the receiver diversity effective (Peppas, 2012). Considering this,
the independent channel fading is considered for all the receivers. The EW channel
parameters «a,,, f, and 7, are obtained from the Eq. (4.8), (4.10) and (4.11),
respectively. For the wavelength diversity scheme, same average electrical SNR and
sensitivity limits are considered for all the W receivers. The obtained results are also
compared with no diversity case. In the presented results, W =1 represents diversity
less scenario, while W =2 and W =3 represent the wavelength diversity order of 2 and
3, respectively. For the diversity less scenario, the signal is transmitted using 1.55 pm
wavelength. The signal is transmitted at 1550 nm and 1310 nm in the case of W =2.
For the diversity order of 3, the signal is transmitted on 1550 nm, 1310 nm and
850 nm. To identify adequate diversity order, results are also plotted with higher
diversity order up to 6. The other three wavelengths are 1500 nm, 1300 nm and 800
nm. The signal is transmitted over 1550 nm, 1310 nm, 850 nm and 1500 nm for
diversity order 4. In the case of order 5, signal is transmitted on 1300 nm apart from
the other wavelengths which are used for the order 4. Finally, signal is transmitted on
all the six wavelengths for the diversity order of 6. Selection of wavelengths is done

considering the availability of the components at these wavelengths.
4.5.1 Outage probability with wavelength diversity

The outage probability, P,,; versus normalized average electrical SNR, Wy, using
OC (from Eq. (4.18)) is plotted in Fig. 4.1 and Fig. 4.2 for moderate and strong
turbulence conditions with propagation link length L; = 1.5 km and L, = 2.5 km
respectively. Each graph is plotted to take into the consideration of absence and
presence of wavelength diversity. The observed improvement in outage probability at
SNR of 20 dB under moderate turbulence is of the order of 50dB at distance of 1.5km
with a diversity order of 3 compared to no wavelength diversity and the same for strong
turbulence is 40 dB. The similar values for the distance of 2.5 km are 40 and 30 dB,
respectively. The results are also obtained for the distance of 1 km, 2 km and 3 km

which is given in Table 4.1.
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The results of outage probability with higher diversity order (up to w = 6) is plotted in
Fig. 4.3 and Fig. 4.4 for the distance of 1.5 km with different turbulence conditions.
Fig. 4.3 shows the plot of outage probability under a moderate turbulence condition
with different diversity levels at the distance of 1.5 km between transmitter and
receiver. The similar results are plotted for strong turbulence conditions in Fig. 4.4.
From both these figures, it is observed that the outage probability is in order of 107 to
107 if no diversity is applied. It is apparent that the application of wavelength diversity
improves the outage probability. The improvement is almost 10 dB with each level of
wavelength diversity. Diversity level of 2 provides the outage of around 10 to 107!
for various turbulence conditions. The improvement of around 40 dB with W=3 is
observed compared to the no diversity case. An incremental improvement of about 20
dB is observed for both turbulence scenario with diversity level of 4 and 5. The further

10 dB improvement in the outage is observed with the diversity order of 6.
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Fig. 4.3 Outage probability with different diversity order under moderate turbulence
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Fig. 4.4 Outage probability with different diversity order under strong turbulence

The plot of outage probability against SNR for the distance of 2.5 km is shown in Fig.
4.5 and Fig. 4.6 for moderate and strong turbulence conditions, respectively. As it can
be seen from the figures, the outage probability is in the range of 107 for strong
turbulence and 10”7 for moderate turbulence condition when no diversity is applied.
With the diversity level of 2, the outage probability observed for moderate turbulence
condition is in order of 107'°, which is 30dB higher than what is achieved without
application of diversity. The outage probability of 1077 is achieved with diversity level
of 2 for strong turbulence, which shows an improvement of 20 dB compared to no
diversity case. For the diversity level of 3, the outage probability is in order of
10" and 108 for moderate and strong turbulence conditions, which is 10 dB higher
than the achievable outage of diversity level 2 case. The overall improvement in an
outage is almost 30 dB in both moderate and strong turbulence condition is achieved
with the diversity of level 3 compared to the no diversity case. Further incremental
improvement of 20 dB under moderate turbulence condition and 10 dB under strong

turbulence can be achieved by increase in the diversity level of 4, 5 or 6, but at a higher
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cost of the system and more complex design. The detailed result with different distance

at different diversity order is presented in Table 4.1.

Table 4.1 Outage probability of FSO system at SNR of 20 dB

Diversity Turbu-

D =10 mm and SNR =20 dB

Order lence L=1km L=1.5 km L=2km L=2.5km L=3 km
M 1.36 X 10®% 641X 10®*  1.70X 107 457X 107  9.06 X 107
W= S 391 X10°  1.14X10° 245X 10° 439X10°5 7.04X 107
M 299X 1012 292X 10" 148X 101 519X 10 1.42X10°
W=z S 123X 10%  574X10®%  155X107 415X 107 830X 107
M 283X 10 406X 10" 280X 10" 120X 10" 394X 10"
W=3 S 3.89X 10 3.03X10° 1.12X10% 3.10X10% 7.06X10*
M 1.81 X107 495X 10" 523X 10" 324X 10" 140X 10"
W= S 3.07X 10" 3.02X 10" 1.55X10" 1.16X10° 146X 10°
M 5.88X 102 261X 10" 3.83X10"7 318X 10" 1.71 X 107"
W= S 6.11 X101 821X 10" 6.14X 10" 223X 10" 7.09 X 10"
M 206X 102" 126X 10" 240X 10" 220X 107 134X 107'°
W=e S 6.09X 10"  1.02X 107 736X 10" 355X 10" 123X 10"

