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mance Analysis of hybrid FSO systems using FSO/RF-FSO link adaptation”
IEEE Photonics Journal, 10(3), 1–17, Jun. 2018 [link]

6. B. Bag, A. Das, A. Chandra and C. Bose “Capacity analysis for Rayleigh ⧸
Gamma-Gamma mixed RF/FSO link with fixed-gain AF relay” IEICE Trans-
actions on Communications, E100-B(10), 1747–1757, Apr. 2017 [link]

Book Chapters:

1. B. Bag, A. Das, A. Chandra and R. Róka ”Performance Analysis of FSO
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ABSTRACT

Beyond fifth generation (B5G) cellular operators around the globe are consider-
ing free space optical (FSO) systems, owing to their high capacity feature, as an
alternative to the fixed backhaul radio-frequency (RF) links. One of the major
challenges for FSO is the line-of-sight (LOS) requirement, stemming from the fact
that light signals are focused, and their propagation is highly directional. Even a
minuscule drift of transmitter or receiver causes misalignment; resulting in a sit-
uation that is commonly known as pointing error. The other major challenge is
the turbulence induced by random fluctuations of the medium. The scintillation
changes the irradiance in a random fashion leading to atmospheric turbulence. The
similarity of the turbulence effects with RF multipath fading inspired the FSO link
designers to explore the already established fading mitigation techniques; the most
popular of them is undoubtedly the receiver and /or transmitter diversity scheme.
Utilizing either transmitter diversity, or receiver diversity, or both leads to differ-
ent FSO communication system architectures: multiple-input-single-output (MISO)
FSO, single-input-multiple-output (SIMO) FSO and multiple-input-multiple-output
(MIMO) FSO.

The following stages have been accomplished in the proposed research work. At
first, we have incorporated the transmitter diversity technique, namely the Alamouti
space-time-block-coding (STBC) scheme, into a primary single-input-single-output
(SISO) FSO link to construct a MISO FSO system. Next, a SIMO FSO link has been
modeled by incorporating a switch-and-examine-combining (SEC) receiver diversity
scheme into the SISO FSO link. Finally, we have integrated both transmitter and
receiver diversity schemes in the single FSO link to build up an STBC-SEC MIMO
FSO communication system and compare all measuring metrics with the rest of
the other FSO communication systems. Besides, another MIMO FSO communica-
tion system has been designed using space shift keying (SSK) transmitter diversity
scheme along with selection combining (SC) receiver diversity scheme and compared
the resultant outcome with previously mentioned MIMO FSO systems. Generalized
Málaga and gamma-gamma statistical distributions have been considered to analyze
the turbulent channel, and the effect of pointing errors in the FSO communication
system has also been considered during analytical derivations. In this thesis, we have
provided the system outcome based on standard performance metrics of the com-
munication system, such as outage probability (OP), average bit error rate (ABER),
and average capacity. The analysis leads to a better understanding of how diversity
can help in mitigating the two fundamental challenges, atmospheric turbulence and
pointing error. The degree of improvement varies across topologies, and although,
in general, a topology of higher complexity (i.e. higher number of transmitter or re-
ceiver chains) offers larger improvement, there exists no clear single winner. Rather,
the degree of improvement has an uncorrelated nature across the metrics. Thus,
before employing such diversity techniques, a detailed study of environmental and
design factors are necessary to attain optimal results.
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Chapter 1

Introduction

1.1 History behind FSO communication

Free Space Optical (FSO) communication is a wireless information transmission

technology in which information is transmitted through the atmospheric medium by

the propagation of light. The idea of carrying data through the air medium by a

modulated light signal is an old technology. In the eighth century BC, the optical

data transmission technique was first established with the help of the fire-signaling

method by the Greek people to send information from one point to another, such as

alarms, calls for help, or some announcements of certain events. This transmission

method was not very popular due to its technological limitation. Some American

and Indian people used smoke signals to transmit information for the same reason by

150 BC. During 1790-1794, French naval navigators used the optical telegraph, which

was made based on a chain of semaphores. In 1810, Carl Friedrich Gauss invented

a new optical device constructed by a couple of mirrors called the heliograph, a

device frequently used for military purposes during the end of the 19th century

and early 20th century. Graham Bell experimentally established the first wireless

optical communication. In 1880 Alexander Graham Bell demonstrated the “photo-

phone” communication, which was modulated by the sunlight. The photophone is

1
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a telecommunication device that allows speech transmission on a light beam. After

that, improvements in this mode of communication remain more-or-less insignificant

due to some technological restrictions [1], which were eliminated once LASER was

realized in the early 1960s.

The classification of the optical wireless communication (OWC) system is presented

in Fig. 1.1. It indicates FSO communication, also called free space photonics (FSP),

is one of the prime OWCs.

Optical Wireless Communication 
(OWC) 

Indoor
  FSO

Outdoor
   FSO

Directed    Non-directed Diffused Tracked Space Link Terrestrial Link

    Inter-Orbital Links     Inter-Satellite Links     Deep-Space Links

Figure 1.1: Classification of the optical wireless communication system.

The FSO communication is a promising solution for next-generation wireless con-

nection due to its unique features. In the case of an optical fiber communication

system, a transmission link between the sender and the user must be set up for data

transmission. But, FSO communication uses air as a medium to establish serial
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connectivity instead of using a guided medium. It utilizes a 350-1550 nm optical

wavelength band and contributes an attractive data transmission rate of up to 30

Gbps with large bandwidth.

A typical FSO communication system is presented in Fig. 1.2. The fundamental

FSO communication link (SISO FSO) commonly consists of one transmitter as a

source (S) and a single receiver as a destination (D). Generally, at the source end, a

LASER or LED is used to carry the digital information by transmitting the narrow-

band optical beam. At the destination, usually, a telescope is used to receive this

optical beam. Other blocks in the communication chain are discussed in detail in

Section 2.3.

 

FSO Link

 

DS

Figure 1.2: A typical free space optical communication system.
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1.2 Pros and Cons of FSO communication

The FSO communication system is an emerging wireless broadband technology with

enormous advantages over traditional radio frequency (RF) and optical fiber commu-

nication systems. Its easy installation, massive bandwidth, complete communication

cycle with low bit error rate (BER), high data transmission rate during the data

transfer period, secure data transmission, freedom from the licensed spectrum, and

others make it suitable for serving internet facilities globally in the future. The

advantages of an FSO system and its associated limitations are discussed in the

following two sub-sections.

The system is free from a licensed spectrum, which means the technology does not

require any license agreement from regulatory bodies or the government to use the

spectrum. In addition, the technology offers immunity to RF-induced electromag-

netic interference, which is a major problem for traditional RF link in the 4G wireless

communication system. Compared to a typical optical fiber communication system,

the installation process here is much simpler, and the associated cost is minimal.

These advantages ensure that the system may be used as an ad-hoc network in

various places like any disaster area, battlefield, earthquake area, and many more.

Besides, the additional application area of the system is in space communication,

designing a Local Area Network (in a small city, offices, or an academic campus

environment), surveillance, etc.

1.2.1 Advantages of FSO communication

• Low Power: A link between transmitter and receiver is established through

narrowband optical beam generated by optical sources like LED or LASER [2].

Both optical sources consume very little electric power to produce the optical

signal, leading to a minimum power requirement for data transmission.
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• Easy Installation: Optical fiber communication system installation is quite

time-consuming. It involves a series of steps like laying the optical fiber into

the ground, joining the slicing fiber, checking fiber bending, etc. But, in-

stallation of an FSO system is much simpler; the average installation time is

approximately half an hour. This ensures that the system can be used as an

ad-hoc network in various places like any disaster area, battlefield, earthquake

area, and many more. Besides, the system is useful in augmenting the capacity

of existing infrastructure based networks as well.

• Low-Cost: The overall cost of an optical fiber system is too high due to the

use of optical fiber and its expensive installation. The cost of RF-dependent

wireless communication systems is also high due to the use of the licensed

frequency spectrum. On the other hand, the FSO communication system is

free from a licensed spectrum, which means the technology does not require

any license agreement from regulatory bodies or the government to use the

spectrum [3].

Thus, low power requirement, simple architecture, easy installation, and use

of the free unguided medium all these factors make the FSO communication

system much more economical than any traditional communication system.

Another essential issue of low cost is the high reliability of the system as

indicated by its high mean time between failures (MTBF), which is more than

one decade.

• Secure Data Transmission: FSO technology offers immunity to electro-

magnetic interference, which is the major problem for traditional RF links in

the 4G wireless communication system. FSO system uses Line-of-Sight (LOS)

technology to transfer the information by propagating a highly directional

narrow band optical beam. Such a beam, obtained from a LASER, provides

the link and makes it challenging to extract the information from it. At the

transmitter side, the divergence angle is too small, only about one millira-

dian (1 mard = 0.05373 degrees); traveling waves are also immune to different
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types of electromagnetic interference. Thus, data becomes more secure during

transmission, and no additional data encryption is required.

• Simple Last-Mile or Last-Leg Communication: The word last mile is

widely used in the telecommunication industry to define the link between the

central servers or exchanges to the end users’ premises. In densely populated

and mountainous areas, providing a high-speed internet connection through

wired communication to the last retail customer is pretty challenging due to

the complicated and expensive installation of wired communications. The last

mile or last leg problem can be resolved in such crucial situations by useful

FSO links.

• High Data Transmission Rate: The FSO communication system yields an

excellent data transmission rate for uplink and downlink transmission. In very

recent technology, nearly 2.5 Gbps to 10 Gbps data rates with link distances

up to 4 Km are being provided. In the modern FSO communication system,

with additional wavelength division multiplexing schemes, the transmission

rate may be increased up to 1.6 Tbit/s by transmitting 160 different baseband

signals in a single period.

• Low Bit Error Rate: With the LOS data transfer protocol and narrowband

optical beam during a data transfer period, the path loss of the system be-

comes very nominal. At the receiving terminal, the photodetector receives an

almost correct version of the transmitted optical signal from the communica-

tion channel. As a result, the BER remains low and provides improved system

performance.

Despite plentiful advantages, the quality of service (QoS) of the system strongly

depends on the atmospheric environment. Atmospheric turbulence, flying object,

and various air molecules present in the communication channel appear as significant

obstacles to the propagating optical signal. Random fluctuation in the refractive
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index of air also affects the LOS link. As a result, the amount of power loss increases

with the traveling distance, a phenomenon called the path loss of the system. The

transceiver module of the system naturally lies on top of the high-rise building or

tower. The transceiver module may undergo shifts from its original position due to

natural hazards like earthquakes, thunderstorms, tornados, and many more natural

calamities. In such a situation, the direct LOS link is disturbed due to misalignment

between the transmitter and receiver terminals. This phenomenon is called the

pointing error of the system. This problem can be mitigated using transmitter and

receiver diversity techniques.

1.2.2 Limitations of FSO communication

• Atmospheric Loss: Atmosphere being the communication medium influ-

ences the QoS of an FSO communication system in various ways

Physical Obstructions: In an FSO system, full duplex communication

is accomplished with the LOS principle by transmitting a narrow band,

low-power optical signal between the transceiver terminals. The traveling

optical signal gets interrupted by distinct obstacles, viz. birds, kites, high-

rise buildings, and tall trees present in the medium. To reach the receiver,

the signal also suffers from fading [4]. Thus, the original information of

the sender is partially, or in worst cases, totally lost within the channel,

detoreating the overall performance of the FSO system.

Absorption and Scattering: Absorption and scattering of the optical sig-

nal are two crucial components by which the transmission rate frequently

fluctuates through the communicating link of the system. They strongly

depend on atmospheric conditions like heavy rainfall, drizzle, thunder-

storm, heavy wind, fog, and the presence of different gas ions, high-energy

photons, etc. Currently, (350 - 1550) nm wavelength band is used in mod-

ern FSO communication systems to carry the message signal. The beam
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Table 1.1: Attenuation loss (α) due to atmospheric turbulence

Atmospheric Turbulence Visibility (Km) α(dB/Km)

Very clear air 50 0.0647

Clear air 20 0.2208

Haze 6 0.7360

Light fog 2 4.2850

Moderate fog 0.6 25.5160

Heavy fog 0.3 125

waist radius in the horizontal direction of transmitting optical beam is

quite small (a few micrometers) compared to the sizes of raindrops and

various types of fog particles. Water molecules and gas ions cause ab-

sorption, while fog and high-energy photons [5] [6] cause scattering of the

optical signal. At the time of data transmission, the LOS link is more af-

fected by raindrops and fog molecules of larger diameters. The amount of

attenuation loss under various atmospheric conditions [7, 8] is displayed

in TABLE 1.1.

Scintillation: The optical signal may suffer an additional loss due to a phe-

nomenon called scintillation. The characteristics of air particles, like the

electron, alpha particle, ion, or high-energy photon, change frequently

due to atmospheric temperature fluctuation. The traveling wave under-

goes collisions with such particles and losses its energy. The amplitude

of the transmitted signal thus also fluctuates. Random fluctuation in the

refractive index of air and affects the LOS link. As a result, the amount

of power loss increases with the traveling distance, a phenomenon called

the path loss of the system.

Thus, the amplitude of the transmitted signal fluctuates all through the link,

delivering a poor version of the original signal at the receiver section.
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• Geometrical loss: The internal loss of the system is commonly known as

geometrical loss. Usually, the geometrical loss is comprised of different com-

ponent losses arising from the diameter of the transmitter and receiver, the

divergence angle at the transceiver, the radius of the transmitted optical beam,

link distance between the transceiver. The amount of geometrical loss of an

FSO system is commonly [9] [10] measured by the ratio of the receiver aper-

ture and the area of the received optical beam. The transceiver module of the

system is installed at the top of the high-rise building or tower. It may un-

dergo shifts from its original position due to natural hazards like earthquakes,

thunderstorms, tornados, and many more natural calamities, and such mis-

alignment between the transmitter and receiver terminals cause fading. This

phenomenon is called the pointing error of the system.

• Background Noise: Background noise is basically a kind of external noise

that appeared due to the presence of various visible light sources like sunlight,

moonlight and others. At the receiver terminal, photodetector receives the

transmitted optical beam and produces the desired low DC power. But the

photodetector also receives light from other background sources and converges

them to electrical energy. Thus, the detector generates a DC superimposed

with an AC (noise) at the receiver output and causes the poor signal to noise

ratio (SNR) [11]. Such background noise deteriorates the performance of a

digital transmission system by increasing its BER.

The above limitations can be mitigated by incorporating transmitter and receiver

diversity in a basic FSO system. With an embedded diversity scheme, FSO becomes

an excellent candidate for beyond-5G (B5G) wireless communication system.
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1.3 Applications of FSO communication

FSO communication system is widely applied in the modern telecommunication

industry worldwide.

• Wireless Broadband:Due to its massive bandwidth and excellent data trans-

mission rate during the communication period, the network provider may use

it for wireless broadband connection. Also, it is more economical than tradi-

tional RF links due to its licence free operation.

• Backup Link: The system can provide a backup link for high-speed point-to-

point communication by replacing costly optical fiber in the telecommunication

domain.

• Enterprise Connection: Simple architecture and easy installation of the

FSO communication system make it useful for a LAN connection by intercon-

necting the buildings, offices, and other properties within a small area.

• Military Purpose: Being a secure data communication technique, the sys-

tem is most appropriate for defense applications due to its additional attractive

features like easy deployment, gigantic transmission rate, and extensive band-

width.

• UAV Design: An Unmanned Aerial Vehicle (UAV) requires high-speed data

transmission to support its expensive data handling purposes. An FSO com-

munication system can efficiently satisfy the primary requirement of a UAV

system.

• Difficult Terrains: An FSO communication system can make a data bridge

between difficult locations, for example, at different points in rugged terrains,

railway tracks, inside the river, busy streets, etc.
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1.3.1 Current scenarios

In 2000 the FSO technology was first commercially launched to organize some events

at the XXVII Olympiad in Sydney. Next, the link between the telecommunication

satellite ARTEMIS and Earth observation satellite SPOT-4 was successfully estab-

lished using a semiconductor laser. European Space Agency (ESA) demonstrated a

bidirectional optical inter-satellite communication link with [12] the Japanese Space

Exploration Agency (JAXA) for the first time in 2005. In December 2006, Ter-

raSAR, the Earth observation satellite, was launched by the German Aerospace

Center (GAC) with a maximum data rate of 6.5 Gbps and a link distance of 10000

km. OPALS, a spacecraft developed by NASA in December 2014 [13], established

an uplink between space-to-ground communication with a 50 Mbps data rate, which

works even the signal power is hampered by cloud turbulence.

Cable-free, a British startup company, offered wireless broadband connectivity with

a 10 Gbps data transmission rate for outdoor wireless applications. A US-based

startup company, Collinear, installed an HFSO system with an exclusive backhaul

design to establish the connection between the existing RF link and the FSO com-

munication system. In 2020, Department of Electrical Engineering at Pennsylvania

State University, started investigating the FSO communication system for vehicle-

to-everything (V2X) communication, robotic navigation, as well as underwater com-

munication [14]. Director of the Center for Quantum Devices (CQD) at Northwest-

ern University, reported that FSO system architecture could mitigate atmospheric

turbulence by embedded MIMO configuration and spatial multiplexing techniques.

1.4 Motivation of research

As the RF spectrum is crowded, 5G wireless communication and internet-of-things

(IoT) may use mm-wave to expand its capacity. It also has limitations, like spec-

trum sharing, spectrum licensing, interference from the cloud wave, etc., and most
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importantly, is not economical. Thus, designing the 5G wireless communication

system needs appropriate planning to incorporate the FSO link with existing RF

architecture.

In such a system, an FSO communication link will replace an RF link and form the

backbone of a future 5G wireless communication system. For the past few years

[15], the system has been in use in various wireless communication domains, which

reveals that the system calls for a lot of research, primarily in the domain of system

architecture design. Coding for error detection and correction, transmitting and

receiving diversity, advanced modulation schemes, and FSO network topologies are

examples of some design algorithms excessively used for the last few decades to get

a turbulence-immune FSO system.

To improve overall QoS, researchers are motivated to find methods for protecting the

traveling optical beam from atmospheric turbulence and natural hazards and design

a unique architecture for minimizing fading in the FSO communication system.

In particular, employing the transmitter and receiver diversity in an FSO system

with SIMO, MISO, and MIMO configurations can suppress the effect of natural

turbulence and enhance the overall performance of the system.

1.5 Literature review with prior work

Depending on the degree of severity of weather conditions, atmospheric turbulence

is broadly classified as weak, moderate, and strong. Researchers tried various tech-

niques to mitigate the turbulence effect caused by the atmosphere and natural haz-

ards. In [16], authors reported the performance of an FSO communication system

with IM/DD OOK modulation technique, where Log-Normal distribution was con-

sidered to represent the weak atmospheric turbulence, and examined the average

BER [17, 18] for coded FSO links. Gamma Gamma statistical distribution [19] is

a popular method used to represent moderate and robust turbulence conditions.
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Performance analysis of the system was made by Uysal et all; adapting the Gamma

Gamma distribution model for intense turbulence [20]. In [21], authors used rectan-

gular quadrature modulation technique and Gamma Gamma distribution. In [22,

ch.(8)][23], Málaga distribution was considered for the analysis of system behavior

under strong and moderate turbulence conditions.