M = Moderate turbulence and S = Strong turbulence

Table 4.1 shows results of the outage probability at different distances with different
diversity order. The outage probability increases as distance increase. The value of
outage probability for the distance of 1 km between the transmitter and receiver is 1.36
X 10® and 3.91 X 10 for moderate and strong turbulence conditions, respectively.
The value of outage probability at the higher distance of 3 km is in order of 107 and
10 for moderate and strong turbulence conditions, respectively. The improvement in
the outage probability is around 30 dB for the moderate turbulence condition for a
distance of 1 km to 3 km while almost 20 dB improvement in outage probability is
observed for strong turbulence conditions for the same distance if level 2 diversity is
applied. It is also evident that the further improvement of 20 dB and 10 dB in outage
probability can be achieved if the diversity level of 3 is applied under strong and
moderate turbulence conditions, respectively. Further improvement in the outage
probability is achieved with a diversity level of 4, 5 or 6, which increases the cost and

complexity of the system.
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4.5.2 Average BER with Wavelength diversity

Fig. 4.7 and Fig. 4.8 shows the variation of the average BER with respect to the average
electrical SNR with and without wavelength diversity for moderate and strong
turbulence conditions. These plots are achieved from Eq. (4.32). In both the cases, the

wavelength diversity of the order of 2 and 3 is considered.

Fig. 4.7 shows the average BER of FSO system for link length of 1.5 km. The results
are presented for the diversity order of 2 and 3. At the distance of 1.5 km, a maximum
improvement of 30 dB and 20 dB in BER is obtained with a diversity order of 3
compared to no wavelength diversity under the moderate and strong turbulence
regime, respectively. On the other hand, a consistent 10 dB improvement in BER is
observed as the diversity order increases at the distance of 2.5 km under both

turbulence scenario. The average BER results at distance of 2.5 km are shown in

Fig. 4.8.
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Fig. 4.7 Average electrical SNR versus average BER for link length of 1.5 km
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Fig. 4.9 and Fig. 4.10 illustrates the average BER at 1.5 km distance with different
diversity order for moderate and strong turbulence, respectively. A consistent
improvement of 10 dB in BER is achievable with an increase in the diversity level.
The BER of 1077 is observed in the case of without diversity, which improves to 10~,
1071% and 10! for the diversity level of w= 2, 3, and 4, respectively, at the distance of
1.5 km, for moderate turbulence condition. Similar results are obtained for strong
turbulence condition as well. The higher improvement in the BER is achievable with
the diversity level more than 3 but at higher channel implementation cost and
complexity of system design. The BER obtained (in the range of 10°) with a diversity
order of 2 with 10 mm receiver aperture diameter is sufficient to satisfy the need of

modern communication channels (Goldsmith, 2005).

The results of BER vs SNR for the distance of 2.5 km with different diversity level
under moderate and strong turbulence condition is plotted in the Fig. 4.11 and Fig.

4.12, respectively. The results resemble the results found in 1.5 km for both strong and
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moderate turbulence conditions. As already stated earlier, the diversity level of 3
provides almost 20 dB and 10 dB improvement over diversity level of 2 and 1,
respectively for even 2.5 km distance for both moderate and strong turbulence.
Increase in the diversity improves the BER, but at a higher cost and complexity of
design, which is not advisable to adopt for present communication needs. The detailed
result of average BER with different diversity order at different distances is shown in

Table 4.2.

As shown in Table 4.2, the BER increases as distance increases for with and without
wavelength diversity. The BER improves with wavelength diversity for all distances
in both moderate and strong atmospheric turbulence conditions. For the distance of
1 km between transmitter and receiver, the BER observed without application of

wavelength diversity is in the order of 107 for moderate turbulence and in order of

107 for strong turbulence condition. For the same distance, the diversity of level 2
provides BER which is 100 times better than the BER achieved without the application
of diversity. An additional 10 dB improvement in the BER is observed with diversity

level of 3 under both turbulence conditions at the distance of 1 km. For the distance

Table 4.2 Average BER of FSO system with different diversity order at different

distances
Diversity Turbu- D =10 mm and SNR =20 dB
Order  lence ~L=1km  L=15km  L=2km L=25km  L=3km
M 1.25X 107 321 X107 641X107 110X 10° 1.72X 10
W=l S 450 X 10 9.30 X 10 1.57X10° 240X 107 3.38 X 107
M 1.66 X10? 5.52 X107 1.34X10% 2,68 X10% 476 X 108
W= S 1.65X 107 425X107 850X 107 1.10X10° 229X 10°
M 1.93 X101 7.29 X100 1.94 X10°  4.20 X10? 7.96 X107
W=3 S 3.16 X 10%  9.04X 108 1.95X 107 3.58X 107 5.91 X107
M 7.22 X102 327 X101 993 X10" 240 X100 4.94 X100
W= S 3.67 X10° 7.96 X10° 1.93X10®% 386X 10 6.84 X 108
M 6.71 X10%  342X10"2  1.13X10" 298 X10!! 6.53 X10!"
W= S 3.65 X1071° 1.35 X10° 3.81 X10°  7.56 X10” 1.41X10%
M 1.83 X101 1.01 X102 3.62X10"2  9.66 X102  2.19 X10!!
W=6 S 1.38 X101 5,17 X1071° 1.39 X10°  3.14 X10° 6.04 X10°

M = Moderate turbulence and S = Strong turbulence
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from 1.5 km to 3 km, the observed BER without wavelength diversity is in the range
of 10 for moderate turbulence condition, while for strong turbulence conditions the
value in the order of 107 is obtained. With the diversity of level 2, the improvement
of around 10-20 dB is observed for both moderate and strong turbulence conditions.
The interesting observation worth mentioning is that the BER further improves by
almost 10 times (10 dB) with a diversity of level 3 compared to level 2 for both
turbulence conditions. The improvement of almost 30dB is obtained with wavelength
diversity w=3 compared to diversity less scenario. The BER, in order of 10 is
adequate for proper reception of a signal for modern communication requirements.
Diversity level of 2, suffices the requirement of the modern communication channel.
The BER can further be improved by increasing the diversity level. There is an almost
steady improvement of 10 dB is observed as diversity order increasing from 3 to 6.
However, considering cost and complexity of implementation, diversity order of 3 is
adequate enough to mitigate atmospheric turbulence effect under both the turbulence

condition with acceptable BER for practical applications.

From the obtained results of outage probability and Average BER for both the
turbulence condition, it is clear that diversity order of 2 is sufficient to improve the
performance of wavelength diversity based FSO system with 10 mm receiver aperture
size. However, commercial FSO system has more than 10 mm receiver aperture
diameter (fSONA, 2016). To analyze the impact of wavelength diversity on practical
FSO system, the results are obtained with 60 mm receiver aperture which is reported

in the next section.

4.6 Performance of FSO system with 60 mm aperture size

The performance in terms of outage probability and average BER for wavelength
diversity based FSO system with 60 mm receiver aperture size under moderate and

strong turbulence condition is presented in this section.
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4.6.1 Outage Probability at 60 mm receiver aperture

Fig. 4.13 and Fig. 4.14 shows the results of outage probability of FSO system with

wavelength diversity under moderate and strong conditions at distance of 1.5 km and

Outage Probability
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Fig. 4.13 Outage probability at the length of 1.5 km with 60 mm receiver aperture

2.5 km, respectively. It is evident from both the graphs that wavelength diversity
improves the performance of FSO system even with an aperture of 60 mm. A
maximum improvement of 20 dB is observed in the outage with a diversity order of 3
compared to no diversity scenario at SNR of 20 dB at both the distance under moderate
turbulence condition. The same is of 10 dB and 20 dB at distance of 1.5 km and 2.5
km, respectively in the case of strong turbulence. Increasing diversity order further
improves the performance of FSO system with wavelength diversity. The detailed
results of outage probability with diversity order up to 6 at a different distance is

presented in Table 4.3.
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Fig. 4.14 Outage probability at the length of 2.5 km with 60 mm receiver aperture

Table 4.3 Outage probability of FSO system with 60 mm aperture at SNR of 20 dB

Diversity Turbu-

D =60 mm and SNR =20 dB

Order lence L=1km L=1.5 km L=2km L=2.5km L=3 km
M 3.01 X104 787X 10* 145X 10° 239X10° 3.05X10°
W=l S 3.80X10° 771X 10% 112X 102 147X10? 1.88X 107
M 6.95X10° 283X 10° 697X10° 144X10° 2.07X10*
W=z S 284X 10*  8.04X10* 139X10° 210X10° 3.00X 107
M 856 X107 451X 10° 1.30X10° 3.02X10°5 4.72X10?
W= S 6.78 X 10° 194X 10* 437X10* 7.72X10* 1.08X 103
M 3.19X10% 287X 107  9.11X107 2.82X10° 3.69X10°
W= S 7.04X10°  287X10° 7.05X10° 124X10* 216X 10*
M 245X 10°  3.07X10%  1.54X107 3.13X107 730X 107
W= S 121 X10° 608X 10¢ 1.70X10° 341X10° 624X 10?°
M 548X 10" 6.83X10° 344X 10% 1.01X107 240X 107
W=6 S 432X 107 245X 10% 741X10° 148X 10° 299X 1073

M = Moderate turbulence and S = Strong turbulence

108



CHAPTER 4

Table 4.3 shows the results of outage probability with diversity order from 1 to 6 at
different distances. It can be clearly depicted from the results that increasing the
propagation distance between transmitter and receiver decreases the outage
probability. For the distance of 1 km between transmitter and receiver, the outage
probability of 3.01 x 10* and 3.8 x 107 is obtained for the moderate and strong
turbulence conditions, respectively. The improvement of almost 20 dB is achievable
for the moderate condition if the diversity of level 2 is applied. For the same distance,
the improvement of further 10 dB is observed with the diversity level of 3. Similar
results can be obtained in the case of strong turbulence. A consistent improvement of
10 dB is obtained in the outage probability for the diversity level of 2 and 3 for the
distance of 1 km between transmitter and receiver. Further increase in diversity level
can still improve the outage probability by 6 to 10 dB but with the compromise in
system cost and complexity. If the distance of 3 km between transmitter and receiver
is considered then the outage probability of 3.05 x 10~ and 1.88 x 107 is achieved for
moderate and strong turbulence condition respectively. An improvement of 10 dB is

observed in both the turbulence conditions with the diversity level of 2.

Table 4.4 Outage probability of FSO system at SNR of 30 dB

Diversity Turbu- D =60 mm and SNR =30 dB

Order  lence  L=1km L=15km  L=2km L=25km  L=3km
M 489X 10° 223X10° 523X10° 1.01X10* 1.68X10*
W= S 236X10* 636X10* 1.19X10° 1.88X10° 265X 103
M 1.86X10° 154X 107 590 X107 1.55 X10° 3.24 X 10°
W=2 S 488 X10° 194 X105 523 X10° 1.01 X10* 1.68 X 10*
M 810X101° 980 X10° 471 X10® 147 X107 3.49 X 107
W=3 S 563 X107 313 X105 921X10° 2.02 X10° 3.64 X 10°
M 586X10"2  1.46X101°  1.09X10°  3.60 X10°  7.90 X10*
W= S 1.90 X10*  1.72X107  6.93X107  1.51X10°  3.23X10°
M 126XI10"%  397X10"2  4.62XI10"  2.00 X100 7.07 X101
W= S 136X10°  148X10®  7.15X10%  2.19X107 552 X107
M 133XI10%  5.00X10"  6.55X10"2  3.70 X10"  1.58 X101
W=6 S 289XI101°  444X10°  2.06X10° 630X10°  1.69 X107