Various distributions like Rice-Nakagami, gamma shadowed-Rician, K, homodyned-

K, exponential or Gamma-Rician, appropriate for modeling the channel under dif-

ferent weather conditions, can be obtained from Málaga distribution. The effect of

pointing errors on the system performance metrics was studied in [24, 25]. Málaga

distribution was used in [26, 27, 28] for similar investigations. Jose Marıa Garrido-

Balsells [29] et al. demonstrated Generalized-K distribution for atmospheric optical

channels to examine the system performance. In [30] the capacity of the FSO link

was estimated considering the Gamma Gamma distribution model and OOK signal-

ing.

For better performance, different diversity techniques were investigated at the trans-

ceiver terminal of the system. Siavash M. Alamouti [31] introduced a simple transmit

diversity technique, which is named Alamouti space-time block code (STBC). Adapt-

ing that coding, Simon and Vilarotter [32] determined the bit error probability with

the use of IM/DD OOK and unipolar pulse-position modulation (PPM). Coherent

and differential space-time code were used in [33, 34], and the average BER for the

multiple numbers of transmitting antennas were estimated. PPM and space-time

code were used in a MIMO FSO system, and symbol error rate (SER) for a different

number of transmit antennas were studied in [35]. Authors employed selection trans-

mit diversity with K distribution and examined the average BER for a MISO FSO

system with OOK modulation in [36]. Various types of transmitter diversity tech-

niques were examined in [37] under weak atmospheric turbulence conditions. MIMO

FSO system performance analysis based on the performance metrics, viz average

BER, average capacity, and outage probability, were reported in [38, 39, 40, 41, 42],

where Gamma Gamma and K statistical distribution model considered for strong
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atmospheric turbulent medium. A mathematical framework for calculating the av-

erage capacity of the system using Gamma Gamma distribution in the presence of

pointing error was reported in [43]. In [44], authors characterized a MIMO FSO

system experiencing Gamma Gamma fading and pointing error in terms of BER. In

[45], switch-and-examine combining receiver diversity was employed in the system,

and the outage performance of the system with a link subjected to Gamma Gamma

turbulence was presented. The average BER of an FSO communication with the het-

erodyne detection technique, in the presence of pointing error, was described in [46].

Spatial Modulation (SM), a low complexity transmit diversity technique, was used

by R. Mesleh et al [47]. Abaza and his team members adopted SSK transmission

diversity, a particular case of SM for OWC over ’negative exponential’ turbulence

condition, and examined the system BER [48]. Salehiomran and Salehi [49] used

spatial heterodyning optical code division multiple access (O-CDMA) techniques in

the FSO communication system. The SSK modulation technique was used in the

MIMO FSO system, and the system BER under various turbulence conditions was

reported in [50] [51].

1.6 Thesis objective

The main objective of this thesis is to develop architectures for FSO communica-

tion systems employing transmitter and receiver diversity techniques in order to

improve the QoS determined through various performance metrics of the system. In

particular, the thesis objectives are as follows:

• Characterization of the turbulent channel of a single FSO link modeled by

either Gamma-Gamma or generalized Málaga statistical distribution in the

absence or presence of misalignment fading and examination of the perfor-

mance of the same.



Chapter 1. Introduction 15

• Designing a MISO FSO communication system with the transmitter diversity

technique and examining its performance for Málaga and Gamma-Gamma

turbulence conditions without and with the pointing error impairment.

• Investigation of a SIMO FSO system with receiver diversity under Gamma-

Gamma and general Málaga turbulent conditions with and without the point-

ing error.

• Estimation of performance metrics for a MIMO FSO system with both the

transmitter diversity and receiver diversity under the combined effect of atmo-

spheric turbulence and misalignment fading.

• Derivation of the mathematical framework for each resultant metric for all

FSO topologies discussed above under various turbulence conditions in the

presence of pointing error.

• Validation of all analytical results obtained in the above cases with Monte-

Carlo simulation results.

1.7 Thesis layout

The thesis contains seven chapters, including the present introductory one, which

presents the fundamentals of FSO communication, advantages and limitations of an

FSO system research motivation, and objective. The rest of the thesis is outlined

as follows:

Chapter 2, provides the channel characterization of the FSO communication sys-

tem and discusses the necessary parameters related to the link design. It describes

some statistical distributions appropriate for characterizing the communication link

with atmospheric turbulence that causes random fluctuation in the amplitude of the

propagating optical beam. In addition, it elaborates on various transmit and receive

diversity techniques to handle the problem of signal fading. It also presents different
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performance metrics for a single FSO link under two channel distributions in the

presence of a pointing error.

In Chapter 3, we investigate the MISO FSO link incorporating the Alamouti STBC

transmitter diversity under atmospheric turbulence modeled by two different statis-

tical distributions and with pointing errors.

In Chapter 4, the performance of a SIMO FSO link with Switch and Examine

Combining (SEC), a receiver diversity is examined in terms of ABER, OP, and

average capacity under the influence of pointing error.

Chapter 5 presents the study of a MIMO FSO communication system with the

transmitter and receiver diversity techniques in the absence and presence of mis-

alignment fading impairments for different degrees of atmospheric turbulence (AT)

severity. For this particular MIMO FSO link, the Alamouti STBC type transmits

diversity and SEC type receiver diversity schemes are used.

In Chapter 6, we have incorporated spatial shift keying (SSK) transmit diversity

scheme and selection combining (SC) receiver diversity scheme to set up a MIMO

FSO communication link. Analytical results are derived for the proposed system

under different weather conditions and compared with those for other FSO schemes.

The Final Chapter, Chapter 7, summarizes the results obtained in the thesis. It

ends with the future scopes of research in this field of wireless communication.



Chapter 2

FSO Communication System

Design and Channel

Characterization

2.1 Introduction

The overall performance of an FSO communication system mainly depends on the

architectural setup of the optical transceiver module and the characteristics of the

communication link. The transceiver section comprises of optoelectronic devices

like LED /LASER, photodetector, optoelectronics modulator /demodulator, optical

amplifier, and many other components, while the performance of each of them will

influence that of the overall system.

Atmospheric turbulence is one of the main critical hazards that appear during data

transmission through free space between the transceiver terminals. It causes ran-

dom fluctuation in the amplitude and phase of the traveling waves, thus leading to

fluctuations in the received signal power level leading to random fading effects.

17
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However, the influence of atmospheric turbulence can be mitigated by employ-

ing some fading mitigation techniques like diversity and aperture averaging at the

transceiver terminals. Recently, the transmitter and receiver diversity techniques

appear to be more popular.

2.2 Organization

In this chapter, we have started our discussion with the design procedure of an FSO

communication system and some necessary physical factors associated with the FSO

link through Section 2.3 to Section 2.4. The overview of the misalignment fading with

its analytical framework has been explained in Section 2.4.5. Different statistical

distributions have been studied in Section 2.5 to consider the effect of misalignment

fading into the system. Various types of transmitter and receiver diversity schemes

have been studied under the diversity model section Section 2.6, where the Almouti

STBC, spatial shift keying technique for transmitter diversity, and the SEC and

SC techniques for receiver diversity have been described. Next, Section 2.7 defines

the performance metrics like OP, ABER, and average capacity, which are strongly

relevant to indices of the QoS of any communication system. Numerical results and

discussion of the SISO FSO link have been analyzed in Section 2.8, and finally, the

chapter concludes with the summary presented in Section 2.9.

2.3 An FSO system design

The schematic diagram of a typical FSO communication system in Fig. 2.1 presents

the internal architecture of the transceiver module that comprises of distinct trans-

mitter and receiver sections.

The optical transmitter section consists of optical sources, optoelectronic modu-

lators, optical amplifiers, and transmitting antennas. In the transmitter section,
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different operations are carried out before transmitting the modulated version of the

input signal. The operations are as follows:

Figure 2.1: A schematic diagram of a typical FSO communication system.

• Electronic Modulator: The baseband signal is modulated by one of the

modulation schemes - On-Off Keying (OOK), Pulse-Position Modulation (PPM),

Quadrature-Amplitude Modulation (QAM), etc, chosen according to the user

specification.

• Electrical to Optical (E/O) Converter: Next, the electronic modulated

signal is further modulated with the optical signal by the optical modulator.

Optical sources like LED or LASER are excessively used to generate optical

signals. Erbium-doped fiber amplifiers (EDFA), semiconductor optical ampli-

fiers (SOA), and Raman fiber amplifiers (RFA) may be used for the purpose

[52]. Some commercial optical modulator examples include iXBlue’s MPZ-LN
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and MPX-LN amplifier series with the MPX-LN-0.1 series specifically being

used for optical signals of 780 nm to 2000 nm wavelengths.

Type of Amplifier Wavelength range
SOA (Semiconductor optical amplifier) 750 nm-1650 nm
EDFA (Erbium-doped fibre amplifier) 980 nm-1610 nm
RFA (Raman fibre amplifier) 1260 nm-1650 nm

• Optical Transmitter: Finally, the resultant modulated optical beam is am-

plified by an optical amplifier and transmitted through the free space by trans-

mitting antennas.

A sequence of reverse processes takes place at the receiver section to recover the

original information sent from the transmitter. The optical receiver module contains

a photodetector, optoelectronic demodulator, receiver antenna array, and related

equipment. The signal-recovering process is discussed below:

• Optical Receiver: The optical receiver section is equipped with array of

telescopes that made of by photo detectors or photo transistors which receives

the optical beam from the channel.

• Optical to Electrical (O/E) Converter: The O/E signal converter trans-

forms the received optical wave to the electrical domain. Such O/E conversion

is accomplished by a photodetector which is basically either a photodiode or

phototransistor. The electrical signal available at the photodetector output

yields the electronic modulated wave.

• Demodulation: A demodulator extracts the original information from the

modulated wave. It employs an appropriate demodulation technique depend-

ing on the type of electronic modulation carried out at the transmitter section.



Chapter 2. FSO System and Channel 21

2.4 Some fundamental parameters associated with

FSO link design

A few essential factors related to the FSO communication system that must be

considered during the physical setup of an FSO link are discussed below:

2.4.1 Geometrical loss

A narrow-band optical beam is transmitted through the free space from the trans-

mitter antenna to carry the input message to the receiver. During the traveling

period, beam divergence takes place, and the transmitted optical beam width in-

creases with the link distance [53]. Such a phenomenon is known as beam spreading.

At the receiver side, the such divergent light beam can not be collected efficiently by

an antenna of insufficient aperture. But, a too-wide receiver aperture causes noise

generation from the ambient optical signal, resulting in internal losses. The internal

loss, technically called geometrical loss of the system, is defined as the ratio of the

area of the receiver aperture (Ar ) and that of the beam at the receiver plane (Ab),

and is mathematically expressed as [10]

L =
Ar

Ab

=

[
DR

{DT + (Rθ)}

]2
(2.1)

and the geometrical power loss in dB is derived as

LdB =
Ar

Ab

= 20 log

[
DR

{DT + (Rθ)}

]
(2.2)

where DR and DT represents respectively the radius of the receiver and transmitter

aperture, R is the link distance, and θ the divergence angle of the transmitted optical

beam in milliradians. For the terralink laser communication system, the geometrical
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loss increases from 15 to 33 dB with the channel length variation from 1 to 8 Km

[54]

2.4.2 Aperture averaging

Aperture averaging is a technique [55] to reduce the influence of atmospheric tur-

bulence that causes fading in the transmitted optical beam. In this approach, a

receiver of a larger aperture is used which collects all incident (strong and weak)

signal components. This eventually raises the average signal level with reduced de-

grees of fluctuation [56]. A parameter called aperture averaging factor (A) [57] is

typically used to estimate the fading reduction, and is defined as [58]

A =
σ2
I (D)

σ2
I (0)

(2.3)

where σ2
I (D) represents the degrees of intensity fluctuation for a receiver aperture of

diameter (D) and σ2
I (0) is that for a point receiver (i.e., D = 0). Intuitively, A < 1,

i.e. the aperture averaged scintillation will be less than that of a point receiver, as

a larger receiver will average out the fluctuations over the whole aperture and the

scintillated irradiance decreases with increasing aperture size.

The aperture averaging factor for weak turbulence is approximated as

A ≈
[
1 + 1.062

(
D2k

4L

)]− 7
6

(2.4)

where D is the receiver aperture size, L is the channel length, k(= 2π/λ) is called the

optical wave number, λ being the wavelength of the transmitted optical beam. In

the presence of receiver diversity use of aperture averaging [59] at the receiver section

can produce a noticeable improvement in BER. On the other hand, the averaging

aperture effect may increase the background noise and, therefore, degrade the SNR

of the system. Thus, an optimum receiver diameter is to be chosen for any weather
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condition and misalignment environment scenario to yield low BER with reasonable

SNR [60].

2.4.3 Scattering and absorption

Scattering and absorption are critical factors that reduce the power of narrow-band

optical beams during their propagation through the atmosphere. Both phenomena

occur due to interaction with the air particle in the atmosphere.

When the traveling optical beam interacts with the molecules like carbon dioxide,

ozone, water vapor, hydrogen, etc., present in the communication medium, it causes

power loss of the beam. The phenomenon is called absorption. The absorption

coefficient significantly depends on the size and density of the gas molecule present

in the medium [61]. The amount of power loss due to absorption also depends on the

wavelength of the transmitted optical wave. The FSO system typically uses a (690 -

1550) nm wavelength band for communication purposes due to the existence of a low

absorption window in this wavelength band. Nevertheless, the 1550 nm wavelength

is the best choice for FSO communication as it suffers the least absorption in the

strong atmospheric turbulence and thus provides the best link availability [62].

On the other hand, the scattering of a light beam is associated with the redirection

of the light from its actual path by collision with another particle in the propagation

medium [63]. On the basis of the radius (r) of the scattering particle and wavelength

(λ) of light, scattering is classified into three types: Rayleigh (r < λ), Mie (r ≤ λ),

and Geometrical scattering (r >> λ). The overall atmospheric attenuation is the

sum of the absorption and scattering attenuation defined by Beer-Lambert law as

[64, 65]

τ(λ, L) =
P (λ, L)

P (λ, 0)
= exp[−γ(λ)L] (2.5)
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Table 2.1: Scattering coefficient for various weather conditions

Weather Condition Visibility Scattering coefficient

Dense fog < 50m > 78.2

Thick fog 50m to 200m 78.2 to 19.6

Moderate fog 200m to 500m 19.6 to 7.82

Light fog 500m to 1km 7.82 to 3.91

Thin fog 1km to 2km 3.91 to 1.96

Haze 2km to 4km 1.96 to 0.954

Light haze 4km to 10km 0.954 to 0.391

Clear 10km to 20km 0.391 to 0.196

Very clear 20km to 50km 0.196 to 0.078

Extreme clear > 50km 0.0141

where, τ(λ, L) is the total atmospheric transmittance, P(λ, 0) and P (λ, L) indicates

the signal power at the transmitter and at the L from the transmitter respectively,

and γ(λ) is the attenuation coefficient per unit length. However, the attenuation

coefficient is composed of scattering and absorption terms, and is typically expressed

as

γ(λ) = αm(λ) + αa(λ) + βm(λ) + βa(λ) (2.6)

where, αm(λ) and αa(λ) are the molecular and aerosol absorption coefficients, while

βm(λ) and βa(λ) are the molecular and aerosol scattering coefficients respectively.

The scattering coefficients get significantly influenced by various atmospheric tur-

bulence. TABLE 2.1 presents the scattering coefficients under various weather con-

ditions like rain, fog, and haze [66].

2.4.4 Refractive index and scintillation

When an optical beam propagates through the turbulent medium, it experiences

temporal and spatial intensity fluctuation due to small temperature variations along

the transmission path. This phenomenon is known as scintillation and appears [67]
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due to thermal inhomogeneities present in the atmosphere. Atmospheric eddies re-

sult in an increase in air pocket temperature [68], called the Fresnel zone. In this

zone, the density of the air pocket and its temperature cause of scintillation, leading

to fluctuations in refractive index, called optical turbulence. For long-haul commu-

nication, the transmitted optical beam gets very much affected by scintillation and

generates irradiant fluctuation in the received signal traveling near the earth’s sur-

face [69]. The unit-less parameter, scintillation, is proportional to Rytov variance,

which can be expressed for plane wave as [70] σ2
x = 1.23C2

nk
7/6L11/6, where C2

n is the

altitude-dependent refractive index structure constant, k is the optical wave num-

ber, and L indicates the channel distance. However, Rytov variance represents the

scintillation index only for weak fluctuation; otherwise, it is considered as the mea-

sure of the strength of the optical turbulence. Different values of Rytov variance

classify optical turbulence into three categories [71]. For weak optical turbulence

σ2
x < 1, condition for moderate optical turbulence is σ2

x ≈ 1, and σ2
x > 1 indicates

the strong optical turbulence region. σ2
x increases with both increasing C2

n and link

distance and decreasing wavelength of the transmitted optical beam. Commonly,

as an FSO communication system employs a narrow-band optical beam, the plane

wave structure is more appropriate than the spherical structure.

The value of C2
n typically lies between 10−17m−2/3 and 10−13m−2/3 to represent

distinct (weak, moderate, and strong) atmospheric turbulence region. Hufnagle-

Valley model is used to describe its altitude dependents as [72]

C2
n(h) = 0.00594

( v

27

)2 (
10−5h

)10
exp

(
h

1000

)
+(

2.7× 10−6 × exp

(
−h

1500

))
+ A exp

(
−h

1000

) (2.7)

where v is the velocity of wind (m/s), h is altitude (m), and A is the minimal value

of C2
n(h) at the ground surface (h = 0). In general, C2

n = 10−17m−2/3 for weak

atmospheric turbulence and C2
n = 10−13m−2/3 for strong turbulence. An average

value of 10−15m−2/3, is often taken for moderate atmospheric turbulence.
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2.4.5 Pointing error

Some natural hazards like heavy wind load, thermal expansion by building hard-

ware material, and weak earthquakes cause the building to sway, which may give

rise to the misalignment between the transceiver terminals of the system. This phe-

nomenon is called the pointing error. Even a minor pointing error may produce a

high impact on the performance of an FSO communication system and, therefore,

deserves careful consideration during the link design. The traveling beam may be

redirected both horizontally and vertically from its original location due to building

sway [73]. The statistical characteristics of the building sway are derived from an

independent Gaussian distribution model for both elevation (vertical) and azimuth

(horizontal) angles. [74, 75]

The pointing error is composed of mainly two factors: boresight and jitter variance.

The boresight is the steady displacement between the center of the beam and that of

the detector due to thermal expansion, while the jitter is a random component arising

from building sway and vibration. Typically, for TerraLink laser communication,

the limiting value of boresight error should lie within (0.5 - 0.3) mrad [54], and for

terrestrial FSO communication link, that for jitter variation is 0.3 mrad [76]. The

authors in [77] considered boresight errors of 0.03906 m, 0.07812 m, and 0.11719

m to represent respectively the weak, average, and strong boresight, and standard

deviations of 0.0332 m, 0.0664 m and 0.0996 m to represents respectively the low,

medium, and substantial jitter for outdoor FSO link.

The different research articles reported the influences of pointing errors on the per-

formance of an FSO communication system. The statistical model of the pointing

error dependent on the detector aperture size at the receiver side, optical beam

width, and standard jitter variation were presented in [24]. The normalized dis-

tribution of the transmitted Gaussian beam intensity at link distance Z from the
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Figure 2.2: Receiver aperture in (a) absence and (b) presence of pointing error.

transmitter terminal is represented by [78]

Ibeam(ρ;Z) =
2

πw2
Z

exp

(
−2∥ρ∥2

w2
Z

)
(2.8)

where ρ represents the radial vector from the center of the beam and wZ is the beam

waist radius at link distance Z. The beam waist radius of the propagating beam in

free space can be approximated as [24]

wZ ≈ w0

[
1 + ϵ

(
λZ

πw2
0

)2
] 1

2

(2.9)

where w0 indicates the beam waist radius at zero link distance (Z = 0), ϵ =

(1 + 2w2
0/ρ

2
0(Z)), with ρ0(Z) is defined as coherence length and is given by ρ0(Z) =

(0.55C2
nk

2Z)−3/5, assuming a circular detector aperture with radius ′a′ and the Gaus-

sian beam profile at the receiver terminal Ibeam, shown in Fig. 2.2. The resultant

attenuation due to geometrical spreading loss with pointing error ′r′ can be expressed

as

Ip(r;Z) =

∫
A

Ibeam(ρ− r;Z)dρ (2.10)

where Ip is function of power collected by the detector, and A represents the size
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Table 2.2: Pointing Error Setting Parameters

Symbol Parameter Value
Z Link Distance 1000 m
λ Wavelength 1550 nm
a Radius of receiver aperture 5 cm
w0 Beam waist radius 2 cm
C2

n Refractive index parameter 3× 10−14 m−2/3

F0 Phase front radius -10 m

of the detector. In the presence of a pointing error, Ip is also a function of radial

displacement and the angle at the detector. Due to the symmetrical beam shape

and detector size, the resultant Ip(r;Z) only depends on the radial distance r = ∥r∥

and can be written approximately as

Ip(r;Z) ≈ A0 exp

(
− 2r2

w2
Zeq

)
(2.11)

where A0, a constant parameter, defines the pointing loss, and mathematically can

be expressed as A0 = erf(v), erf(·) being the error function. The parameter v is

function of both the detector aperture radius (a) and beam waist (wZ) as v =
√
πa√
2wZ

.

The parameter wZeq is the equivalent beam radius at the receiver end, and is function

of link distance Z and the beam waist radius (wZ), as wZeq =
(w2

Z

√
πerf(v))

(2v exp(−v2))
. wZ can

have another simple mathematical expression [26, 25], wZ = w0((Θ0 + Λ0)(1 +

1.63σ
12/5
R Λ1))

1/2, where Θ0 = 1 − Z
F0
, Λ1 = Λ0

Θ2
0+Λ2

1
, Λ0 = 2Z

kw2
0
, F0 is known as radius

of curvature, and σR indicates the Rytov variance at a link distance of Z meters.

Assuming that the elevation and azimuth displacement due to building sway are

independent and identically distributed (i.i.d), the pointing error caused by the

radial displacement model follows the Rayleigh distribution model with PDF given

as [74].

fr(r) =
r

σ2
s

exp

(
− r2

σ2
s

)
, r > 0 (2.12)
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where σ2
s represents the jitter standard variance at the receiver end. Combining

(2.10) and (2.11), the PDF of Ip can be derived as [24]

fIp(Ip) =
ξ2

Aξ2

0

Iξ
2−1

p , 0 ≤ Ip ≤ A0 (2.13)

where ξ = wzeq/2σs indicates the ratio between an equivalent beam radius of the

receiver terminal and pointing error displacement standard deviation at the receiver

terminal.

2.5 Statistical channel models for FSO link

Depending on the severity of the atmospheric turbulence, the communication chan-

nel is primarily classified into three distinct categories: weak, moderate, and high

atmospheric turbulence. Various statistical distributions are usually employed to

describe the channel characteristics of the FSO communication system under the

different degrees of atmospheric turbulence conditions [79, 80, 81, 82]. Authors in

[83, 84, 85] considered the Log-normal statistical distribution to model the channel

under weak atmospheric turbulence conditions. The GG distribution model was

employed to illustrate the channel features for moderate to strong atmospheric tur-

bulence [86, 87]. A new and more general statistical distribution, known as Málaga

distribution, was used to characterize the broader range of atmospheric turbulence

medium [88, 89]. In addition, the overall link performance of the FSO system may

get affected due to the effect of pointing errors. Thus, defining a generalized statis-

tical distribution that can represent different atmospheric turbulence, and with the

associated pointing error effect, is necessary.

This section will represent different statistical distributions and will describe the

important functions, probability density function (PDF), cumulative density func-

tion (CDF), and moment generating function (MGF) in the absence and presence

of pointing error to characterize the FSO link.
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2.5.1 Moderate-to-strong AT in absence of pointing error

The atmospheric turbulence causes thermal inhomogeneities in the free space and

is the main obstacle for an FSO link. The thermal inhomogeneities in the air lead

to random fluctuations in the refractive index through the propagation path. Thus,

the amplitude of the optical beam also fluctuates, and finally, the receiving unit

collects the faded signal. It is challenging to describe the irradiance fluctuation

of the signal by statistical distribution technique under an atmospheric turbulence

environment. However, research works represented in the last few years [70] reveal

that in order to model the turbulent channel, the Log-normal distribution suits for

weak turbulence, while the GG distribution is for moderate-to-strong turbulence.

The irradiance sample of the optical wave Ia has been defined by the product of two

mutually independent Gamma RV [90, 91] Ix and Iy, such as Ia = Ix × Iy, where Ix

and Iy indicate the large scale and small scale eddies respectively.

2.5.1.1 PDF under gamma-gamma distribution

The PDF for the irradiance (Ia) of the optical beam can be represented by Gamma-

Gamma statistical distribution as [43]

fIa(Ia) =
2(αtβt)

(αt+βt)
2

Γ(αt)Γ(βt)
(Ia)

(αt+βt)
2

−1Kαt−βt

(
2
√
αtβtIa

)
(2.14)

where Kαt−βt(·) indicates the modified Bessel function of the second kind of order

αt − βt, and Γ(·) is known as gamma function. The term αt and βt denote the

atmospheric turbulence parameters, and their numeral depends on the strength of

the turbulence. They are linked together to develop the scintillation index (SI) that

measures the severity of the turbulence and is described as [39]

S.I. ≜
E(Ia)

2

[E(Ia)]2
− 1 =

1

αt

+
1

βt

+
1

αtβt

(2.15)
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Furthermore, the scale parameter αt and the shape parameter βt are correlated with

another physical factor. For plane-wave optical radiation, these two parameters are

obtained as follows [92]

αt =

exp
 0.49σ2

R(
1 + 1.11σ

12
5
R

) 7
6

− 1


−1

(2.16)

βt =

exp
 0.51σ2

R(
1 + 0.69σ

12
5
R

) 5
6

− 1


−1

(2.17)

where σ2
R is the Rytov variance defined earlier.

However, the PDF of the GG distribution is described in terms of the instantaneous

electrical SNR (γ), and average electrical SNR (γ̄) as [93]

fγ(γ) =
(αtβt)

(αt+βt)
2

Γ(αt)Γ(βt)
√
γγ̄

(√
γ

γ̄

) (αt+βt)
2

Kαt−βt

(
2

√
αtβt

√
γ

γ̄

)
(2.18)

where γ = η2I2a/N0 and γ̄ = η[E(Ia)]
2/N0, η denotes the optical-to-electrical conver-

sion ratio. We may rewrite the above equation using the Meijer’s G form of Kv(x)

[94, Eq.(8.4.23.1)] as

fγ(γ) =
(αtβt)

(αt+βt)
2

2Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

(γ)(
αt+βt

4 )−1G 2 0
0 2

[
αtβt

√
γ

γ̄

∣∣∣ −

αt−βt
2

,
βt−αt

2

]
(2.19)

where, Kv(2
√
x) = 1

2
G 2 0

0 2

[
x
∣∣∣ −

v
2
,− v

2

]
, and G[·] is the Meijer’s G function defined in

[95, Eq.(9.301)].
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2.5.1.2 CDF under gamma-gamma distribution

Consider Y be a RV and fY (y) its PDF, then CDF of the variable Y , is described

as FY (y) = Pr(Y ≤ y) =
∫ y

0
fY (y)dy. Using (2.18), the integral form of CDF may

then be presented as

Fγ(γ) =
(αtβt)

(αt+βt)
2

2Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∫ γ

0

(γ)(
αt+βt

4
)−1G 2 0

0 2

[
αtβt

√
γ

γ̄

∣∣∣ −

αt−βt
2

,
βt−αt

2

]
dγ (2.20)

Next, with the help of [96, Eq.(26)], the closed-form equation of the CDF can be

rewritten as

Fγ(γ) =
(αtβt)

(αt+βt)
2

Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

(γ)(
αt+βt

4
) G 2 1

1 3

[
αtβt

√
γ

γ̄

∣∣∣ 1−αt+βt
2

αt−βt
2

,
βt−αt

2
,−αt+βt

2

]
(2.21)

2.5.1.3 MGF under gamma-gamma distribution

The MGF of a RV γ is, Mγ(s) = E{exp(−sγ)} =
∫∞
0

exp(−sγ)fγ(γ)dγ , where

E(·) is the statistical expectation function and fγ(γ) is the PDF. Employing (2.18),

the MGF can be expressed as [97]

Mγ(s) =
(αtβt)

(αt+βt)
2

2Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∫ ∞

0

exp(−sγ) (γ)(
αt+βt

4
)−1×

G 2 0
0 2

[
αtβt

√
γ

γ̄

∣∣∣ −

αt−βt
2

,
βt−αt

2

]
dγ

(2.22)

Applying the link between exp(·) and Meijer’s G function [94, Eq.(8.4.3.1)], exp(−x) =

G 1 0
0 1

[
x
∣∣∣.
0

]
, the equation (2.21) may be rewritten as

Mγ(s) =
(αtβt)

(αt+βt)
2

2Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∫ ∞

0

(γ)(
αt+βt

4
)−1G 1 0

0 1

[
sγ
∣∣∣.
0

]
×

G 2 0
0 2

[
αtβt

√
γ

γ̄

∣∣∣ −

αt−βt
2

,
βt−αt

2

]
dγ

(2.23)
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Finally, with the help of [94, Eq.(2.24.1.1)], the closed-form of the MGF (2.22) can

be represented as

Mγ(s) =
(αtβt)

(αt+βt)
2

4πΓ(αt)Γ(βt)(γ̄)
(αt+βt)

4

(s)−
αt+βt

4 G 4 1
1 4

[
α2
tβ

2
t

16γ̄s

∣∣∣ 1−αt+βt
4

αt−βt
4

,
αt−βt+2

4
,
βt−αt

4
,
βt−αt+2

4

]
(2.24)

2.5.2 Generalised AT in absence of pointing error

The Málaga statistical distribution has been proposed by A. Jurado-Navas et al.in

2012 [27]. It is a novel and most generalized distribution to characterize the received

irradiance fluctuation of an unbounded plane and spherical optical wave-front prop-

agating through the medium having all possible degrees of turbulence. The main

advantage of the Málaga distribution is its easy, mathematically tractable closed-

form equation valid in a wide range (weak-to-strong) of turbulence regimes. This

distribution, therefore, received significant attention in the research community for

modeling any turbulence condition. In addition, different statistical distribution

models can be developed by employing this particular distribution technique.

2.5.2.1 PDF under Málaga distribution

The PDF of the Málaga distribution for the received irradiance (Ia) can be repre-

sented as [23]

fIa(Ia) = A
βt∑

kt=1

ak(Ia)
αt+kt

2
−1kαt−kt

(
2

√
αtβtIa

gtβt + Ω̄t

)
(2.25)

where, A ≜ 2(αt)
αt
2

(gt)
1+

αt
2 Γ(αt)

(
gtβt

gtβt+Ω̄t

)βt+
αt
2
, ak ≜

(
βt−1
kt−1

)
(gtβt+Ω̄t)

1− kt
2

(kt−1)!

(
Ω̄t

gt

)kt−1 (
αt

βt

) kt
2
,

and Ω̄t = Ωt + 2b0ρt + 2
√
2b0ρtΩt cos(ΦA − ΦB). The parameters αt, βt, gt and

Ωt are fading parameters associated with the atmospheric turbulence conditions

[28]. αt is a positive parameter related to an adequate number of the large-scale
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scattering process; βt is the fading parameter and is usually a natural number; gt

denotes the average power of the scattered component received by off-axis eddies,

which is related to both average powers of the total scatter components (2b0) and

the amount of scattering (ρt). The value of the amount of scattering typically lies

between 0 and 1. Ωt represents average power of the LOS components. Kv(·) is

the vth order modified Bessel function of the second kind, and ΦA and ΦB are the

scatter components of the deterministic phases of the LOS and the coupled to LOS

factors respectively.

By a simple power transform process the above PDF expression can be presented

in another form that involves the instantaneous electrical SNR (γ) and average

electrical SNR (γ̄) of the FSO link as follows.

fγ(γ) =
A
2

βt∑
kt=1

ak
(γ)

αt+kt
4

−1

(γ̄)
αt+kt

4

Kαt−kt

(
B

√
αtβt

√
γ

γ̄

)
(2.26)

Next, replacing the equivalent Meijer’s G function of the 2nd order modified Bessel

K function [94, Eq.(8.4.23.1)] in the above equation, (2.25), it becomes

fγ(γ) =
A
4

βt∑
kt=1

ak
(γ)

αt+kt
4

−1

(γ̄)
αt+kt

4

G 2 0
0 2

[
B2αtβt

4

√
γ

γ̄

∣∣∣ −

αt−kt
2

,
kt−αt

2

]
(2.27)

where, B = 2√
gtβt+Ω̄t

.

2.5.2.2 CDF under Málaga distribution

Employing the above form of PDF (2.27), the integral form of the CDF, Fγ(γ) can

be expressed as

Fγ(γ) =
A
4

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ γ

0

(γ)
αt+kt

4
−1G 2 0

0 2

[
B2αtβt

4

√
γ

γ̄

∣∣∣ −

αt−kt
2

,
kt−αt

2

]
dγ (2.28)
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Now, using [96, Eq.(26)], the closed-form equation of the CDF can be obtained as

Fγ(γ) =
A
2

βt∑
kt=1

ak

(γ̄)
αt+kt

4

(γ)
αt+kt

4 G 2 1
1 3

[
B2αtβt

4

√
γ

γ̄

∣∣∣ 1−αt+kt
2

αt−kt
2

,
kt−αt

2
,−αt+kt

2

]
(2.29)

2.5.2.3 MGF under Málaga distribution

Using (2.27) and the mathematical definition of MGF [97], the corresponding MGF

(Mγ(s)) can be expressed as [98]

Mγ(s) =
A
4

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ ∞

0

(γ)
αt+kt

4
−1 exp(−sγ)G 2 0

0 2

[
B2αtβt

4

√
γ

γ̄

∣∣∣ −

αt−kt
2

,
kt−αt

2

]
dγ

(2.30)

Now, using Meijer’s G function of exp(·) [94, Eq.(8.4.3.1)], as exp(−x) = G 1 0
0 1

[
x
∣∣∣.
0

]
,

the above equation (2.30) may be rewritten as

Mγ(s) =
A
4

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ ∞

0

(γ)
αt+kt

4
−1G 1 0

0 1

[
sγ
∣∣∣.
0

]
G 2 0

0 2

[
B2αtβt

4

√
γ

γ̄

∣∣∣ −

αt−kt
2

,
kt−αt

2

]
dγ

(2.31)

Next, with the help of [94, Eq.(2.24.1.1)], the closed-form of the equation (2.31) for

MGF can be presented as

Mγ(s) =
A
8π

βt∑
kt=1

ak

(γ̄)
αt+kt

4

(s)−
αt+kt

4 G 4 1
1 4

[
B4α2

tβ
2
t

256γ̄s

∣∣∣ 1−αt+kt
4

αt−kt
4

,
αt−kt+2

4
,
kt−αt

4
,
kt−αt+2

4

]
(2.32)

2.5.3 Moderate-to-strong AT in presence of pointing error

The atmospheric turbulence results in pointing errors in the system. The received

signal, in the presence of a pointing error, can be obtained from the product of

three individual parameters such as I = IaIllp, where Ia is the irradiance fluctuation
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of the transmitted optical beam, Il is the amount of path loss due to atmospheric

turbulence, and lp is the pointing error coefficients. The atmospheric path loss does

abide by the Beer-Lambert law. The amount of path loss for channel length x can

be expressed as [99] Il(x) = exp(−µx), where µ is the linear attenuation coefficient,

defined by µ = σC, with C the concentration of molecules present in the medium,

σ the scattering coefficient. The pointing error coefficient is determined based on

[25, Eq. (9)]. The channel characterization due to the combined effect of moderate-

strong atmospheric turbulence and pointing error is made by some mathematical

derivation:

2.5.3.1 PDF under gamma-gamma distribution

The unconditional PDF of the FSO link associated with atmospheric turbulence and

the pointing error effect can be described using (2.13) and (2.14) for moderate-to-

strong turbulence conditions as

fI(I) =

∫
fI|a(I|a)fIa(Ia)dIa (2.33)

where, fI|a(I|a) is the joint conditional probability. It significantly depends on the

misalignment fading and may be expressed as

fI|a(I|a) =
ξ2

Aξ2

0 IaIl

(
I

IaIl

)ξ2−1

, 0 ≤ I ≤ IaIlA0 (2.34)

using (2.34) in (2.33), the PDF becomes

fI(I) =

∫ ∞

I
IlA0

ξ2

Aξ2

0 IaIl

(
I

IaIl

)ξ2−1

fIa(Ia)dIa (2.35)

We have considered GG statistical distribution to characterize the moderate-strong

atmospheric turbulence condition. fIa in (2.35) can be replaced by (2.34) and the
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above equation becomes

fI(I) =
2ξ2(αtβt)

(αt+βt)
2

(A0Il)ξ
2Γ(αt)Γ(βt)

(I)ξ
2−1

∫ ∞

I
IlA0

(Ia)
(αt+βt)

2
−ξ2−1Kαt−βt

(
2
√
αtβtIa

)
dIa

(2.36)

Next, with the help of [94, Eq.(8.4.23.1),Eq.(2.24.2.3)] and after some mathematical

manipulation (2.36), the PDF can be expressed as [43][44]

fI(I) =
ξ2αtβt

A0IlΓ(αt)Γ(βt)
G 3 0

1 3

[
αtβt

A0Il
I
∣∣∣ ξ2

ξ2−1,αt−1,βt−1

]
(2.37)

The above equation (2.37) can be expressed in terms of the end-to-end average

electrical SNR (γ̄) and instantaneous electrical SNR (γ) of the system as

fγ(γ) =
ξ2

2γΓ(αt)Γ(βt)
G 3 0

1 3

[
αtβtK

√
γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,βt

]
(2.38)

where, K is defined as ξ2

ξ2+1
, and ξ is related with pointing error as discussed earlier.

When the numeral value of ξ → ∞, the influence of the pointing error can be ignored

and the performance of the system depends only on the atmospheric turbulence.