M = Moderate turbulence and S = Strong turbulence
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Almost 20 dB improvement in outage probability is obtained with diversity level of 3
over the case without diversity in both the turbulence conditions. The improvement in
an outage with the increase in diversity level is observed even after the diversity level
3, but the marginal improvement is achievable at a cost of system complexity. As it
can be seen from Table 4.3, the similar improvement with different level of diversity
is observed for different distance and turbulence conditions. Further improvement in
the outage probability is obtained by increasing SNR by 10 dB. The achieved results
of outage probability at 30 dB SNR is shown in Table 4.4.

4.6.2 Average BER at 60 mm receiver aperture

The average BER of FSO system with wavelength diversity under moderate and strong
turbulence condition with 60 mm aperture at distance of 1.5 km and 2.5 km is shown

in Fig. 4.15 and Fig. 4.16, respectively.
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Fig. 4.15 Average BER for link length of 1.5 km with 60 mm aperture size

The observed BER at 1.5 km without diversity is in the range of 10*and 10~ at 20 dB
SNR under moderate and strong turbulence condition, respectively. Applying diversity

order of 2 improves the BER performance by 10 dB under both turbulence condition.
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Further improvement of 10 dB is obtained with a diversity order of 3 at the same
distance as shown in Fig. 4.15. The BER performance of FSO system with wavelength
diversity at a distance of 2.5 km is shown in Fig. 4.16. The BER performance
improvement obtained at SNR 20 dB with a diversity order of 2 is 10 dB compared to
no diversity case at the distance of 2.5 km under both turbulence conditions. An
additional improvement of 4.5 dB and 3 dB in the BER is observed with diversity order
3 under moderate and strong turbulence condition, respectively. Increasing diversity

order further improves BER performance which is presented in Table 4.5.
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Fig. 4.16 Average BER for link length of 2.5 km with 60 mm aperture size

Table 4.5 shows the BER performance of FSO system with different diversity order
(W =1 to W = 6) at different distances varying from 1 km to 3 km at an interval of
every 0.5 km. The BER of 9.94 X 107 is observed for moderate and 7.47 X 10 is
observed for strong turbulence condition for the distance of 1 km between transmitter
and receiver as shown in Table 4.4. BER is improved by almost 10 dB and 20 dB with
diversity level of 2 and 3 respectively over the case when no diversity is applied for

the distance of 1 km and moderate turbulence condition. For the strong turbulence
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condition, the improvement in BER of around 8 dB for diversity level 2 and further 10
dB with diversity level of 3 is observed. The BER is improved by around 5dB and
further 8 dB with the application of a diversity of level 2 and 3 respectively compared
to no diversity for moderate turbulence condition when the transmitter and receiver are
3 km apart. For the same distance and strong turbulence conditions, the BER is
improved by around 10 dB and 6 dB for level 2 and 3 diversity respectively. A common
observation can be drawn that the improvement in BER of almost 4 to 6 dB can be
achieved with an increase in diversity for different distances with both moderate and
strong turbulence conditions. The higher the level of diversity, higher will be the cost

and complexity of the system.

For a standard high rate communication, the BER of 10 is necessary (Goldsmith,
2005). Looking at Table 4.5, it is obvious that for the standard BER requirements are
not fulfilled even at the diversity level of 6 if the 60 mm receiver aperture is used with
20 dB SNR. This demands high SNR for better results. Table 4.6 reveals the results
obtained with the SNR of 30 dB for the 60 mm receiver aperture.

Table 4.5 Average BER with 60 mm aperture at SNR of 20 dB

Diversity Turbu- D =60 mm and SNR =20 dB

Order  lence  L=1km L=15km  L=2km L=25km  L=3km
M 994X 10° 209X10* 340X10* 486X10* 639X 10*
W=l S 747X10*  131X10° 1.85X10° 246X10° 3.04X10°
M 938X10° 249X10° 474X10° 7.52X10°  1.09X 10*
W=2 S 134X 10* 284X 104 464X 10* 667X10* 869X 10*
M 285X10° 857X10° 176X 10° 296X 10° 4.54X10°
=3 S 568X10° 132X 10* 229X10* 337X10* 467X 10*
M 420X107 149X 10° 343X10° 623X10° 922X 10°
W S 134X 105 353X 105 6.77X10° 106X 10* 155X 10*
M 1.03X107 413X107 1.03X10° 2.04X10° 3.48X10°
W= S 461X10° 135X10° 275X10° 4.66X10° 693X 10°
M 480X 10° 205X107 539X107 1.08X10° 1.87X10°
W=6 S 2359X10° 8.02X10° 1.69X10° 2.84X10° 4.47X10°

M = Moderate turbulence and S = Strong turbulence
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Table 4.6 Average BER of FSO system with 60mm aperture diameter at 30 dB SNR