2.5.3.2 CDF under gamma-gamma distribution

Using (2.38), the corresponding CDF, may be represented as

Fγ(γ) =
ξ2

2Γ(αt)Γ(βt)

∫ γ

0

γ−1G 3 0
1 3

[
αtβtK

√
γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,βt

]
dγ (2.39)

The closed-form of which can be expressed, with the help of [96, Eq.(26)], as

Fγ(γ) =
ξ2

Γ(αt)Γ(βt)
G 3 1

2 4

[
αtβtK

√
γ

γ̄

∣∣∣ 1,ξ2+1

ξ2,αt,βt,0

]
(2.40)
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2.5.3.3 MGF under gamma-gamma distribution

For FSO link under atmospheric turbulence represented by the Gamma-Gamma

distribution and in presence of pointing error, MGF can be expressed using (2.38)

as

Mγ(s) =
ξ2

2Γ(αt)Γ(βt)

∫ ∞

0

γ−1 exp(−sγ)G 3 0
1 3

[
αtβtK

√
γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,βt

]
dγ (2.41)

Using [95, Eq.(2.24.3.1)], the corresponding closed-form expression of the above func-

tion can be represented as

Mγ(s) =
ξ2(2)(αt+βt)

8πΓ(αt)Γ(βt)
G 6 1

3 6

[
α2
tβ

2
tK2

16γ̄s

∣∣∣ 1, ξ
2+1
2

, ξ
2+2
2

ξ2

2
, ξ

2+1
2

,
αt
2
,
αt+1

2
,
βt
2
,
βt+1

2

]
(2.42)

2.5.4 Generalised AT in presence of pointing error

Here, the Málaga distribution model is employed to characterize the irradiance fluc-

tuation that arises from the impact of atmospheric turbulence, and the important

functions of PDF, CDF, and MGF under the combined influence of atmospheric

turbulence and misalignment fading are described.

2.5.4.1 PDF under Málaga distribution

The PDF under Málaga distribution to represent atmospheric turbulence, in pres-

ence of the pointing error, becomes, using (2.25) and (2.35) as

fI(I) =
(I)ξ

2−1ξ2

(A0Il)ξ
2 A

βt∑
kt=1

ak

∫ ∞

I
IlA0

(Ia)
αt+kt

2
−ξ2−1kαt−kt

(
2

√
αtβtIa

gtβt + Ω̄t

)
dIa (2.43)
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Now, used [94, Eq.(8.4.23.1),Eq.(2.24.2.3)] and after some mathematical calcula-

tion,the above equation (2.43) can be expressed as [28] [100]

fI(I) =
ξ2A
2I

βt∑
kt=1

bkG
3 0
1 3

[
αtβt

gtβt + Ω̄t

I

IlA0

∣∣∣ ξ2+1

ξ2,αt,kt

]
(2.44)

where, bk is defined as bk = ak

[
αtβt

gtβt+Ω̄t

]−(αt+kt)/2

, and A0 is the pointing error

constant. Eq.(2.43) can further be expressed by the instantaneous SNR (γ) and

average SNR (γ̄) of the system as

fγ(γ) =
ξ2A
4γ

βt∑
kt=1

bkG
3 0
1 3

[
B
√

γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,kt

]
(2.45)

where B = ξ2αtβt(gt + Ω̄)/{(ξ2 + 1)(gtβt + Ω̄)} .

2.5.4.2 CDF under Málaga distribution

Following the same procedure done in case of finding the CDF of GG with pointing

error, the CDF, under the combined influence of the turbulence represented by

Málaga distribution and the misalignment fading, can be described (2.45) as

Fγ(γ) =
ξ2A
4

βt∑
kt=1

bk

∫ γ

0

(γ)−1G 3 0
1 3

[
B
√

γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,kt

]
dγ (2.46)

By using [96, Eq.(26)], the closed-form expression of the above equation can be

developed as

Fγ(γ) =
ξ2A
2

βt∑
kt=1

bkG
3 1
2 4

[
B
√

γ

γ̄

∣∣∣ 1,ξ2+1

ξ2,αt,kt,0

]
(2.47)
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2.5.4.3 MGF under Málaga distribution

The integral form of MGF can be derived with the help of its mathematical definition

and (2.45) as

Mγ(s) =
ξ2A
4

βt∑
kt=1

bk

∫ ∞

0

(γ)−1 exp(−sγ)G 3 0
1 3

[
B
√

γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,kt

]
dγ (2.48)

Now, using [94, eq. (2.24.3.1)] in the above equation, we may derive the closed-form

of the estimated MGF as

Mγ(s) =
ξ2A
8π

βt∑
kt=1

bk(2)
αt+βt−1G 6 1

3 6

[
B2

16sγ̄

∣∣∣ 1, ξ
2+1
2

, ξ
2+2
2

ξ2

2
, ξ

2+1
2

,
αt
2
,
αt+1

2
,
kt
2
,
kt+1

2

]
(2.49)

2.6 Diversity model

The diversity technique is employed extensively to mitigate the effect of atmospheric

turbulence on the FSO communication system. It can be achieved using single or

multiple beams and apertures at either or both transceiver terminals. A separation

of λ
2
, where λ is the wavelength of the propagation wave, should be maintained

between the source and/ or destination apertures so that they are uncorrelated

and contribute to diversity gain. Diversity schemes, when implemented, give rise

to different link combinations like single-input-multiple-output (SIMO), multiple-

input-single-output (MISO), and multiple-input-multiple-output (MIMO).

2.6.1 Transmit diversity

The transmit diversity scheme is used to send the same information from the trans-

mitter by transmitting multiple beams through a MISO arrangement. Various trans-

mit diversity techniques have been employed to develop the MISO FSO communi-

cation system [101, 58]. The two transmit diversity techniques used in this thesis
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will be discussed here.

2.6.1.1 Alamouti space time block code

TX1

TX2

ST Combiner

 Noise 

Time

t t+T

S1

S2

-S*2

S*
1

RX

h 11

h
21

r11,r21

y11,y21

N11, N21

Figure 2.3: The Alamouti STBC with two transmitters and one receiver.

It is a classical two-beam transmit diversity scheme that uses a transmitter antenna

and a single receiver antenna. The scheme is established on three fundamental

functions: Information is encoded and transmitted in the sequence of encoded in-

formation symbols in the transmitter section. At the receiver end, the combiner

combines the symbols of the incoming signal. The maximum likelihood detection

technique is implemented at the receiver as the decision rule. The main advantage

of the system is that it does not need any bandwidth expansion and feedback from

the receiver terminal.

Fig. 2.3 presents that the Alamouti STBC scheme with two transmit antennas (TX1

and TX2) and one receiving antenna (RX). According to the scheme, two symbols

are transmitted simultaneously by TX1 and TX2 at a given period. If {s1, s2} be



Chapter 2. FSO System and Channel 42

two successive baseband information symbols to be transmitted, during the first

time slot TX1 transmits symbol s1 and TX2 transmits the symbol s2; in the next

time slot, TX1 transmits −s∗2 symbol and TX2 transmits s∗1, where (·)∗ indicates the

complex conjugate of the symbol [31].

At the receiver terminal, the received signals (RX) appearing over these two-time

intervals can be expressed as follows:

r11 = h11s1 + h21s2 +N11 (2.50a)

r21 = −h11s
∗
2 + h21s

∗
1 +N21 (2.50b)

where, h11 and h21 are the channel gain coefficients between transmitter and receiver

antenna for TX1 and TX2 transmitter antennas respectively. Each signal is affected

by zero-mean Gaussian noise; 1 N11 and N12, indicate the degrees of noise for the

first and second-time slot, respectively, with variance N0. The noise is assumed to

be statistically independent of the channel fading. The space-time (ST) combiner

attached to RX antenna branch decodes the received signal using Alamouti decoders

and produces an output pair as follows

y11 = ĥ∗
11r11 + ĥ21r

∗
21 (2.51a)

y21 = −ĥ21r
∗
21 + ĥ∗

11r11 (2.51b)

where ĥ11 and ĥ21 are the estimate of h11 and h21 respectively. It may be noted

that channel state information (CSI) is not required at transmitter for the Alamouti

scheme. The estimation of channel coefficients (ĥij) at the receiver is generally

performed with the help of periodic pilot symbol transmission.

1In optical systems the dominate noise we encounter is signal spontaneous emission beat noise.
However, the presence of optical band pass filter before the optical pre-amplifier section in the
receiver makes the noise band limited and such a noise can be approximated with a Gaussian
distribution.
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2.6.1.2 Spatial shift keying

The spatial shift keying (SSK) scheme is a particular type of spatial modulation

(SM), where a train of message bits is mapped into an SSK encoder block (see Fig.

2.4) and locates the particular transmitter antenna number by which the symbol

is transmitted. Next, at the receiving end, the receiver checks the transmitted

symbol, estimates the antenna number, and de-maps the corresponding message

bits. A block diagram of the SSK model shown in Fig. 2.4, consists of Nt number of

   SSK

Encoder
Data in

0 1

E

O

Tx1

Tx2

Txn

   SSK

Decoder
Data out

0 1

E

O

E

O

E

O

Figure 2.4: A typical SSK system with Nt transmitters and a single receiver.

transmitter antennas and one receiver antenna. Let us consider a random sequence

of input bits b = [b1,b2,b3.....bm] enter into the SSK encoder and the corresponding

output of the encoder is s = [s1,s2,s3.....sn], where m and n are the total numbers

of input and output bits of the SSK encoder. Resultant encoded output comes into

the SSK mapper to compose a group of t = log2Nt bits producing a constellation

vector x = [x1, x2, x3....xNt ]
T , with unit power. In the SSK transmission rule, during

symbol transfer, only one antenna remains ON while all others remain in OFF mode.

The mapped modulated signal is next transmitted over the channel and experiences

the additive white Gaussian noise (AWGN). At the receiver end, the received signal

is expressed by y =
√
γ̄HX+N , where γ̄ indicates the average SNR at every received

antenna, where, H and N are respectively the channel gain matrix and the additive

noise. The channel gain matrix is represented as H = [h1, h2, ...hNt ]
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In the transmission process of the SSK scheme, the estimated modulated signal is

grouped into t = log2Nt bits and mapped by a symbol of xj. After being mapped

together, they are transmitted from the xj antenna at the transmitting terminal.

During the transmission period of the symbol, only xj antenna remains ON, and the

rest of the antennas are in OFF mode, which means xj = 1 for all value of j. Thus,

vector position ’j’ indicates the active antenna at the data transmitting period.

xj ≜
[
0, 0, ...1(jth), 0...0

]T
(2.52)

where [·]T represents the transpose of the matrix element. The received signal for

each transmitter antenna can be derived by mathematical expression as

Y =
√
γ̄xjhj +N (2.53)

At the receiver end, first, the decoder estimates the source index and then de-

maps the symbol. According to the detection principle of the SSK modulation

technique, the optimal detector follows the maximum likelihood approach. The

estimated antenna index is given by [102]

ĵ = argmaxPy (Y |xj, H) = argmin|Y −
√
γ̄hj|2 (2.54)

with , 1 ≤ j ≤ Nt .

2.6.2 Receive diversity

The receiver diversity is a technique to reduce the fading effect at the receiving

end of the system. In this scheme, the receiver aperture collects the multi-branch

signal from multiple directions and combines them to produce the estimated output.

Thus, receiver diversity techniques essentially result in SIMO FSO configuration

[103, 104]. At the receiver end, various combining techniques such as SC, equal gain
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combining (EGC), maximal ratio combining (MRC), and many more [105, 106, 107]

are adopted to derive the desired output from the multiple signals received. Out of

these techniques, SC is the simplest and requires only one active receiver chain. In

addition to SC, a different diversity method known as switch-and-examine (SEC)

combining will also be investigated in this thesis. Compared to SC, SEC reduces

switching between branches and is an excellent choice to implement diversity in an

FSO link in order to mitigate the fading effect.

2.6.2.1 Switch-and-examine combining

RXL

RX1 r1

rL

Decision
  device Output

Switching 
   Logic

Threshold SNR

SE Combiner

 Channel 
Estimator

L

Figure 2.5: The classical multi-branch switch-and-examine combining.

Fig. 2.5 presents the classical L-branch SEC scheme. It is one type of the switch-

and-stay combining (SSC) technique. Generally, the SSC scheme fits two branch

diversity orders and is not suitable for additional branches when the branches are

equicorrelated and identically distributed [108]. On the other hand, an SEC combin-

ing technique can efficiently handle signals in multiple (more than two) branches.

In this scheme, if the signal quality of the current branch is not satisfactory, the

combiner switches to the next available branch and checks the intensity of the signal
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in that branch. This process is repeated until either the acceptable path is found

or all diversity branches are examined. Finally, the combiner chooses the best of all

the explored paths [109] of the receiver terminal. The CDF, PDF, and MGF of the

classical multi-branch SEC scheme are given below:

CDF: The diversity branches are assumed to be i.i.d or equicorrelated. In that case,

the CDF of the system in terms of end-to-end SNR (γ) with classical multi-branch

SEC is described as [110, eq. (9.340)]

FγSEC
(γ) =

 [Fγ(γth)]
Nr−1Fγ (γ) ; γ < γth∑Nr−1

j=0 [Fγ (γ)− Fγ (γth)] [Fγ (γth)]
j + [Fγ (γth)]

Nr ; γ ≥ γth

(2.55)

where Fγ (γth) represents the common CDF of the SNR for the individual diversity

branch, γth is the standard predetermined switching threshold of the system, and

Nr indicates the number of diversity path.

PDF: The PDF can be obtained by differentiating the equation (2.55) with respect

to γ, and the resultant expression is as follows [108, eq. (35)]

fγSEC
(γ) =


fγ(γ)[Fγ(γth)]

Nr−1 ; γ < γth

fγ(γ)
∑Nr−1

j=0 [Fγ (γth)]
j ; γ ≥ γth

(2.56)

where fγ(γ) indicates the common PDF of each diversity path of the system.

MGF: The MGF of classical multi-path SEC scheme may be defined with ”partial”

MGF as given by [110, eq. (9.342)]

MγSEC
(s) = [Fγ(γth)]

Nr−1Mγ(s) +
Nr−2∑
j=0

[Fγ(γth)]
jΨ(s) (2.57)

where Mγ(s) is the common MGF of the individual diversity branch, and Ψ(s) =∫∞
γth

exp (sγ) fγ (γ) dγ, where, fγ (γ) is the PDF of the individual diversity branch.
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The equation (2.57) is called the ”partial” MGF of the system, and that could be

expressed in closed-form for distinct fading environment.

2.6.2.2 Selection combining

Figure 2.6: The classical selection combining technique.

Selection combining (SC) is a linear type receiver diversity scheme extensively ap-

plied in the receiver terminal of the communication system for digital signals trans-

mitted over multi-path fading channels [111, 110]. This scheme has a simple archi-

tectural setup since it naturally works with only one diversity branch out of many

branches in the system. Fig. 2.7a indicates the classical SC technique with L diver-

sity branches. Generally, the combiner selects the diversity branch with the highest

SNR among all other available branches [112]. The combiner selects the branch

which has the maximal SNR of all diversity branches, and it may be written as

γout = argmax(γL). In Chapter 6, we have incorporated this diversity scheme to

develop the SSK-SC- based MIMO FSO system.
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2.7 Performance metrics

The performance of the FSO communication system is analyzed by three standard

performance metrics: outage probability, average bit error rate, and average ca-

pacity. Analytical closed-form expression of each of the above parameters will be

derived in the present chapter. The definition, along with the mathematical expres-

sion of each metric, will be presented first. Next, these parameters will be evaluated

for a SISO FSO system under different degrees of turbulence conditions and in the

absence and presence of pointing error.

2.7.1 Outage probability

The outage probability (OP), as the name implies, is known as the probability of a

fade or outage of the system. It defines the point at which the power level of the

received signal falls below a target power level, the power level being expressed in

terms of the SNR of the system. If the instantaneous end-to-end SNR of a system

is γ, and the corresponding minimum threshold level is γth. The condition of the

probability of the outage event is Pr(γ ≤ γth). The OP is a critical parameter to

provide the QoS of any communication system. Its useful mathematical definition

can be given as

Pout(γth) = Pr(γ ≤ γth) =
∫ γth
0

fγ(γ)dγ

= Fγ(γth)

(2.58)

where fγ(·) is the PDF of the turbulent link characterized by a statistical distribution

that suits the severity of weather conditions.
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2.7.2 Average bit error rate

The average bit error rate (ABER) is a key parameter used to calculate how many

erroneous bit arrives at the user end during the data transmission period. It

is a simple ratio between the number of error bits received at the remote end

and the total number of bits transmitted from the transmitter terminal, BER =

number of error bits
total number of bits transmitted

. Estimation of BER becomes complex as a transmitted

signal gets corrupted by noise in the communicating medium. Generally, for a noisy

medium, the BER of the system is presented in terms of probability of error function

Pe(γ), and it is the function of the normalized SNR, where SNR (γ) = Eb/N0, with

Eb denoting energy per bit and N0 is the noise power spectral density. The prob-

ability of error function is different for different modulation schemes. The average

BER of the system can be presented in the integral form under fading channel as

Pe =

∫ ∞

0

Pe(γ)fγ(γ)dγ (2.59)

where fγ(·) is the PDF of the turbulence-induced fading channel.

2.7.3 Average capacity

The maximum data transmission rate through the communication medium in a

single signaling interval is called the channel capacity (C). It is one of the most

vital parameters for any communication system, measuring the maximum average

data transmission rate (bits/s/Hz) of the system. For turbulence-induced fading

channels, a reduced power level of the transmitted signal causes channel capacity

to fluctuate. In fading channel, the capacity is determined using the well-known

Shannon’s formula in terms of instantaneous SNR (γ) as C(γ) = B log2(1 + γ),

where, B is the bandwidth of the transmitted signal. To find the average channel

capacity under different fading channels, it needs to average the C(γ) over the PDF
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of the system. Thus, C(γ) can be expressed as

C(γ) = B

∫ ∞

0

log2(1 + γ)fγ(γ)dγ (2.60)

2.8 Numerical results and discussion for SISO FSO

link

In this chapter, we have provided the OP of the SISO FSO system based on the GG

and general Málaga distribution model for various atmospheric turbulence conditions

with the presence of pointing error and the absence of a pointing error regime.

The average BER of the system will be estimated here using on-off-keying (OOK)

modulation, the simplest possible digital modulation scheme for a light carrier. Us-

ing the probability of error function of the OOK modulation scheme (2.59), the

ABER may be expressed as

Pe =
∫∞
0

Q(
√
γ)fγ(γ)dγ

= 1
2

∫∞
0

erfc
(√

γ
2

)
fγ(γ)dγ

(2.61)

where, Q(
√
·) is called the Q-function, expressed as Q(x) = 1

2
erfc

(
x√
2

)
, erfc(·),

being the complimentary error function.

The average capacity for a single FSO link, considering the influences of pointing

error and absence of pointing error, is also presented in this section.

To represent various atmospheric severity, we consider three sets of atmospheric

turbulence parameters {αt, βt} = {(4.20, 2.72), (3.99, 1.65), (2.20, 0.65)} under GG

distribution and another three sets for general Málaga distribution as {αt, βt} =

{(5.41, 32), (2.292), (2.29, 1)}. All sets of atmospheric turbulence parameters were

calculated based on Eq.(2.15) and Eq.(2.16). On the other hand, pointing errors are
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Performance metric Parameters

Outage probability
Threshold SNR (γth) 2 dB and 5 dB
SNR () 0 – 60 dB, with 3 dB interval
Number of Iteration 20
Iteration point 105

Average bit error rate
Number of bits 106
SNR () 0 – 60 dB, with 3 dB interval
Number of Iteration 20

Average capacity
SNR () 0 – 30 dB, with 3 dB interval
Number of Iteration 20
Iteration Point 105

Pointing Error 0.5607, 0.6636, 0.8565

Atmospheric Turbulence
Gamma-Gamma
αt = 4.20 αt = 3.99 αt = 2.20
βt = 2.72 βt = 1.65 βt = 0.65
Málaga
αt = 5.41 αt = 2.29 αt = 2.29
βt = 3 βt = 2 βt = 1

calculated using the pointing error setting parameters as on Table 2.2. Parameters

associated with the general Málaga statistical distribution are, ρ = 0.988, b0 =

0.6525,Ω = 0.4618, and ΦA − ΦB = π
2
.
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Figure 2.7 (a) Validation of the numerical simulation approach.[SISO-FSO, GG turbu-
lance αt = 2.20 and αt = 0.65, No pointing error].
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With all the above parameters, OP, ABER, and average capacity are determined

using their mathematical expressions and plotted against average SNR. All the an-

alytical results are compared with the results from the Monte Carlo simulation.

Details of the code for turbulent channel simulations are provided in Appendix(G).

The OP of the SISO FSO link for various atmospheric turbulence conditions without

and with the influence of misalignment fading Fig. 2.8(a) and Fig. 2.8(b) present

analytical and simulation results using Gamma-Gamma distribution model for the

turbulent channel, while Fig. 2.8(c) and Fig. 2.8(d) are those for Málaga distribution

model. Analytical and simulation results are found to match closely. All the graph-

ical plots reveal that the system performance strongly depends on the severity of

the weather condition and the effect of misalignment fading. Similarly, the average

BER of the SISO FSO link is presented in Fig. 2.9(a) to Fig. 2.9(d) and average

capacity in Fig. 2.10(a) to Fig. 2.10(d).
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Figure 2.8 (a) Outage probability of single FSO link under Gamma-Gamma
distribution in the absence of pointing error.
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Figure 2.8 (b) Outage probability of single FSO link under Gamma-Gamma
distribution in the presence of pointing error.



Chapter 2. FSO System and Channel 56

0 10 20 30 40 50 60

Average SNR (dB)

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

O
u

ta
g

e 
P

ro
b

a
b

il
it

y

αt = 5.41, βt = 3 at γth = 2dB

αt = 5.41, βt = 3 at γth = 5dB

αt = 2.29, βt = 2 at γth = 2dB

αt = 2.29, βt = 2 at γth = 5dB

Simulation

Figure 2.8 (c) Outage probability of single FSO link under Málaga distribution
in the absence of pointing error.
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Figure 2.8 (d) Outage probability of single FSO link under Málaga distribution
in the presence of pointing error.

Figure 2.8: Outage Probability of the single FSO link under different atmo-
spheric turbulence condition in the absence and presence of pointing error regime.
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Figure 2.9 (a) Average bit error rate of single FSO link under Gamma-Gamma
distribution in the absence of pointing error.
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Figure 2.9 (b) Average bit error rate of single FSO link under Gamma-Gamma
distribution in the presence of pointing error using αt = 2.20 and βt = 0.65.
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Figure 2.9 (c) Average bit error rate of single FSO link under Málaga distri-
bution in the absence of pointing error.
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Figure 2.9 (d) Average bit error rate of single FSO link under Málaga distri-
bution in the presence of pointing error using αt = 2.29 and βt = 1.

Figure 2.9: Average bit error rate of the single FSO link under different atmo-
spheric turbulence condition in the absence and presence of pointing error regime.



Chapter 2. FSO System and Channel 62

0 5 10 15 20 25 30

Average SNR (dB)

0

1

2

3

4

5

6

7

8

9

10

A
v

er
a

g
e 

C
a
p

a
ci

ty
 (

b
it

s/
s/

H
z)

αt = 2.20, βt = 0.65

αt = 3.99, βt = 1.65

αt = 4.20, βt = 2.72

Simulation

Figure 2.10 (a) Average capacity of single FSO link under Gamma-Gamma
distribution in the absence of pointing error.
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Figure 2.10 (b) Average capacity of single FSO link under Gamma-Gamma
distribution in the presence of pointing error using αt = 2.20 and βt = 0.65.
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Figure 2.10 (c) Average capacity of single FSO link under Málaga distribution
in the absence of pointing error.
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Figure 2.10 (d) Average capacity of single FSO link under Málaga distribution
in the presence of pointing error using αt = 2.29 and βt = 1.

Figure 2.10: Average capacity of the single FSO link under different atmo-
spheric turbulence condition in the absence and presence of pointing error regime.
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2.9 Chapter summary

In this chapter, we have discussed some important parameters related to the archi-

tectural setup of an FSO communication system and its link characterization. Sta-

tistical distribution appropriate for characterizing the fading channel. The Gamma-

Gamma statistical distribution has been chosen to model the link under moderate-

strong atmospheric turbulence conditions, while a more generalized distribution, the

Málaga distribution, has been considered for a wide range of atmospheric turbulence

environments. The statistical distribution has been described in the presence and

absence of pointing errors. Besides a general discussion, employing diversity tech-

niques to mitigate signal fading has also been presented. In the present dissertation,

two transmit diversity, and two receiver diversity techniques are employed. The

Alamouti STBC and SSK are considered under transmit diversity technique, and

SC and SEC are used as the receiver diversity scheme. The useful performance met-

rics such as OP, ABER, and average capacity of the system have been determined

also mathematical analysis and also by Monte Carlo simulation. The close match

between two sets of results indicates the validity of our model that will be employed

for further investigations presented in the subsequent chapter.



Chapter 3

Performance Analysis of FSO

Communication Channel with

Alamouti Transmit Diversity

Chapter contributions: Overall MGF of the MISO FSO system under the absence

and presence of pointing error conditions for both statistical distributions associated

with the characterization of the FSO channel has been carried out in this chapter.

The performance metrics have been measured with the help of the system’s overall

MGF, and the outcomes have been compared with the fundamental FSO system.
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3.1 Introduction

The MISO FSO link configuration is developed employing Alamouti transmit diver-

sity, where the transmitter sends the same message signal by transmitting multiple

beams to the receiver through free space. In this chapter, we will focus on the

derivation of the performance metrics for the MISO FSO link under the Alamouti

STBC transmit diversity technique. All investigations will be made under different

channel conditions in the absence and presence of pointing errors.

3.2 Organization

In this chapter, analytical derivation has been done based on the overall MGF of the

communication link. Overall MGF of the GG distribution in the absence of point-

ing error will be described in Section 3.3.1. Section 3.3.1.1 to Section 3.3.1.3 will

provide the procedural steps for analytical computing of each performance metric.

In Section 3.3.2 to Section 3.3.4 the overall MGF of Málaga distribution techniques

will be determined with and without the influence of pointing error into the propa-

gation path. Numerical results and discussion of the MISO FSO link will be covered

in Section 3.4. Finally, the chapter ends with a chapter summary presented in

Section 3.5.

3.3 Performance analysis with Alamouti STBC

In this section, the performance of a MISO FSO communication system under the

Alamouti-STBC transmit diversity scheme will be studied; the FSO system consist-

ing of two transmitter antennas and a single receiver aperture is shown in Fig. 3.1.

Here, the random fluctuation of the channel coefficient of the free-space medium

(hx1) is characterized by either GG or Málaga statistical distribution.
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Figure 3.1: Alamouti STBC-based 2× 1 MISO FSO communication system.

3.3.1 Gamma-Gamma turbulence in absence of pointing er-

ror

In this chapter, we develop the MISO FSO system in which the turbulent channel

is modeled by GG statistical distribution. We also assume that the system works in

the absence of pointing errors. Based on the Almouti-STBC scheme [as in 2.5.1.1

Ch.(2)] and using the MGF of the GG statistical distribution [as in2.4.1.3 Ch.(2)]

the overall MGF of the MISO FSO system in terms of end-to-end SNR may be

presented as [113] [details in Appendix(A)]

MγAla(s) = Mγ(s)×Mγ(s)

=

[
(αtβt)

(αt+βt)
2

4πΓ(αt)Γ(βt)(γ̄)
(αt+βt)

4

(s)−
αt+βt

4 G 4 1
1 4

[
α2
tβ

2
t

16γ̄s

∣∣∣ 1−αt+βt
4

αt−βt
4

,
αt−βt+2

4
,
βt−αt

4
,
βt−αt+2

4

]]2 (3.1)
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3.3.1.1 Outage probability

The OP of the MISO FSO communication system is derived using the overall MGF

of the system. The OP is expressed as [113]

Pout = Pr (Y ≤ y)

=
2−M exp(B

2 )
y

∑M
m=0

(
M
m

)∑P+m
p=0

(−1)p

αp

My(−B+2πjn
2y )

B+2πjn
2y

+ E(B,MP )

(3.2)

where E(B,M,P ) is the overall error term, bounded by

E(B,M,P ) ≃ exp(−B)
1−exp(−B)

+

∣∣∣∣∣2−P exp(B
2 )

y

∑P
p=0(−1)1+p+M

(
P
p

)My(−B+2πj(M+1+p)
2y )

B+2πj(M+1+p)
2y

∣∣∣∣∣
(3.3)

For numeral calculation, we take B = 12,M = 15, and p = 5 to ensure the maximum

accuracy. Next, in (3.1), ’s’ is replaced by
(
−B+2πjn

2y

)
, and ’y’ by γth, in order to

get the corresponding MGF of the system. Finally, with the help of (3.2), the OP

of the system is estimated.

3.3.1.2 Average bit error rate

In this subsection, the expression for the average BER of the MISO FSO system

under the Alamouti STBC transmits diversity scheme is derived using the MGF of

the system. Instead of using the direct Gaussian Q-function of the error function of

the modulation scheme, the integral form of the Gaussian Q-function is used. The

average BER of the system using OOK modulation can be expressed as [details in

Appendix (B)]

Pe =
1

π

∫ π
2

0

MγAla

(
− 1

2 sin2 θ

)
dθ (3.4)
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3.3.1.3 Average capacity

To calculate the average capacity of the MISO FSO system under Alamouti STBC

transmit diversity scheme, the average capacity defined in (2.60) is written as

C(γ) =
1

ln(2)

∫ ∞

0

Ei(−γ)M(1)
γ (γ)dγ (3.5)

where, Ei(−·) is the negative exponential integral function, and M(1)
γ (·) denotes the

1st derivative of the MGF. The above equation can be computed, following [97], as

C(γ) =
π

Q ln(2)

Q∑
q=1

H
(

tan(θQ)√
2

)
sin(2θQ)

+RQ (3.6)

where, θQ is defined as (2q−1)π
4Q

, RQ is known as error component that depends on

the number of points Q. However as the numeral values of Q is very small, it

can be ignored during calculation of the average capacity, H(·) is the function of

negative exponential integral and 1st derivative of the MGF, can be expressed as

H(s) = sEi(−s)M(1)
γ (s).

With the help of [94, Eq.(8.2.2.14, 8.2.2.30)], the 1st derivative of MγAla(s) can be

derived as

M(1)
γAla(s) = −2

[
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] (3.7)

Next, during computation of (3.6) in calculation of the average capacity of the

system, the parameter s in H(s) is replaced by
tan(θQ)√

2
[97].
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Following the same steps, the closed-form expressions for the performance metrics

of the MISO FSO system are derived using the Alamouti STBC under different

turbulence conditions and considering the pointing error effect.

3.3.2 Gamma-Gamma turbulence in presence of pointing

error

Using the principle of Alamouti-STBC scheme [2.5.1.1 Ch.(2)] and the MGF of the

GG statistical distribution in the presence of pointing error (2.41), the resultant

MGF of a MISO FSO communication system is written as

Mp
γAla(s) = Mγ(s)×Mγ(s)

=

[
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]]2 (3.8)

The 1st derivative of Mp
γAla(s) is derived with the help of [94, Eq.(8.2.2.34)] and is

expressed as

Mp(1)
γAla(s) = −2(s)−1

[
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] (3.9)

3.3.3 Málaga turbulence in absence of pointing error

The overall MGF of the MISO FSO configuration under Málaga statistical distri-

bution, in the absence of the misalignment fading effect, can be written with the
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help of (2.31) as [114]
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(3.10)

The 1st derivative ofMγAlas) is derived similarly, with the help of [94, Eq.(8.2.2.34)],

as

M(1)
γAla(s) = −2

[
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(3.11)

3.3.4 Málaga turbulence in presence of pointing error

The MGF of the MISO FSO network in the presence of a pointing error is expressed

with the help of (2.48) as

Mp
γAla(s) =

[
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Here using [94, Eq.(8.2.2.34)] the 1st derivative of Mp
γAla(s) is derived as

Mp(1)
γAla(s) = −2(s)−1
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Table 3.1: Fading distribution parameters for numerical analysis and simulation

FD Gamma-Gamma Málaga

AT Weak Medium Strong Weak Medium Strong

PV αt = 4.20 αt = 3.99 αt = 2.20 αt = 5.41 αt = 2.29 αt = 2.29

βt = 2.72 βt = 1.65 βt = 0.65 βt = 3 βt = 2 βt = 1

FD: Fading Distribution , AT: Atmospheric Turbulence , PV: Parameter Value.

3.4 Numerical results and discussion for MISO

FSO link

We compute the numerical results based on our analytical derivation and validate

them with those obtained from Monte Carlo simulation using MATLAB, the fading

distribution parameters for numerical analysis and simulation are provided in TA-

BLE 3.1 and TABLE 3.2 summarized the equations used for Fig. 3.2 to Fig. 3.4.

Fig. 3.2(a) indicates the OP of the MISO FSO link for GG statistical distribution

in the absence of a pointing error. The figure shows that the system’s outage sig-

nificantly depends on the threshold SNR (γth) and weather conditions. Comparison

of OP for the SISO FSO link (Fig. 2.7a(a)) and MISO FSO link (Fig. 3.2(a)), both

under strong atmospheric turbulence conditions (αt = 2.20 and βt = 0.65) shows at

60 dB of average SNR an MISO FSO link provides 10−2 order less OP than an SISO

FSO link under threshold SNR of 2 dB. From Fig. 3.2(b) and Fig. 2.7a (b) the OP

is found to improved in relative percentage is ≈ 92% in pointing error (ξ = 0.5607)

regime under same weather conditions. It is also observed that the amount of outage

improves from SISO to MISO FSO link with and without the pointing error effect

under general Málaga distribution. The average BER performance of the MISO

FSO link has been presented in Fig. 3.3 for all weather conditions in the absence

and presence of pointing error conditions. In the general Málaga statistical distri-

bution scenario under strong AT condition (αt = 2.29 and βt = 1) in the absence

of pointing error and at 45 dB average SNR, the ABER is 1.2× 10−5 for the MISO

FSO link Fig. 3.3 (c) and 2.2 × 10−3 for the SISO FSO link Fig. 2.8 (c). Similar
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Table 3.2: Summary of the equations used for figures, Fig. 3.2 to Fig. 3.4.

Figure Scenario Equation

Fig. 3.2a GG Eq. 3.1 and Eq. 3.2

Fig. 3.2b GG + pointing Eq. 3.8 and Eq. 3.2

Fig. 3.2c Málaga Eq. 3.10 and Eq. 3.2

Fig. 3.2d Málaga + pointing Eq. 3.12 and Eq. 3.2

Fig. 3.3a GG Eq. 3.1 and Eq. 3.4

Fig. 3.3b GG + pointing Eq. 3.8 and Eq. 3.4

Fig. 3.3c Málaga Eq. 3.10 and Eq. 3.4

Fig. 3.3d Málaga + pointing Eq. 3.12 and Eq. 3.4

Fig. 3.4a GG Eq. 3.7 and Eq. 3.6

Fig. 3.4b GG+pointing Eq. 3.9 and Eq. 3.6

Fig. 3.4c Málaga Eq. 3.11 and Eq. 3.6

Fig. 3.4d Málaga + pointing Eq. 3.13 and Eq. 3.6

results in presence of pointing error (ξ = 0.5607) are 2.0 × 10−2 Fig. 3.2 (d) and

1.1 × 10−1 Fig. 2.8 (d) respectively for MISO FSO and SISO FSO links. Results

indicate that the MISO FSO link offers a noticeable improvement in ABER. A can-

vas of the graphical presentation has been provided in Fig. 3.4 (a) - (d) to describe

the average capacity of the MISO FSO communication system. The average capac-

ity deteriorates as the effect of pointing error strengthens. Besides, comparison of

Fig. 3.4 and Fig. 2.9, proves that a MISO FSO configuration produces a remarkable

improvement in its performance in terms of average capacity with respect to that of

a SISO FSO link under any weather condition. Overall, it may be concluded that a

MISO FSO communication system is quite efficient than a SISO FSO link.
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Figure 3.2 (a) Outage probability of MISO FSO link under Gamma-Gamma
distribution and Alamouti transmit diversity scheme in the absence of pointing

error.
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Figure 3.2 (b) Outage probability of MISO FSO link under Gamma-Gamma
distribution and Alamouti transmit diversity scheme in the presence of pointing

error (ξ = 0.5607 and 0.8565) using αt = 2.20 and βt = 0.65.
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Figure 3.2 (c) Outage probability of MISO FSO link under Málaga distribu-
tion and Alamouti transmit diversity scheme in the absence of pointing error.
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Figure 3.2 (d) Outage probability of MISO FSO link under Málaga distribu-
tion and Alamouti transmit diversity scheme in the presence of pointing error

(ξ = 0.5607 and 0.8565) using αt = 2.29 and βt = 1.

Figure 3.2: Outage Probability of the MISO FSO link employing Alamouti
STBC scheme at the transmitter end with different atmospheric turbulence con-

ditions in the absence and presence of pointing error.
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Figure 3.3 (a) Average bit error rate of MISO FSO link under Gamma-Gamma
distribution and Alamouti transmit diversity scheme in the absence of pointing

error.
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Figure 3.3 (b) Average bit error rate of MISO FSO link under Gamma-Gamma
distribution and Alamouti transmit diversity scheme in the presence of pointing

error (ξ = 0.5607, 0.6636 and 0.8565) using αt = 2.20 and βt = 0.65.
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Figure 3.3 (c) Average bit error rate of MISO FSO link under Málaga distri-
bution and Alamouti transmit diversity scheme in the absence of pointing error.
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Figure 3.3 (d) Average bit error rate of MISO FSO link under Málaga dis-
tribution and Alamouti transmit diversity scheme in the presence of pointing

error (ξ = 0.5607, 0.6636 and 0.8565) using αt = 2.29 and βt = 1.