Diversity Turbu-

D =60 mm and SNR =30 dB

Order lence L=1km L=1.5 km L=2km L=2.5km L=3 km
M 537X107 276X 10° 505 X10° 7.96 X10° 1.41 X107
=1
W S 1.58 X 10°  3.82X10° 6.78 X10° 1.02 X10* 141 X10*
M 936X10° 491X10° 190 X107 3.15 X107 578 X 107
W=2
S 8.10X 107 273X 10° 6.01 X10¢ 1.06 X10° 1.66X 107
M 1.04X10° 690X 107 236 X10® 4.49 X10® 9.09 X107
W= S 1.70X 107  6.84X 107 1.68 X 10° 2.69 X 10° 540 X10°
M 3.22X10' 2,90 X101° 1.29X10° 3.62X107 1.66 X 10
W=4
S 1.35X10%® 6.98 X10® 2.07X107 4.38X107 8.17 X107
M 2.28X1012 2,80 X107 1.43X101°  4.78X1071° 1.20 X10”
W= S 1.98X10° 1.24 X108 4.23X10® 1.03X107 1.99 X107
M 320 X101 7.42X1012 4.19X101 1.46X107°  3.85 X100
W=o S 6.79 X10'  4.90 X10? 2.31X10%® 3.23 X108 9.03 X10®

M = Moderate turbulence and S = Strong turbulence

From Table 4.6, it is evident that increment of 10 dB SNR achieves significant
improvement in the performance with lower diversity order for all distances in both
moderate and strong atmospheric turbulence conditions. For the distance of 1 km
between transmitter and receiver, the BER observed without application of wavelength
diversity is in the order of 1077 for moderate turbulence and in order of 107 in strong
turbulence condition. For the same distance, the diversity of level 2 provides BER
which is 100 times better than the BER achieved without the application of diversity.
Similar results are obtained using the diversity level of 3, which does not result in
further improvement in BER for the distance of 1 km. For the distance from 1.5 km to
3 km, the BER observed without wavelength diversity is 10 for moderate turbulence
condition, while for strong turbulence conditions the value in the order of 107 is
obtained. With the diversity of level 2, the improvement of around 10 dB is observed
for both moderate and strong turbulence conditions. The interesting observation worth
mentioning is that the BER further improves by almost 10 times (10 dB) with a
diversity of level 3 compared to level 2 for both turbulence conditions. The
improvement of almost 20dB is obtained with wavelength diversity w=3 compared to

diversity less scenario. The required BER for the modern communication (in order of
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10) is obtained with diversity level of 3 for all the distance under both turbulence
condition. The BER can further be improved with an increase in the diversity level.
There is an almost steady improvement of 10 dB is observed as diversity order
increases from 3 to 6. However, considering cost and complexity of implementation,
diversity order of 3 is adequate enough to mitigate atmospheric turbulence effect under
both the turbulence conditions with acceptable BER for practical applications with an

aperture size of 60 mm.

From the obtained results of outage probability and average BER of FSO system with
wavelength diversity at 60 mm receiver aperture, it is clear that diversity order of 3 is
sufficient to achieve reliable communication under both the turbulence scenario for
distance up to 3 km. Further, it is also clear that increasing aperture size requires SNR

of 30 dB to meet the requirement of the modern communication channel.

4.7 Conclusion

In this chapter, the performance of an FSO communication system over the EW
channel model with wavelength diversity schemes is investigated. The mathematical
expressions for the average BER and the outage probability have been derived. The
results are obtained with an ideal (10 mm) and practical (60 mm) receiver aperture
size. A performance enhancement as high as 10° in the outage probability and 10° in
the BER is achieved in the case of moderate turbulence with diversity order 3
compared to no diversity with 10 mm aperture size. In the strong turbulence scenario,
a consistent 20 dB and 10 dB improvement is achieved in the outage probability and
average BER, respectively as the diversity order increases at 10 mm receiver aperture.
The working of FSO system with practical receiver aperture size is examined with
wavelength diversity. This technique is found effective for all turbulence conditions
with practical receiver aperture size (60 mm). However, it is noteworthy to mention
that FSO system with practical aperture size requires additional 10 dB SNR compared
to ideal receiver aperture size to obtain average BER in the range of 107 for effective

results under different turbulence conditions. Increasing aperture size decreases the
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performance improvement of FSO system. Results are also obtained with higher
diversity order with both aperture sizes. It reveals that diversity order of 3 is adequate

for the performance enhancement of FSO link under all turbulence conditions.
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Chapter 5
Comparative Analysis of BER performance of
FSO system with wavelength diversity under

different turbulence conditions

Wavelength diversity technique has shown significant improvement in the
performance of FSO system under different turbulence conditions with different
channel models. The performance enhancement of system under moderate and strong
turbulence condition using EW channel with this technique is seen in chapter 4. Use
of wavelength diversity to improve the results of FSO system under weak turbulence
using Lognormal channel is already explored and discussed in chapter 2. The
performance enhancement of system with wavelength diversity under different
turbulence conditions represented with single-channel model is still to be identified.
In this chapter, the improvement in the BER of FSO system with wavelength diversity
under weak turbulence using EW channel is explored. A comparative analysis of BER
performance of wavelength diversity based FSO system under different turbulence
conditions is carried out. In this work, BER results achieved using EW channel for
different turbulence conditions is compared with the published results in the literature
for different turbulence conditions using different channel models. Receiver aperture
size of 10 mm and OC method at the receiver side is considered as adopted in the

published articles in the literature.
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5.1 Performance comparison of LN and EW

The Lognormal (LN) channel model is well accepted to characterize FSO channel
under weak turbulence condition. In literature (Hassan Moradi, 2010), (Zhu, 2002),
(Zhu, 2003), (2.25, 5.1-5.5) and (A. Viswanath, 2014), authors have opted this model
to investigate the performance of FSO system under weak turbulence. The concept of
wavelength diversity with this model is first time presented by Xarcha (V.Xarcha,
2012) to calculate the average BER of FSO system. The PDF of LN channel (Eq.