Figure 3.3: Average bit error rate of the MISO FSO link employing Alamouti
STBC scheme at the transmitter end with different atmospheric turbulence con-

dition in the absence and presence of pointing error.
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Figure 3.4 (a) Average capacity of MISO FSO link under Gamma-Gamma
distribution and Alamouti transmit diversity scheme in the absence of pointing

error.
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Figure 3.4 (b) Average capacity of MISO FSO link under Gamma-Gamma
distribution and Alamouti transmit diversity scheme in the presence of pointing

error (ξ = 0.5607, 0.6636 and 0.8565) using αt = 2.20 and βt = 0.65.
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Figure 3.4 (c) Average capacity of MISO FSO link under Málaga distribution
and Alamouti transmit diversity scheme in the absence of pointing error.
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Figure 3.4 (d) Average capacity of MISO FSO link under Málaga distribution
and Alamouti transmit diversity scheme in the presence of pointing error (ξ =

0.5607, 0.6636 and 0.8565) using αt = 2.29 and βt = 1.

Figure 3.4: Average capacity of the MISO FSO link employing Alamouti STBC
scheme at the transmitter end with different atmospheric turbulence condition in

the absence and presence of pointing error.
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3.5 Chapter summary

A MISO FSO architecture has been investigated in this chapter by introducing the

Alamouti STBC transmit diversity scheme in the primary FSO communication sys-

tem. First, the analytical derivations of different performance metrics of the system

under various atmospheric turbulence conditions, and with and without pointing

error, have been presented. Next, the analytical results have been compared with

Monte Carlo simulation results. The results established that an Alamouti STBC-

based MISO FSO link performs better in all respects than a fundamental FSO (SISO

FSO) link under any weather condition. So, it can be undoubtedly said that the

performance of the primary FSO link can be improved under any AT condition by

employing the transmit diversity scheme in the system.
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4.1 Introduction

The switch-and-examine combining (SEC) is a classical receive diversity technique

consisting of a single transmit antenna and Nr number of receiver apertures. The

primary objective of using this diversity scheme is to improve the quality of service

(QoS) of the entire system with respect to the SISO FSO system. The combiner

scheme will be employed at the receiver terminal to configure a SIMO FSO network,

and different performance metrics of the network will be studied in the present

chapter. All performance metrics will be examined with fixed and optimal switching

thresholds for a series of SNR values.

4.2 Organization

After the introduction, this chapter is organized in the following sequence. Analyt-

ical derivation of the measuring metrics under moderate-to-strong turbulence, i.e.

GG distribution, is provided in Section 4.3. In Section 4.4, the above investigations

are repeated in the presence of a pointing error. Detailedcalculation of performance

metrics under the general Málaga distribution is carried out in Section 4.5. The

numerical results for SISO FSO and SIMO FSO links are compared in Section 4.7.

The chapter ends with the summary presented in Section 4.8.

4.3 Gamma-Gamma turbulence in absence of point-

ing error

This section presents the mathematical framework for determining the performance

metrics of SIMO FSO configuration, as shown in Fig. 4.1. The communicating link

is characterized by a GG distribution model with different degrees of pointing error.



Chapter 4.Performance with SEC 91

Figure 4.1: The SEC-based SIMO FSO communication system using one trans-
mit antenna and Nr receiver antennas.

The detailed derivations of the analytical closed-form expressions for the OP, ABER,

and average capacity of the considered system, in the absence of pointing error, are

as follows:

4.3.1 Outage probability

The mathematical expression for the OP at the combiner output can be derived as

follows

Pout = Pr(γ < γ0) =

∫ γ0

0

fγSEC
(γ)dγ (4.1)
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where, fγSEC
(γ) is the PDF of the SEC combiner. The above equation can be

rewritten using (2.55) as

Pout = [Fγ(γth)]
Nr−1

∫ γth

0

fγ(γ)dγ

+
Nr−1∑
j=0

[Fγ (γth)]
j

∫ γ0

γth

fγ(γ)dγ

(4.2)

where, fγ(γ) is the PDF of the SISO FSO link, and Nr defines the number of receiver

path. Assuming I1 =
∫ γth
0

fγ(γ)dγ, I2 =
∫ γ0
γth

fγ(γ)dγ, and using (2.17) the integral

component of the above equation can be written as

I1 =
(αtβt)

(αt+βt)
2

Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∫ γth

0

(γ)(
αt+βt

4
)−1Kαt−βt

(
2

√
αtβt

√
γ

γ̄

)
dγ (4.3a)

I2 =
(αtβt)

(αt+βt)
2

Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∫ γ0

γth

(γ)(
αt+βt

4
)−1Kαt−βt

(
2

√
αtβt

√
γ

γ̄

)
dγ (4.3b)

With the help of [94, Eq.(8.4.23.1)] and [96, Eq.(26)], the closed-form expression for

I1 is given by

I1 =
(αtβt)

(αt+βt)
2

Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

(γth)
(αt+βt

4 )G 2 1
1 3

[
αtβt

√
γth
γ̄

∣∣∣ 1−αt+βt
2

αt−βt
2

,
βt−αt

2
,−αt+βt

2

]
(4.4)

For I2, the following indefinite integral [115, Eq.(03.04.21.0016.01)] is considered.

∫
Zα−1Kv(aZr)dZ = (A/r)(B − C) (4.5)

where, A = 2−v−2πZα (aZr)−v csc(πv), B = 4vΓ (w) 1F̃2 (w;x, y; z), C = (aZr)2v Γ (m)

1F̃2 (m;n, p; q), w = α−rv
2r

, x = 1 − v, y = 1
2

(
α
r
− v + 2

)
, z = 1

4
a2Z2r, m = α+rv

2r
,

n = 1 + v, p = α+r(v+2)
2r

, and q = 1
4
a2Z2r.
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4.3.2 Average bit error rate

The average BER of the 1×Nr FSO communication system with the OOK modu-

lation scheme is defined as follows [details in Appendix (B)]

Pe =
1

π

∫ π
2

0

MγSEC

(
− 1

2 sin2 θ

)
dθ (4.6)

where, MγSEC (·) is the MGF of the SEC. Now using (2.56), the MGF is written as

MγSEC
(s) = [Fγ(γth)]

Nr−1Mγ(s) +
Nr−2∑
j=0

[Fγ(γth)]
jΨ(s) (4.7)

where Mγ(s) is the common MGF of the individual diversity branch, and Ψ(s) =∫∞
γth

exp (sγ) fγ (γ) dγ, where, fγ (γ) is the PDF of the individual diversity branch.

For GG fading without pointing error environment, the Mγ(s) is already defined in

(2.23). To derive the analytical closed-form of the other factor (Ψ(s)), we may write

the following equation for Ψ(s) using (2.18), as

Ψ(s) =
(αtβt)

(αt+βt)
2

2Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∫ ∞

γth

exp (sγ) (γ)(
αt+βt

4 )−1G 2 0
0 2

[
αtβt

√
γ

γ̄

∣∣∣ −

αt−βt
2

,
βt−αt

2

]
dγ

(4.8)

Next, using [95, Eq.(1.211.1)], the above equation can be presented as

Ψ(s) =
(αtβt)

(αt+βt)
2

2Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∞∑
k=0

sk

k!

∫ ∞

γth

(γ)k+(
αt+βt

4 )−1G 2 0
0 2

[
αtβt

√
γ

γ̄

∣∣∣ −

αt−βt
2

,
βt−αt

2

]
dγ

(4.9)

Using [115, eq. (07.34.21.0085.01)], (4.9) can further be written as

Ψ(s) =
(αtβt)

(αt+βt)
2

4πΓ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∞∑
k=0

sk

k!

1

(γth)
1−k−(αt+βt

4 )

×G 5 0
1 5

[
(αtβt)

2γth
16γ̄

∣∣∣ 1−k−(αt+βt
4 )

1−k−(αt+βt
4 ),P

] (4.10)

where, P ∈
{

(αt−βt)
4

, (αt−βt+2)
4

, (βt−αt)
4

, (βt−αt+2)
4

}
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4.3.3 Average capacity

Using (2.60) and (2.55), and after some mathematical manipulation, the average

capacity of the SIMO FSO system can be written as [113]

C = B log2

[
exp

{[
[Fγ(γth)]

Nr−1 −
Nr−1∑
j=0

[Fγ (γth)]
j

]∫ γth

0

Φ(γ)dγ

}]

+B log2

[
exp

{[
Nr−1∑
j=0

[Fγ (γth)]
j

]∫ ∞

0

Φ(γ)dγ

}] (4.11)

where, Φ(γ) = ln(1 + γ)fγ(γ). Considering J1 =
∫ γth
0

Φ(γ)dγ and J2 =
∫∞
0

Φ(γ)dγ,

to obtain the closed-form expression for J1 and J2, we can derive the following two

equations with the help of (2.18) as

J1 =
(αtβt)

(αt+βt)
2

2Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∫ γth

0

(γ)(
αt+βt

4
)−1 ln(1 + γ)G 2 0

0 2

[
αtβt

√
γ

γ̄

∣∣∣ −

αt−βt
2

,
βt−αt

2

]
dγ

(4.12a)

J2 =
(αtβt)

(αt+βt)
2

2Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∫ ∞

0

(γ)(
αt+βt

4
)−1 ln(1 + γ)G 2 0

0 2

[
αtβt

√
γ

γ̄

∣∣∣ −

αt−βt
2

,
βt−αt

2

]
dγ

(4.12b)

After some mathematical manipulation the closed-forms of above two equations can

finally be written as [details in Appendix E]

J1 =
(αtβt)

(αt+βt)
2

Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∞∑
p=1

(−1)p+1

p
(
√
γth)

2p+(αt+βt
2 )

×G 2 1
1 3

[
αtβt

√
γth
γ̄

∣∣∣ 1−2P−(αt+βt
2 )

αt−βt
2

,
βt−αt

2
,−2p−(αt+βt

2 )

] (4.13)

and

J2 =
(αtβt)

(αt+βt)
2

4πΓ(αt)Γ(βt)(γ̄)
(αt+βt)

4

G 6 1
2 6

[
(αtβt)

2

16γ̄

∣∣∣ − (αt+βt)
4

,1− (αt+βt)
4

P,− (αt+βt)
4

,− (αt+βt)
4

]
(4.14)
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4.4 Gamma-Gamma turbulence in presence of point-

ing error

In this subsection, the analytical expressions of the performance metrics of a SIMO

FSO network, in the presence of a pointing error are derived.

4.4.1 Outage probability

To calculate the OP in this environment, we follow the same procedure as in (4.2.1.1).

Using (4.2), the OP is expressed, in terms of I1P and I2P , as

Pout = [Fγ(γth)]
Nr−1I1p

+
Nr−1∑
j=0

[Fγ (γth)]
j I2p

(4.15)

Assuming I1p =
∫ γth
0

fγ(γ)dγ, and I2p =
∫ γ0
γth

fγ(γ)dγ and also using (2.37), the

integral component of the above equations can be written as

I1p =
ξ2

2Γ(αt)Γ(βt)

∫ γth

0

(γ)−1G 3 0
1 3

[
αtβtK

√
γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,βt

]
dγ (4.16a)

I2p =
ξ2

2Γ(αt)Γ(βt)

∫ γ0

γth

(γ)−1G 3 0
1 3

[
αtβtK

√
γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,βt

]
dγ (4.16b)

Now, with the help of [96, Eq.(26)], the closed-form of I1p becomes

I1p =
ξ2

Γ(αt)Γ(βt)
G 3 1

2 4

[
αtβtK

√
γth
γ̄

∣∣∣ 1,ξ2+1

ξ2,αt,βt,0

]
(4.17)
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The closed-from equation of I2p can be expressed, using (4.16b) and taking help of

[115, eq. ( 07.34.21.0001.01)] and [94, eq.(8.2.2.15)], as

I2p =
ξ2

Γ(αt)Γ(βt)
G 3 1

2 4

[
αtβtK

√
γ0
γ̄

∣∣∣ 1,ξ2+1

ξ2,αt,βt,0

]
− ξ2

Γ(αt)Γ(βt)
G 3 1

2 4

[
αtβtK

√
γth
γ̄

∣∣∣ 1,ξ2+1

ξ2,αt,βt,0

]
(4.18)

4.4.2 Average bit error rate

For calculating the average BER of the system, following the same procedure as in

section 4.2.1.2, (4.7), the MGF of the SEC can be written as

Mp
γSEC

(s) = [Fγ(γth)]
Nr−1Mp

γ(s) +
Nr−2∑
j=0

[Fγ(γth)]
jΨp(s) (4.19)

where Mp
γ(s) is the common MGF of the individual diversity branch in presence of

pointing error, and Ψp(s) =
∫∞
γth

exp (sγ) fγ (γ) dγ, where, fγ (γ) is the PDF of the

individual diversity branch in presence of pointing error. For GG turbulence with

pointing error, theMγ(s) has already been defined in (2.41). Now, the mathematical

framework for deriving (Ψp(s)), we may write (2.37)

Ψp(s) =
ξ2

2Γ(αt)Γ(βt)

∫ ∞

γth

(γ)−1 exp (sγ)G 3 0
1 3

[
αtβtK

√
γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,βt

]
dγ (4.20)

Next, with the help of [95, Eq.(1.211.1)], the above equation can be modified as

Ψp(s) =
ξ2

2Γ(αt)Γ(βt)

∞∑
k=0

sk

k!

∫ ∞

γth

(γ)k−1G 3 0
1 3

[
αtβtK

√
γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,βt

]
dγ (4.21)

and further, utilizing [115, eq. (07.34.21.0085.01)], (4.21) can be written as

Ψp(s) =
ξ2

2Γ(αt)Γ(βt)

∞∑
k=0

sk

k!
(γth)

k G 7 0
3 7

[
(αtβtK)2γth

16γ̄

∣∣∣ ξ2+1
2

, ξ
2+2
2

,1−k

−k, ξ
2

2
, ξ

2+1
2

,
αt
2
,
αt+1

2
,
βt
2
,
βt+1

2

]
(4.22)
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4.4.3 Average capacity

Based on (2.60) and (2.55), the average capacity of the SIMO FSO system can be

written as [113]

C = B log2

[
exp

{[
[Fγ(γth)]

Nr−1 −
Nr−1∑
j=0

[Fγ (γth)]
j

]∫ γth

0

ΦP (γ)dγ

}]

+B log2

[
exp

{[
Nr−1∑
j=0

[Fγ (γth)]
j

]∫ ∞

0

Φp(γ)dγ

}] (4.23)

where, Φp(γ) = ln(1+γ)fγ(γ). Assuming J p
1 =

∫ γth
0

Φp(γ)dγ and J p
2 =

∫∞
0

Φp(γ)dγ,

their closed-form expressions can be derived, with the help of (2.18), as

J p
1 =

ξ2

2Γ(αt)Γ(βt)

∫ γth

0

(γ)−1 ln(1 + γ)G 3 0
1 3

[
αtβtK

√
γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,βt

]
dγ (4.24a)

J p
2 =

ξ2

2Γ(αt)Γ(βt)

∫ ∞

0

(γ)−1 ln(1 + γ)G 3 0
1 3

[
αtβtK

√
γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,βt

]
dγ (4.24b)

after some mathematical manipulation, the closed-form of the above two equation

can finally be written as [details in Appendix E]

J p
1 =

ξ2

Γ(αt)Γ(βt)

∞∑
p=1

(−1)p+1

p
(
√
γth)

2pG 3 1
2 3

[
αtβtK

√
γth
γ̄

∣∣∣ 1−2p,ξ2+1

ξ2,αt,βt,−2p

]
(4.25)

and

J p
2 =

ξ2(2)αt+βt−1

4πΓ(αt)Γ(βt)
G 8 1

4 8

[
(αtβtK)2

16γ̄

∣∣∣ 0,1, ξ
2+1
2

, ξ
2+2
2

ξ2

2
, ξ

2+1
2

,
αt
2
,
αt+1

2
,
βt
2
,
βt+1

2
,0,0

]
(4.26)
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4.5 Málaga turbulence in absence of pointing er-

ror

In this section, the performance metrics of a SIMO FSO system will be determined

under the Málaga statistical distribution without and with the effect of pointing

error in the system.

Consider our system working in the absence of a pointing error. The analytical

framework for different performance metrics of the system is given below:

4.5.1 Outage probability

Derivation of OP is similar to that presented in section 4.2.1.1., with only the dif-

ference in the closed-form of two integral components I1 and I2. We, therefore,

present here the closed-from of two integral components only. Using (2.25) and

their mathematical definitions, I1 and I2 are expressed as

I1 =
A
2

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ γth

0

(γ)(
αt+kt

4
)−1Kαt−kt

(
B

√
αtβt

√
γ

γ̄

)
dγ (4.27a)

I2 =
A
2

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ γ0

γth

(γ)(
αt+kt

4
)−1 kαt−kt

(
B

√
αtβt

√
γ

γ̄

)
dγ (4.27b)

With the help of [94, Eq.(8.4.23.1)] and [96, Eq.(26)], the closed-form equation of

the I1 is written as

I1 =
A
2

βt∑
kt=1

ak

(γ̄)
αt+kt

4

(γth)
αt+kt

4 G 2 1
1 3

[
B2αtβt

4

√
γth
γ̄

∣∣∣ 1−αt+kt
2

αt−kt
2

,
kt−αt

2
,−αt+kt

2

]
(4.28)

and, for I2 we have followed (4.5).
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4.5.2 Average bit error rate

To define an analytical framework for the average BER performance of the system,

the following equation is derived using (2.59) for the OOK modulation scheme, as

Pe =
1

2

∫ ∞

0

erfc

(√
γ

2

)
fγSEC

(γ)dγ (4.29)

where, fγSEC
(γ) is the PDF of considered receiver diversity scheme in this system,

and it is the function of the PDF (fγ(γ)) of individual diversity path. With the help

of (2.55) and after some mathematical manipulation, the BER can be presented as

Pe =
1

2

[
[fγ(γth)]

Nr−1 −
Nr−1∑
j=0

[fγ (γth)]
j

]∫ γth

0

erfc

(√
γ

2

)
fγ(γ)dγ

+
1

2

Nr−1∑
j=0

[fγ (γth)]
j

∫ ∞

0

erfc

(√
γ

2

)
fγ(γ)dγ

(4.30)

Now, assuming P1 =
1
2

∫ γth
0

erfc
(√

γ
2

)
fγ(γ)dγ, and P2 =

1
2

∫∞
0

erfc
(√

γ
2

)
fγ(γ)dγ,

P1 and P2 can be expressed, using (2.26),as

P1 =
A
8

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ γth

0

(γ)
αt+kt

4
−1erfc

(√
γ

2

)
G 2 0

0 2

[
B2αtβt

4

√
γ

γ̄

∣∣∣ −

αt−kt
2

,
kt−αt

2

]
dγ

(4.31)

and

P2 =
A
8

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ ∞

0

(γ)
αt+kt

4
−1erfc

(√
γ

2

)
G 2 0

0 2

[
B2αtβt

4

√
γ

γ̄

∣∣∣ −

αt−kt
2

,
kt−αt

2

]
dγ

(4.32)
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Next, the closed-form equations for P1 and P2 are written as [details in Appendix

F]

P1 =
A
24

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∞∑
m=0

(−1)m

(2)m(m!)
(
√
γth)

αt+kt
4

+2m

×G 2 1
1 3

[
B2αtβt

4

√
γth
γ̄

∣∣∣ 1−2m−αt+kt
2

αt−kt
2

,
kt−αt

2
,−2m−αt+kt

2

]
+
A
8

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∞∑
m=0

(−1)m(2)m

(3)m(m!)
(
√
γth)