2.14) with wavelength diversity is written as

2 2

fIW(Iw)= FI ex [ 202
oLy,

Using Eq. (5.1), authors (V.Xarcha, 2012) have derived a mathematical expression of
BER considering OC method at receiver and presented numerical results for weak and
moderate turbulence conditions at the link distance of 1 km and 1. 5 km with receiver
aperture of 10 mm. Three wavelengths of 1550 nm, 850nm and 1310 nm have been
chosen to apply wavelength diversity. The value of refractive index structure
parameter C2is keptas 1 x 107**m~2/3and 5 x 10~ **m~2/3for weak and moderate
turbulence, respectively. Same parameters has been chosen and applied in the
Eq. (4.32) to obtain the BER performance of wavelength diversity based FSO system
under weak to moderate condition using EW channel model. The comparison is
presented in Fig. 5.1 to Fig. 5.4. In these results, the BER results of LN channel is
plotted from ( (V.Xarcha, 2012), Eq. 20).

Fig. 5.1 and Fig. 5.2 shows the BER performance comparison of wavelength diversity-
based system under weak turbulence condition at a distance of 1 km and 1.5 km,
respectively. It is clearly evident that performance of FSO system with wavelength
diversity improves with both the channel model. In the case of LN model, the
performance improvement of 70 dB observed at SNR of 20 dB with the diversity order
of 3 compared to no diversity case at 1 km distance under weak turbulence. The same

was of 40 dB with EW channel model. At the distance of 1.5 km, both channel model
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Fig. 5.2 BER Performance comparison of LN and EW under weak turbulence
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with a diversity order of 3 give an equal improvement of 40 dB compared to no
diversity case. However, the performance obtained with EW channel is 70 dB higher
than that obtained with LN channel for all diversity level at the distance of 1.5 km.
The similar trend is observed at the distance of 1 km. The detailed results are presented

in Table 5.1.

Table 5.1 BER performance comparison between LN and EW under weak turbulence

D=10mm, SNR=20dB, Cn=1X 10"
Diversity L =1km L =15km
order :
Lognormal EW Lognormal EW

W=1 628 X10¢ 241X10" 1.16X 107 1.70 X 1071
W=2 251X 101 388X 10" 974X 10° 4.66 X 101
W=3 269X 10" 173X 10" 345X 107 235X 101"

It is apparent from Table 5.1 that BER performance obtained with EW channel with
different diversity order is much higher compared to LN channel at both the distance
under weak turbulence condition. The improvement in BER with EW channel is
50 dB, 40 dB and 20 dB higher than LN channel at diversity level of 1, 2 and 3,
respectively at 1 km distance. This difference in the performance of both channels is
further increases at a higher distance. At 1.5 km, performance improvement with EW
is 70 dB higher at all diversity level compared to LN channel. Apparently, weak
turbulence scenario characterized by EW channel does not require wavelength
diversity to meet standard BER requirement of 10 (Goldsmith, 2005) at both the
distance. Whereas, LN channel demands wavelength diversity to improve performance

at distance of 1.5 km.

The BER results comparison between LN and EW under moderate turbulence is
presented in Fig. 5.3 and Fig. 5.4 for the distance of 1 and 1.5 km, respectively. The
BER performance achieved with EW channel is about 60 dB higher than that achieved
with LN at 20 dB SNR for all diversity level at 1 km as shown in Fig. 5.3. This
difference is further increased by 10 dB at distance of 1.5 km. The detailed results are
presented in Table 5.2.
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It is evident from the Table 5.2 that use of LN for moderate turbulence condition
requires diversity order of 3 and more at the distance of 1 and 1.5 km, respectively to
satisfy standard BER requirement of the modern communication channel. Whereas,
use of EW channel fulfils it without using diversity for the same distances. So, use of
EW channel is more suitable than LN channel while obtaining performance of FSO

system under moderate turbulence condition.

Table 5.2 BER performance comparison between LN and EW under moderate

turbulence
D=10mm, SNR=20dB, Cn>=5X 10"
Diversity L =1km L =1.5km
order
Lognormal EW Lognormal EW

Ww=1 2.28 X 102 241X 10 8.20 X 102 9.09 X 10°®

W=2 4.47X10* 2.16 X 10710 1.44X 102 1.29 X 10?
W=3 498 X 10°° 2.10X 10" 2.60X 107 1.40 X 10710

From the comparison between LN and EW for different turbulence condition at
distance of 1 and 1.5 km, it is clear that use of EW model to describe weak and
moderate turbulence conditions achieves better performance for FSO system with and

without diversity.

5.2 Performance comparison of EW and Gamma-Gamma

channel

Gamma-Gamma (GG) channel is found suitable to define moderate and strong
turbulence condition in FSO system. This model is used in the literature (Uysal, 2006),
(Al-Habash, 2001) and (Gappmair, 2009) to investigate the performance of FSO
system under moderate and strong turbulence condition without wavelength diversity.
Similarly, FSO system performance under moderate and strong condition using EW
model is investigated in (Barrios Porras, 2013). The performance of FSO system with
wavelength diversity using GG is reported in (Nistazakis, 2012). In this article, authors
have presented result for 1 km and 2 km distance under moderate and strong turbulence

scenario. In this section, the performance of FSO system with wavelength diversity
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using EW is investigated and compared with the results presented in (Nistazakis,
2012). For moderate and strong turbulence condition, the value of C2 is kept
6 X 10 and 2 X 107'3, respectively. The result of GG with wavelength diversity is
plotted using ( (Nistazakis, 2012), Eq. 16) and the result of EW channel with
wavelength diversity is obtained using Eq. (4.32).

Fig. 5.5 and Fig. 5.6 show the comparison results at 1 km distance under moderate and
strong turbulence, respectively. It is apparent from the plots that average BER
decreases with increase in diversity order for both channel model. Moderate turbulence
represented by Gamma-Gamma model has shown improvement of 20 dB with a
diversity order of 3 compared to no diversity case. The same is observed 30 dB with
EW channel model which is 10 dB higher than the achieved results using GG model.
In strong turbulence scenario, 20 dB improvement in the performance is observed with

a diversity order of 3 compared to no diversity case with both channel models.