αt+kt
4

+2m

×G 2 1
1 3

[
B2αtβt

4

√
γth
γ̄

∣∣∣ 1−2m−αt+kt
2

αt−kt
2

,
kt−αt

2
,−2m−αt+kt

2

]
(4.33)

and

P2 =
A

16π
√
π

βt∑
kt=1

ak

(γ̄)
αt+kt

4

(
1

2

)−αt+kt
4

×G 4 2
2 5

[
B4α2

tβ
2
t

128γ̄

∣∣∣ 1−αt+kt
4

, 1
2
−αt+kt

4

αt−kt
4

,
αt−kt+2

4
,
kt−αt

4
,
kt−αt+2

4
,−αt+kt

4

] (4.34)

4.5.3 Average capacity

Here, we have developed a mathematical framework for the average capacity of the

system. The average capacity, is given, based on (2.60) and (2.55), as

C = B

[
[fγ(γth)]

Nr−1 −
Nr−1∑
j=0

[fγ (γth)]
j

]∫ γth

0

log2(1 + γ)fγ(γ)dγ

+B

[
Nr−1∑
j=0

[fγ (γth)]
j

]∫ ∞

0

log2(1 + γ)fγ(γ)dγ

(4.35)

where, fγ(γ) is the PDF of individual diversity branch. Assuming I1 =
∫ γth
0

log2(1+

γ)fγ(γ)dγ and I2 =
∫∞
0

log2(1+γ)fγ(γ)dγ, and using (2.26), we derive two equations
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for I1 and I2 as

I1 =
A

4 ln(2)

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ γth

0

(γ)(
αt+kt

4
)−1 ln(1 + γ)G 2 0

0 2

[
B2αtβt

4

√
γ

γ̄

∣∣∣ −

αt−kt
2

,
kt−αt

2

]
dγ

(4.36a)

I2 =
A

4 ln(2)

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ ∞

0

(γ)(
αt+kt

4
)−1 ln(1 + γ)G 2 0

0 2

[
B2αtβt

4

√
γ

γ̄

∣∣∣ −

αt−kt
2

,
kt−αt

2

]
dγ

(4.36b)

The closed-form equation of I1 and I2 can finally be expressed using appendix (E)

as

I1 =
A

2 ln(2)

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∞∑
P=1

(−1)P+1

P
(
√
γth)

2P+(αt+kt
2 )

×G 2 1
1 3

[
B2αtβt

4

√
γth
γ̄

∣∣∣ 1−2P−(αt+kt
2 )

αt−kt
2

,
kt−αt

2
,−2P−(αt+kt

2 )

] (4.37)

and,

I2 =
A

8π ln(2)

βt∑
kt=1

ak

(γ̄)
αt+kt

4

G 6 1
2 6

[
B4α2

tβ
2
t

256γ̄

∣∣∣ −αt+kt
4

,1−αt+kt
4

αt−kt
4

,
αt−kt+2

4
,
kt−αt

4
,
kt−αt+2

4
,−αt+kt

4
,−αt+kt

4

]
(4.38)

4.6 Málaga turbulence in presence of pointing er-

ror

In this subsection, we have derived the analytical calculation for different perfor-

mance metrics of SIMO FSO system experiencing misalignment fading.
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4.6.1 Outage probability

The OP is derived as (4.15)

Pout = [fγ(γth)]
Nr−1I1P +

Nr−1∑
j=0

[fγ (γth)]
j I2P (4.39)

where, I1P =
∫ γth
0

fγ(γ)dγ and I2P =
∫ γ0
γth

fγ(γ)dγ

Now, using (2.44), the integral component of the above equation can be written as

I1P =
ξ2A
4

βt∑
kt=1

Bk

∫ γth

0

(γ)−1G 3 0
1 3

[
B
√

γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,kt

]
dγ (4.40a)

I2P =
ξ2A
4

βt∑
kt=1

Bk

∫ γ0

γth

(γ)−1G 3 0
1 3

[
B
√

γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,kt

]
dγ (4.40b)

With the help of [96, Eq.(26)], the closed-form of I1P is given by

I1P =
ξ2A
2

βt∑
kt=1

BkG
3 1
2 4

[
B
√

γth
γ̄

∣∣∣ 1,ξ2+1

ξ2,αt,kt,0

]
(4.41)

and, the closed-from equation of I2P can be expressed, using (4.40b) and taking help

of [115, eq. ( 07.34.21.0001.01)] and [94, eq.(8.2.2.15)], as

I2P =
ξ2A
2

βt∑
kt=1

BkG
3 1
2 4

[
B
√

γ0
γ̄

∣∣∣ 1,ξ2+1

ξ2,αt,kt,0

]
− ξ2A

2

βt∑
kt=1

BkG
3 1
2 4

[
B
√

γth
γ̄

∣∣∣ 1,ξ2+1

ξ2,αt,kt,0

]
(4.42)
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4.6.2 Average bit error rate

The ABER of the system, in the presence of pointing error, is derived based on

(4.29) and (4.30), as

Pe =
1

2

[
[fγ(γth)]

Nr−1 −
Nr−1∑
j=0

[fγ (γth)]
j

]
PP

1 +
1

2

Nr−1∑
j=0

[fγ (γth)]
j PP

2 (4.43)

where, PP
1 = 1

2

∫ γth
0

erfc
(√

γ
2

)
fγ(γ)dγ and PP

2 = 1
2

∫∞
0

erfc
(√

γ
2

)
fγ(γ)dγ. These

two equations can be further expressed with its closed-from expression as

PP
1 =

ξ2A
8

βt∑
kt=1

Bk

∫ γth

0

(γ)−1erfc

(√
γ

2

)
G 3 0

1 3

[
B
√

γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,kt

]
dγ (4.44)

and

PP
2 =

ξ2A
8

βt∑
kt=1

Bk

∫ ∞

0

(γ)−1erfc

(√
γ

2

)
G 3 0

1 3

[
B
√

γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,kt

]
dγ (4.45)

Next, the closed-form equations for PP
1 and PP

2 are obtained [detailed derivation in

Appendix F] as

PP
1 =

ξ2A
24

βt∑
kt=1

Bk
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m=0

(−1)m

(2)m(m!)
(
√
γth)

2mG 3 1
2 4

[
B
√
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γ̄

∣∣∣ 1−2m,ξ2+1

ξ2,αt,kt,−2m

]

+
ξ2A
8

βt∑
kt=1
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m=0

(−1)m(2)m

(3)m(m!)
(
√
γth)

2mG 3 1
2 4

[
B
√

γth
γ̄

∣∣∣ 1−2m,ξ2+1

ξ2,αt,kt,−2m

] (4.46)

and,

PP
2 =

ξ2A
16π

√
π

βt∑
kt=1

Bk(2)
αt+kt−1G 6 2

4 7

[
B2

8γ̄

∣∣∣ 1, 1
2
, ξ

2+1
2

, ξ
2+2
2

ξ2

2
, ξ

2+1
2

,
αt
2
,
αt+1

2
,
kt
2
,
kt+1

2
,0

]
(4.47)
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4.6.3 Average capacity

According to (4.35), the average capacity is given as

C = B

[
[fγ(γth)]

Nr−1 −
Nr−1∑
j=0

[fγ (γth)]
j

]
IP
1 +B

[
Nr−1∑
j=0

[fγ (γth)]
j

]
IP
2 (4.48)

where, IP
1 =

∫ γth
0

log2(1+γ)fγ(γ)dγ and IP
2 =

∫∞
0

log2(1+γ)fγ(γ)dγ. Using (2.44),

IP
1 and IP

2 are given by

IP
1 =

ξ2A
4 ln(2)

βt∑
kt=1

Bk

∫ γth

0

(γ)−1 ln(1 + γ)G 3 0
1 3

[
B
√

γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,kt

]
dγ (4.49)

IP
2 =

ξ2A
4 ln(2)

βt∑
kt=1

Bk

∫ ∞

0

(γ)−1 ln(1 + γ)G 3 0
1 3

[
B
√

γ

γ̄

∣∣∣ ξ2+1

ξ2,αt,kt

]
dγ (4.50)

The closed-form expressions of IP
1 and IP

2 finally become [detailed derivation in

appendix (E)]

IP
1 =

ξ2A
2 ln(2)

βt∑
kt=1

Bk

∞∑
P=1

(−1)P+1

P
(
√
γth)

2PG 3 1
2 4

[
B
√

γth
γ̄

∣∣∣ 1−2P,ξ2+1

ξ2,αt,kt,−2P

]
(4.51)

and

IP
2 =

ξ2A
8π ln(2)

βt∑
kt=1

Bk(2)
αt+kt−1G 8 1

4 8

[
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16γ̄

∣∣∣ 0,1, ξ
2+1
2

, ξ
2+2
2

ξ2

2
, ξ

2+1
2

,
αt
2
,
αt+1

2
,
kt
2
,
kt+1

2
,0,0

]
(4.52)

4.7 Numerical results and discussion for SIMO

FSO link

This section presents the numerical results for various performance metrics of a

SIMO FSO communication system under various AT conditions without and with

the consideration of pointing errors. For such numerical analysis and Monte Carlo
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Table 4.1: Summary of the equations used for figures, Fig. 4.2 to Fig. 4.5.

Figure Scenario Equation

Fig. 4.2a GG Eq. 4.2 with Eq. 4.4 and Eq. 4.5

Fig. 4.2b GG Eq. 4.2 with Eq. 4.4 and Eq. 4.5

Fig. 4.2c GG Eq. 4.2 with Eq. 4.4 and Eq. 4.5

Fig. 4.2d GG Eq. 4.2 with Eq. 4.4 and Eq. 4.5

Fig. 4.3a GG + pointing Eq. 4.15 with Eq. 4.17 and Eq. 4.18

Fig. 4.3b GG + pointing Eq. 4.15 with Eq. 4.17 and Eq. 4.18

Fig. 4.3c GG + pointing Eq. 4.15 with Eq. 4.17 and Eq. 4.18

Fig. 4.3d GG + pointing Eq. 4.15 with Eq. 4.17 and Eq. 4.18

Fig. 4.4a Málaga Eq. 4.2 with Eq. 4.28 and Eq. 4.5

Fig. 4.4b Málaga Eq. 4.2 with Eq. 4.28 and Eq. 4.5

Fig. 4.4c Málaga Eq. 4.2 with Eq. 4.28 and Eq. 4.5

Fig. 4.4d Málaga Eq. 4.2 with Eq. 4.28 and Eq. 4.5

Fig. 4.5a Málaga + pointing Eq. 4.39 with Eq. 4.41 and Eq. 4.42

Fig. 4.5b Málaga + pointing Eq. 4.39 with Eq. 4.41 and Eq. 4.42

Fig. 4.5c Málaga + pointing Eq. 4.39 with Eq. 4.41 and Eq. 4.42

Fig. 4.5d Málaga + pointing Eq. 4.39 with Eq. 4.41 and Eq. 4.42

simulation, values of atmospheric turbulence parameters and amount of misalign-

ment are taken from Section 2.9. Variations of all the performance metrics with

average SNR are presented in Fig. 4.2 to Fig. 4.13 and Table 4.1, Table 4.2 and

Table 4.12 summarized the equation used for those figures.

Fig. 4.2 exhibits the OP of the SIMO FSO communication link without pointing

error. Fig. 4.2 (a) depicts the OP of the system under different weather conditions

with a fixed switching threshold of 2 dB and an optimal switching threshold of 3

dB. On the other hand, Fig. 4.2 (b) indicates the same performance metric with

identical scenarios as in Fig. 4.2 (a). The system enjoys the same threshold value

here for fixed and optimal switching. Fig. 4.2 (a) and Fig. 4.2 (b) indicate that the

system gives better outcomes when the system follows the same threshold value for

fixed and optimal switching.
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Figure 4.2 (a) Outage probability of SIMO FSO link under Gamma-Gamma
distribution in the absence of pointing error for different atmospheric turbulence

with γth = 2 dB and γ0 = 3 dB.
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Figure 4.2 (b) Outage probability of SIMO FSO link under Gamma-Gamma
distribution in the absence of pointing error for different atmospheric turbulence

with γth = 3 dB and γ0 = 3 dB.
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Figure 4.2 (c) Outage probability of SIMO FSO link under Gamma-Gamma
distribution in the absence of pointing error for different receiver diversity order

with αt = 2.20 and βt = 0.65, γth = 2 dB and γ0 = 3 dB.
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Figure 4.2 (d) Outage probability of SIMO FSO link under Gamma-Gamma
distribution in the absence of pointing error for different receiver diversity order

with αt = 2.20 and βt = 0.65, γth = 3 dB and γ0 = 3 dB.

Figure 4.2: Outage Probability of the SIMO FSO link employing switch and
examine combining scheme at the receiver end with Gamma-Gamma distribution
using different atmospheric turbulence conditions in the absence of pointing error.
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Figure 4.3 (a) Outage probability of SIMO FSO link under Gamma-Gamma
distribution in the presence of pointing error (ξ = 0.5607) for different atmo-

spheric turbulence with γth = 2 dB and γ0 = 3 dB.
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Figure 4.3 (b) Outage probability of SIMO FSO link under Gamma-Gamma
distribution in the presence of pointing error (ξ = 0.5607) for different atmo-

spheric turbulence with γth = 3 dB and γ0 = 3 dB.
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Figure 4.3 (c) Outage probability of SIMO FSO link under Gamma-Gamma
distribution in the presence of pointing error (ξ = 0.5607) for different receiver

diversity order with αt = 2.20 and βt = 0.65, γth = 2 dB and γ0 = 3 dB.
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Figure 4.3 (d) Outage probability of SIMO FSO link under Gamma-Gamma
distribution in the presence of pointing error (ξ = 0.5607) for different receiver

diversity order with αt = 2.20 and βt = 0.65, γth = 3 dB and γ0 = 3 dB.

Figure 4.3: Outage Probability of the SIMO FSO link employing switch and
examine combining scheme in the receiver end with Gamma-Gamma distribution
using different atmospheric turbulence conditions in the presence of pointing error.
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Figure 4.4 (a) Outage probability of SIMO FSO link under Málaga distribu-
tion in the absence of pointing error for different atmospheric turbulence with

γth = 2 dB and γ0 = 3 dB.
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Figure 4.4 (b) Outage probability of SIMO FSO link system under Málaga
distribution in the absence of pointing error for different atmospheric turbulence

with γth = 3 dB and γ0 = 3 dB.
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Figure 4.4 (c) Outage probability under Málaga distribution in the absence
of pointing error for different receiver diversity order with αt = 2.29 and βt = 1,

γth = 2 dB and γ0 = 3 dB.
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Figure 4.4 (d) Outage probability under Málaga distribution in the absence
of pointing error for different receiver diversity order with αt = 2.29 and βt = 1,

γth = 3 dB and γ0 = 3 dB.

Figure 4.4: Outage Probability of the SIMO FSO link employing switch and
examine combining scheme in the receiver end with Málaga distribution using

different atmospheric turbulence condition in the absence of pointing error.
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Figure 4.5 (a) Outage probability of SIMO FSO link under Málaga distri-
bution in the presence of pointing error (ξ = 0.5607) for different atmospheric

turbulence with γth = 2 dB and γ0 = 3 dB.
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Figure 4.5 (b) Outage probability of SIMO FSO link under Málaga distri-
bution in the presence of pointing error (ξ = 0.5607) for different atmospheric

turbulence with γth = 3 dB and γ0 = 3 dB.
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Figure 4.5 (c) Outage probability under Málaga distribution in the presence
of pointing error (ξ = 0.5607) for different receiver diversity order with αt = 2.29

and βt = 1, γth = 2 dB and γ0 = 3 dB.
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Figure 4.5 (d) Outage probability under Málaga distribution in the presence
of pointing error (ξ = 0.5607) for different receiver diversity order with αt = 2.29

and βt = 1, γth = 3 dB and γ0 = 3 dB.

Figure 4.5: Outage Probability of the SIMO FSO link employing switch and
examine combining scheme at the receiver end with Málaga distribution using
different atmospheric turbulence conditions in the presence of pointing error.
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Table 4.2: Summary of the equations used for figures, Fig. 4.6 to Fig. 4.9.

Figure Scenario Equation

Fig. 4.6a GG Eq. 4.6 with Eq. 4.7 and Eq. 4.10

Fig. 4.6b GG Eq. 4.6 with Eq. 4.7 and Eq. 4.10

Fig. 4.6c GG Eq. 4.6 with Eq. 4.7 and Eq. 4.10

Fig. 4.6d GG Eq. 4.6 with Eq. 4.7 and Eq. 4.10

Fig. 4.7a GG + pointing Eq. 4.6 with Eq. 4.19 and Eq. 4.22

Fig. 4.7b GG + pointing Eq. 4.6 with Eq. 4.19 and Eq. 4.22

Fig. 4.7c GG + pointing Eq. 4.6 with Eq. 4.19 and Eq. 4.22

Fig. 4.7d GG + pointing Eq. 4.6 with Eq. 4.19 and Eq. 4.22

Fig. 4.8a Málaga Eq. 4.30 with Eq. 4.33 and Eq. 4.34

Fig. 4.8b Málaga Eq. 4.30 with Eq. 4.33 and Eq. 4.34

Fig. 4.8c Málaga Eq. 4.30 with Eq. 4.33 and Eq. 4.34

Fig. 4.8d Málaga Eq. 4.30 with Eq. 4.33 and Eq. 4.34

Fig. 4.9a Málaga + pointing Eq. 4.43 with Eq. 4.46 and Eq. 4.47

Fig. 4.9b Málaga + pointing Eq. 4.43 with Eq. 4.46 and Eq. 4.47

Fig. 4.9c Málaga + pointing Eq. 4.43 with Eq. 4.46 and Eq. 4.47

Fig. 4.9d Málaga + pointing Eq. 4.43 with Eq. 4.46 and Eq. 4.47

Fig. 4.2 (c) plots the OP of the system against average SNR for receive diversity

of order Nr. From this graphical presentation, it is evident that all the decay lines

of the branches for Nr = 3,4,5, and 6 merges beyond the average SNR of 40 dB,

indicating no improvement for higher diversity order. Fig. 4.2 (d) presents similar

results with the same threshold for optimal switching, which eliminates the problem

of OP being insensitive to Nr for average SNR ≥ 40 dB.

Under the same turbulence condition, αt = 4.20 and βt = 2.72 with the threshold

SNR of 2 dB, the outage at average SNR of 30 dB is obtained as 2.1 × 10−3 for

SISO FSO link (Fig. 2.7a (a)), while it is 6.8× 10−4 (Fig. 4.2 (a)), and 6.29× 10−11

(Fig. 4.2 (b)), for the SIMO FSO link. Thus, a SIMO FSO link is more efficient than

a SISO FSO link at the cost of system complexity. In the presence of a pointing

error, the same results are repeated for all statistical distributions considered in this

chapter, and the results are similar.
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Table 4.3: Optimum switching threshold of 1 × Nr SIMO FSO system in the
absence of pointing error with Nr = 2, 3, 4, 5 and 6 for different average SNR with

turbulence parameter αt = 2.20 and βt = 0.65 .