The comparison at 2 km distance for moderate and strong turbulence scenario is
presented in Fig. 5.7 and Fig. 5.8, respectively. At the distance of 2 km, the BER
obtained with GG model is in the range of 10" under moderate turbulence for diversity
less scenario at 20 dB SNR. The same was in the range of 10”7 with EW model. The
performance improvement of 20 dB is observed with both the model at diversity order
of 3 compared to no diversity case. Similar results have been observed under strong
turbulence condition at 2 km distance. Though the performance improvement achieved
by both the channel models is similar under different turbulence condition, the use of
EW channel achieves 50 dB and 30 dB higher performance compared to use of GG
channel at moderate and strong turbulence scenario, respectively at 20 dB SNR. The

detailed results are shown in Table 5.3.
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Table 5.3 Performance comparison between Gamma-Gamma and EW

Diversity ~ Turbulence

D=10mm, SNR=20dB

_. L=1km L =2km
order condition
GG EwW GG EW
Moderate 8.50X 103 4.68X 10 423X 1072 4.60 X 107
W=1
Strong 2.18 X 10 2.46 X 10° 5.32X 107 1.21 X107
Moderate 7.72 X 104 4.68 X 1010 3.88 X107 9.10 X 10
W=2
Strong 459X 1073 6.13X 108 420 X103 6.10 X 107
Moderate 1.39 X 107 525X 10! 469 X 10* 1.29 X 10°
W=3
strong 6.39 X 10* 1.07 X 108 461 X10* 1.37 X 107

As shown in Table 5.3, moderate and strong turbulence characterized by GG channel
shows a consistent 10 dB improvement with higher diversity level at both the
distances. The observed improvement is of about 25 dB with a diversity order of 3
compared to no diversity when turbulence condition is characterized by EW channel.
Further, overall BER performance of FSO system using EW is much higher than that
obtained with Gamma-Gamma under both the turbulence condition at a different
distance. The channel characterized by EW has a maximum performance gain of about
60 dB and 40 dB over GG channel under moderate and strong turbulence condition,
respectively. It is also apparent from Table 5.3 that moderate and strong turbulence
characterized by EW channel does not require wavelength diversity at the distance of

1 km to meet standard BER (107) requirement.

5.3 Performance comparison of EW and K channel

K channel is found suitable to represent strong turbulence condition (E.Jakeman, 1978)
(Jakeman, 1980). Using this model, the performance of FSO channel under strong
turbulence is investigated in (Kiasaleh, 2006) and (Uysal M., 2004). The performance
improvement of FSO channel with wavelength diversity under strong turbulence using
K channel is examined and reported in (Dhaval Shah, 2017). In this investigation,
results are presented using 10 mm receiver aperture diameter for the distance of 2 and
3 km. This section presents the BER performance comparison of FSO system with

wavelength diversity under strong turbulence using K and EW channel. Results are
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presented in Fig. 5.9 and Fig. 5.10 for the distance of 2 and 3 km, respectively

considering OC method at receiver.

As shown in Fig. 5.9, the obtained BER at 30 dB SNR is in the range of 10*#and 10
using K and EW channel, respectively in no diversity case at the distance of 2 km.
Deployment of wavelength diversity improves the performance with both models. An
improvement of around 4.5 dB is observed with a diversity order of 3 at same SNR
compared to no diversity scenario when K channel is used to represent strong
turbulence condition. The same was of around 20 dB with EW channel. It is clearly
evident that performance of FSO with EW is much better with EW compared to K at
the distance of 2 km. This trend continues even at a higher distance of 3 km. The BER
performance comparison at 3 km distance is shown in Fig. 5.10. The BER performance
of FSO system with wavelength diversity using K channel gives an improvement of
about 10 dB with a diversity order of 3 compared to no diversity at 30 dB SNR. While
the use of EW channel for the same system achieves an improvement of 20 dB with a
diversity order of 3 compared to no diversity at same SNR. The detailed comparison

is presented in Table 5.4.

Table 5.4 BER Performance comparison between K and EW

D=10mm, SNR =30dB, Cn=2X10"
Diversity L=2km L=3km
order
K EW K EW
W=1 5.75 X 10* 1.57 X 107 2.60 X 103 338X 107
W=2 2.36 X 10* 8.50 X 107 5.14 X 10* 229X 10°
W=3 1.60 X 10* 1.95X 107 2.74 X 10* 591 X 107

Table 5.4 reveals that performance of FSO system with wavelength diversity is much
better when strong turbulence is categorized with EW channel. FSO system with EW
channel obtains BER in the range of 107 at both the distance of 2 and 3 km at the
diversity order of 3 which is 30 dB higher than the achieved with K channel. For a fair
comparison, the result is also compared in the form of required SNR for the BER of

10** as reported in (Dhaval Shah, 2017) for OC method at receiver.
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Table 5.5 Required SNR for the BER of 10

Diversity L=2km L=3km
order K EW K EW
w=1 38 dB 17 dB 47.5 dB 17.32
w=2 34 dB 14 dB 37.5dB 14.96
w=3 33 dB 13 dB 35dB 13.78

Table 5.5 shows the required SNR to obtain BER 10~ with wavelength diversity using
K and EW channel. Apparently, use of EW channel decreases the SNR requirement
by 55% compared to K channel for the targeted BER in the case of without diversity
at distance of 2 km. It decreases further by 5% with a diversity order of 3 at the same
distance. The similar results are observed at distance of 3 km. Use of EW reduces the
SNR requirement by 62% compared to K channel with a diversity order of 3 at the
distance of 3 km for the targeted BER. From the table 5.4 and 5.5, it is clear that use
of EW channel for strong turbulence condition is recommended to take maximum

performance gain through wavelength diversity.

5.4 Conclusion

In this chapter, BER performance obtained using EW channel for different turbulence
conditions is compared with the published results of the BER obtained by different
channel models for different turbulence conditions using wavelength diversity. It is
observed from the comparison that EW channel is more suitable to describe FSO
channel under different turbulence conditions. Further, it is also revealed that use of
EW to define different turbulence condition from weak to strong at the distance of
1 km does not require wavelength diversity to achieve standard BER requirement
of 10%. FSO system with distance higher than 1 km, requires the wavelength diversity
to improve the BER performance under strong turbulence condition. Use of EW
channel to describe strong turbulence condition achieves 30 dB higher performance

than classical K channel model with wavelength diversity order of 3.
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Conclusion and Future Scope

6.1 Conclusion

The performance improvement of FSO system under atmospheric turbulence condition
using wavelength diversity technique is investigated and analyzed. This technique is
applied for all types of turbulence condition vary from weak to strong. For strong
turbulence condition, FSO channel is characterized by K channel model. Using this
channel model, the performance improvement of FSO system with wavelength
diversity under strong turbulence condition is evaluated. Average BER and outage
probability have been considered as performance metrics. The results of average BER
have been obtained by deriving a mathematical expression for all the three well-known
signal combining techniques namely, OC, EGC and SC in the field of wireless
communication. The results of average BER have shown that as diversity order
increases the required SNR for the targeted BER decreases. The BER performance
obtained by all three combining methods is also compared. For the average BER of
10, the required SNR decreases by 25%, 13% and 5% with SC, OC and EGC method,
respectively with the diversity order of 3 compared to no diversity case at the distance
of 2 km. The same is 27%, 25% and 19% at the distance of 3 km respectively. Though
SC achieves the maximum improvement, the required SNR values are

8-17 dB lesser in case of OC. It is also observed that EGC method requires 2-3 dB
more SNR than OC method to achieve targeted BER. The performance of FSO system
with wavelength diversity is also investigated in terms of outage probability. The
results are obtained and presented for OC and SC methods. It is observed that outage

probability is improved by 11 dB and 10 dB with OC and SC method, respectively
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with the diversity order of 3 compared to no diversity case. Use of OC method achieves
30 dB higher improvement in the outage probability than SC at different diversity
levels. From the obtained results of average BER and outage probability, it is clear that
wavelength diversity improves the performance of FSO system under strong
turbulence condition. Further, the maximum performance improvement with
wavelength diversity is observed using OC method at receiver. A comparison of the
BER performance obtained with wavelength diversity and spatial diversity technique
is also investigated. Wavelength diversity technique achieves 3 dB higher
improvement than spatial diversity technique at diversity level of 2 under strong
turbulence condition. This also validates the use of wavelength diversity technique to

mitigate atmospheric turbulence effect.

The performance improvement of wavelength diversity based FSO system under
moderate to strong turbulence condition using EW channel is investigated and
reported. The performance is found by deriving a mathematical expression of average
BER and outage probability considering OC method at the receiver. The effect of
receiver aperture size on the performance is also investigated. Numerical results are
obtained and presented for the diversity order up to 6 for the 10 mm and 60 mm
receiver aperture size. At 10 mm receiver aperture, wavelength diversity increases the
performance as high as 10° in the outage probability and 10° in the BER at the 20 dB
SNR under moderate turbulence with diversity order 3 compared to no diversity.
Whereas, a consistent improvement of 20 dB and 10 dB is observed in the outage
probability and average BER, respectively at the same SNR as the diversity order
increases. It is observed that as aperture size increases the performance of FSO
decreases. The performance improvement observed with 60 mm aperture size at 20 dB
SNR is less compared to 10 mm receiver aperture for both the turbulence conditions.
The BER in the range of 10 is achieved with the diversity order of 6 under strong
turbulence condition. Increasing SNR by 10 dB achieves the same BER range with
the diversity order of 3 under strong turbulence condition. From the obtained results,
it is clear that diversity order of 3 is sufficient with practical aperture size to meet the

need of modern communication.
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CHAPTER 6

The BER performance of wavelength diversity based FSO system under different
turbulence conditions characterizes by EW channel model is compared with the BER
performance reported considering different classical models for different turbulence
conditions. It is clear from this analysis that weak and moderate turbulence condition
defined by EW channel for the distance up to 1 km does not require wavelength
diversity to achieve the BER of 10°. At the higher distance, wavelength diversity
significantly improve the performance if the turbulence condition is represented by
EW channel. It is observed that strong turbulence condition represented by EW
channel achieves 30 dB higher performance than classical K channel model with

wavelength diversity order of 3.

From this work, it is established that wavelength diversity significantly improves the
performance of FSO system under all turbulence conditions. Use of EW channel to
characterize different turbulence conditions is strongly recommended to take
maximum gain of wavelength diversity. It is also proven that wavelength diversity
order of 3 is sufficient to meet modern communication need with practical FSO

system.
6.2 Future scope of work

The work presented in this thesis has considered OOK scheme for modulation.
Looking at the power efficiency provided by PPM scheme, the performance of FSO
with wavelength diversity using PPM can also be investigated. Further, the approach
presented in this thesis can be further expanded by hardware realization and prototype
development. This also helps to determine cost and complexity of the wavelength
diversity technique implementation which has not been considered in this work. The
concept of cooperative communication can also be explored by putting a center hub

between two terminals where direct LOS is not available.
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