Avg. SNR
Optimum switching threshold (γ0)

(dB) Nr = 2 Nr = 3 Nr = 4 Nr = 5 Nr = 6

0 0.31 0.49 0.68 0.85 1.02

3 0.44 0.70 0.96 1.22 1.46

6 0.60 0.96 1.32 1.67 2.00

9 0.80 1.28 1.75 2.21 2.67

12 1.02 1.64 2.26 2.86 3.45

15 1.27 2.05 2.83 3.60 4.35

18 1.55 2.51 3.48 4.44 5.38

21 1.84 3.01 4.19 5.36 6.52

24 2.15 3.55 4.97 6.38 7.78

27 2.48 4.12 5.80 7.48 9.14

30 2.82 4.73 6.69 8.65 10.59

33 3.17 5.36 7.62 9.89 12.14

36 3.53 6.02 8.60 11.19 13.76

39 3.90 6.71 9.62 12.54 15.44

42 4.28 7.41 10.66 13.94 17.19

45 4.66 8.13 11.74 15.37 18.99

48 5.04 8.87 12.85 16.85 20.83

51 5.43 9.62 13.97 18.35 22.71

54 5.82 10.38 15.11 19.87 24.61

57 6.22 11.15 16.27 21.42 30.02

60 6.61 11.93 17.44 22.99 30.02
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Table 4.4: Optimum switching threshold of 1 × 4 SIMO FSO system in the
absence of pointing error with different average SNR for different turbulence pa-

rameter.

Avg. SNR
Optimum switching threshold (γ0)

(dB) αt = 4.20 , βt = 2.72 αt = 3.99 , βt = 1.65 αt = 2.20 , βt = 0.65

0 1.03 0.95 0.68

3 1.64 1.46 0.96

6 2.49 2.15 1.32

9 3.61 3.03 1.75

12 5.04 4.11 2.26

15 6.79 5.41 2.83

18 8.89 6.92 3.48

21 11.32 8.64 4.19

24 14.09 10.56 4.97

27 17.17 12.66 5.80

30 20.55 14.94 6.69

33 24.21 17.36 7.62

36 30.02 19.91 8.60

39 32.21 22.57 9.62

42 39.95 30.02 10.66

45 39.95 30.02 11.74

48 45.53 30.02 12.85

51 50.27 39.95 13.97

54 55.08 39.95 15.11

57 59.99 39.95 16.27

60 64.97 39.95 17.44
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Figure 4.6 (a) Average bit error rate of SIMO FSO link under Gamma-Gamma
distribution in the absence of pointing error for different atmospheric turbulence

condition with fixed switching threshold of 10 dB.
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Figure 4.6 (b) Average bit error rate of SIMO FSO link under Gamma-Gamma
distribution in the absence of pointing error for different atmospheric turbulence

condition with optimal switching threshold.
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Figure 4.6 (c) Average bit error rate of SIMO FSO link under Gamma-Gamma
distribution in the absence of pointing error for αt = 2.20 and βt = 0.65 with

fixed switching threshold of 10 dB.
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Figure 4.6 (d) Average bit error rate of SIMO FSO link under Gamma-Gamma
distribution in the absence of pointing error for αt = 2.20 and βt = 0.65 with

optimal switching threshold.

Figure 4.6: Average bit error rate of the SIMO FSO link employing switch and
examine combining scheme in the receiver end with Gamma-Gamma distribution
using different atmospheric turbulence conditions in the absence of pointing error.
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Table 4.5: Optimum switching threshold of 1 × Nr SIMO FSO system in the
presence of pointing error (ξ = 0.5607) with Nr = 2, 3, 4, 5 and 6 for different

average SNR with turbulence parameter αt = 2.20 and βt = 0.65 .

Avg. SNR
Optimum switching threshold (γ0)

(dB) Nr = 2 Nr = 3 Nr = 4 Nr = 5 Nr = 6

0 21.83 21.83 21.83 21.83 21.83

5 22.33 22.33 22.33 22.33 22.33

10 22.88 22.88 22.88 22.88 22.88

15 23.46 23.46 23.46 23.46 23.46

20 24.07 24.07 24.07 24.07 24.07

25 24.69 24.69 24.69 24.69 24.69

30 25.33 25.33 25.33 25.33 25.33

35 25.97 25.97 25.97 25.97 25.97

40 26.61 26.61 26.61 26.61 26.61

45 27.25 27.25 27.25 27.25 27.25

50 27.87 27.87 27.87 27.87 27.87

55 28.48 28.48 28.48 28.48 28.48

60 29.07 29.07 29.07 29.07 29.07

65 29.65 29.65 29.65 29.65 29.65

70 30.19 30.19 30.19 30.19 30.19

75 30.71 30.71 30.71 30.71 30.71

80 31.20 31.20 31.20 31.20 31.20

85 31.65 31.65 31.65 31.65 31.65

90 32.06 32.06 32.06 32.06 32.06

95 32.45 32.45 32.45 32.45 32.45

100 32.79 32.79 32.79 32.79 32.79

Next, another important performance metric, ABER, will be studied under the

misalignment effect in the system with different statistical distributions. Although

we have displayed all 2D graphical representations of this metric without pointing

error, a canvas of visual plot from Fig. 4.7 (a) - Fig. 4.7 (d) demonstrates the

resultant ABER of SIMO FSO system under GG statistical distribution with the

influence of pointing error in the system. The characteristics of ABER under various

turbulence with pointing error (ξ = 0.5607) are displayed in Fig. 4.7 (a), where the
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Table 4.6: Optimum switching threshold of 1 × 4 SIMO FSO system in the
presence of pointing error (ξ = 0.5607) with different average SNR for different

turbulence parameter.

Avg. SNR
Optimum switching threshold (γ0)

(dB) αt = 4.20 , βt = 2.72 αt = 3.99 , βt = 1.65 αt = 2.20 , βt = 0.65

0 22.18 22.03 21.83

5 22.96 22.74 22.33

10 23.68 23.46 22.88

15 24.36 24.15 23.46

20 25.01 24.82 24.07

25 25.64 25.46 24.69

30 26.23 26.08 25.33

35 26.80 26.66 25.97

40 27.34 27.22 26.61

45 27.84 27.75 27.25

50 28.31 28.24 27.87

55 28.74 28.70 28.48

60 29.13 29.12 29.07

65 29.48 29.50 29.65

70 29.80 29.85 30.19

75 30.08 30.15 30.71

80 30.33 30.43 31.20

85 30.55 30.67 31.65

90 30.74 30.87 32.06

95 30.90 31.06 32.45

100 31.04 31.21 32.79

system works with a fixed switching threshold of 10 dB against each average SNR.

This figure shows that for moderate and weak turbulence conditions, the fall in of

ABER graph slowed down with average SNR higher than 80 dB. However, this issue

is resolved by choosing the optimum switching thresholds for each average SNR,

presented in Table 4.6. The corresponding ABERs are shown in Fig. 4.7 (b). Since

the ABER of the MISO FSO link is the function of threshold SNR (γth), so we

can find the optimal value of γth for which the ABER gets minimal. This optimal
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switching threshold can be computed by using the first order differentiation of the

ABER equation with setting the result equal to zero as dPe

dγth
= 0.

All graphical plots in Fig. 4.8 and Fig. 4.9 present the ABER of SIMO FSO com-

munication system for Málaga statistical distribution under the effect of different

degrees of AT and the receiver diversity order in the absence and a presence of a

pointing error condition. The average capacity of the SIMO FSO link in the absence

of pointing error is shown in Fig. 4.10 and in Fig. 4.11. Required numerical results of

Fig. 4.10, and Fig. 4.11 are calculated under Gamma-Gamma statistical distribution;

moreover, the effect of different AT and receiver diversity orders on the system is

considered here. Depending on the degrees of severity by the AT and pointing error,

the average capacity of the SIMO FSO system is plotted in Fig. 4.12 and Fig. 4.13

under Málaga statistical distribution, plots signify how the average capacity of the

current system swinging with the number of receiver diversity orders.
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Figure 4.7 (a) Average bit error rate of SIMO FSO link under Gamma-Gamma
distribution in the presence of pointing error (ξ = 0.5607) for different atmo-

spheric turbulence with fixed switching threshold of 10 dB.
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Figure 4.7 (b) Average bit error rate of SIMO FSO link under Gamma-Gamma
distribution in the presence of pointing error (ξ = 0.5607) for different atmo-

spheric turbulence with optimal switching threshold.
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Figure 4.7 (c) Average bit error rate of SIMO FSO link under Gamma-Gamma
distribution in the presence of pointing error (ξ = 0.5607) for αt = 2.20 and

βt = 0.65 with fixed switching threshold of 10 dB.
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Figure 4.7 (d) Average bit error rate of SIMO FSO link under Gamma-Gamma
distribution in the presence of pointing error (ξ = 0.5607) for αt = 2.20 and

βt = 0.65 with optimal switching threshold.

Figure 4.7: Average bit error rate of the SIMO FSO link employing switch and
examine combining scheme at the receiver end with Gamma-Gamma distribution
using different atmospheric turbulence condition in the presence of pointing error.
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Table 4.7: Optimum switching threshold of 1 × Nr SIMO FSO system in the
absence of pointing error with Nr = 2, 3, 4, 5 and 6 for different average SNR with

turbulence parameter αt = 2.29 and βt = 1 .

Avg. SNR
Optimum switching threshold (γ0)

(dB) Nr = 2 Nr = 3 Nr = 4 Nr = 5 Nr = 6

0 12.74 12.74 12.74 12.74 12.74

3 9.75 9.73 9.73 9.73 9.73

6 21.47 11.42 11.42 11.42 11.42

9 13.26 13.24 13.24 13.24 13.24

12 25.36 14.36 14.36 14.36 14.36

15 27.06 15.05 15.05 15.05 15.05

18 28.73 21.34 21.34 21.34 21.34

21 31.25 23.23 23.23 23.23 23.23

24 32.38 19.80 19.80 19.80 19.80

27 23.69 23.61 23.61 23.61 23.61

30 21.08 21.06 21.06 21.06 21.06

33 24.54 24.54 24.54 24.54 24.54

36 40.12 24.37 24.37 24.37 24.37

39 31.91 31.91 31.91 31.91 31.91

42 43.61 28.59 28.59 28.59 28.59

45 45.44 29.68 29.68 29.68 29.68

48 34.39 34.39 34.39 34.39 34.39

51 39.87 39.87 39.87 39.87 39.87

54 34.62 34.62 34.62 34.62 34.62

57 53.99 36.72 36.72 36.72 36.72

60 55.77 45.81 45.81 45.81 45.81
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Table 4.8: Optimum switching threshold of 1 × 4 SIMO FSO system in the
absence of pointing error with different average SNR for different turbulence pa-

rameters.

Avg. SNR
Optimum switching threshold (γ0)

(dB) αt = 5.41 , βt = 3 αt = 2.29 , βt = 2 αt = 2.29 , βt = 1

0 13.91 9.91 12.74

3 12.63 9.57 9.73

6 10.95 10.92 11.42

9 13.02 10.66 13.24

12 13.73 12.25 14.36

15 13.39 11.12 15.05

18 11.50 11.89 21.34

21 10.47 11.59 23.23

24 10.59 12.37 19.80

27 11.33 11.78 23.61

30 12.45 12.33 21.06

33 11.05 13.23 24.54

36 11.61 12.48 24.37

39 11.02 13.14 31.91

42 12.33 13.85 28.59

45 12.18 13.73 29.68

48 13.57 13.73 34.39

51 16.23 14.70 39.87

54 16.06 15.01 34.62

57 18.76 14.63 36.72

60 18.25 14.48 45.81
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Figure 4.8 (a) Average bit error rate of SIMO FSO link under Málaga dis-
tribution in the absence of pointing error for different atmospheric turbulence

condition with fixed switching threshold of 10 dB.
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Figure 4.8 (b) Average bit error rate of SIMO FSO link under Málaga dis-
tribution in the absence of pointing error for different atmospheric turbulence

condition with optimal switching threshold.
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Figure 4.8 (c) Average bit error rate of SIMO FSO link under Málaga dis-
tribution in the absence of pointing error for αt = 2.29 and βt = 1 with fixed

switching threshold of 10 dB.
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Figure 4.8 (d) Average bit error rate of SIMO FSO link under Málaga distri-
bution in the absence of pointing error for αt = 2.29 and βt = 1 with optimal

switching threshold.

Figure 4.8: Average bit error rate of the SIMO FSO link employing switch and
examine combining scheme at the receiver end with Málaga distribution using

different atmospheric turbulence condition in the absence of pointing error.
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Table 4.9: Optimum switching threshold of 1 × Nr SIMO FSO system in the
presence of pointing error (ξ = 0.5607) with Nr = 2, 3, 4, 5 and 6 for different

average SNR with turbulence parameter αt = 2.29 and βt = 1 .

Avg. SNR
Optimum switching threshold (γ0)

(dB) Nr = 2 Nr = 3 Nr = 4 Nr = 5 Nr = 6

0 18.01 18.01 18.01 18.01 18.01

5 18.39 18.39 18.39 18.39 18.39

10 18.89 18.89 18.89 18.89 18.89

15 19.48 19.48 19.48 19.48 19.48

20 20.13 20.13 20.13 20.13 20.13

25 20.80 20.80 20.80 20.80 20.80

30 21.50 21.50 21.50 21.50 21.50

35 22.19 22.19 22.19 22.19 22.19

40 22.89 22.89 22.89 22.89 22.89

45 23.58 23.58 23.58 23.58 23.58

50 24.26 24.26 24.26 24.26 24.26

55 24.93 24.93 24.93 24.93 24.93

60 25.58 25.58 25.58 25.58 25.58

65 26.20 26.20 26.20 26.20 26.20

70 26.80 26.80 26.80 26.80 26.80

75 27.38 27.38 27.38 27.38 27.38

80 27.92 27.92 27.92 27.92 27.92

85 28.43 28.43 28.43 28.43 28.43

90 28.91 28.91 28.91 28.91 28.91

95 29.35 29.35 29.35 29.35 29.35

100 29.75 29.75 29.75 29.75 29.75
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Table 4.10: Optimum switching threshold of 1 × 4 SIMO FSO system in the
presence of pointing error (ξ = 0.5607) with different average SNR for different

turbulence parameter.

Avg. SNR
Optimum switching threshold (γ0)

(dB) αt = 5.41 , βt = 3 αt = 2.29 , βt = 2 αt = 2.29 , βt = 1

0 18.22 17.92 18.01

5 19.03 18.42 18.39

10 19.92 19.06 18.89

15 20.76 19.76 19.48

20 21.54 20.48 20.13

25 22.31 21.18 20.80

30 23.06 21.86 21.50

35 23.81 22.52 22.19

40 24.55 23.15 22.89

45 25.28 23.76 23.58

50 26.00 24.34 24.26

55 26.71 24.89 24.93

60 27.41 25.40 25.58

65 28.09 25.88 26.20

70 28.75 26.32 26.80

75 29.39 26.73 27.38

80 30.01 27.10 27.92

85 30.60 27.43 28.43

90 31.16 27.73 28.91

95 31.69 27.99 29.35

100 32.18 28.22 29.75
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Figure 4.9 (a) Average bit error rate of 1 × 4 SIMO FSO link under Málaga
distribution in the presence of pointing error (ξ = 0.5607) for different atmo-

spheric turbulence with fixed switching threshold 10 dB.
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Figure 4.9 (b) Average bit error rate of 1 × 4 SIMO FSO link under Málaga
distribution in the presence of pointing error (ξ = 0.5607) for different atmo-

spheric turbulence with optimal switching threshold.
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Figure 4.9 (c) Average bit error rate of SIMO FSO link under Málaga distri-
bution in the presence of pointing error (ξ = 0.5607) for αt = 2.29 and βt = 1

with fixed switching threshold of 10 dB.
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Figure 4.9 (d) Average bit error rate of SIMO FSO link under Málaga distri-
bution in the presence of pointing error (ξ = 0.5607) for αt = 2.29 and βt = 1

with optimal switching threshold.

Figure 4.9: Average bit error rate of the SIMO FSO link employing switch and
examine combining scheme at the receiver end with Málaga distribution using
different atmospheric turbulence conditions in the presence of pointing error.
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Table 4.11: Comparison of ABER for different FSO communication systems
under Gamma-Gamma statistical distribution with pointing error (ξ = 0.5607)

for turbulence parameters αt = 4.20 and βt = 2.72.

System topology ToD Avg. SNR No th Fixed th Optimal th

SISO FSO −− 90 dB 1.4× 10−2 - -

MISO FSO STBC 90 dB 3.0× 10−4 - -

SIMO FSO SEC 90 dB - 1.4× 10−6 7.6× 10−7

ToD → Types of Diversity

Table 4.12: Summary of the equations used for figures, Fig. 4.10 to Fig. 4.13.

Figure Scenario Equation

Fig. 4.10a GG Eq. 4.11 with Eq. 4.13 and Eq. 4.14

Fig. 4.10b GG Eq. 4.11 with Eq. 4.13 and Eq. 4.14

Fig. 4.10c GG Eq. 4.11 with Eq. 4.13 and Eq. 4.14

Fig. 4.10d GG Eq. 4.11 with Eq. 4.13 and Eq. 4.14

Fig. 4.11a GG + pointing Eq. 4.23 with Eq. 4.25 and Eq. 4.26

Fig. 4.11b GG + pointing Eq. 4.23 with Eq. 4.25 and Eq. 4.26

Fig. 4.11c GG + pointing Eq. 4.23 with Eq. 4.25 and Eq. 4.26

Fig. 4.11d GG + pointing Eq. 4.23 with Eq. 4.25 and Eq. 4.26

Fig. 4.12a Málaga Eq. 4.35 with Eq. 4.37 and Eq. 4.38

Fig. 4.12b Málaga Eq. 4.35 with Eq. 4.37 and Eq. 4.38

Fig. 4.12c Málaga Eq. 4.35 with Eq. 4.37 and Eq. 4.38

Fig. 4.12d Málaga Eq. 4.35 with Eq. 4.37 and Eq. 4.38

Fig. 4.13a Málaga + pointing Eq. 4.48 with Eq. 4.51 and Eq. 4.52

Fig. 4.13b Málaga + pointing Eq. 4.48 with Eq. 4.51 and Eq. 4.52

Fig. 4.13c Málaga + pointing Eq. 4.48 with Eq. 4.51 and Eq. 4.52

Fig. 4.13d Málaga + pointing Eq. 4.48 with Eq. 4.51 and Eq. 4.52

Table 4.11, indicates a comparison of ABER for various FSO communication systems

in presence of a pointing error condition under the GG statistical distribution with

turbulence parameters αt = 4.20, βt = 2.72. This comparison signifies that the

ABER of the SIMO FSO link gets enhanced more than other FSO communication

systems.
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Table 4.13: Optimum switching threshold of 1 ×Nr SIMO FSO system in the
absence of pointing error with Nr = 2, 3, 4, 5 and 6 for different average SNR with

turbulence parameter αt = 2.20 and βt = 0.65 .

Avg. SNR
Optimum switching threshold (γ0)

(dB) Nr = 2 Nr = 3 Nr = 4 Nr = 5 Nr = 6

0 0.51 1.17 2.37 3.31 4.07

3 1.42 3.23 4.53 5.53 6.35

6 3.38 5.33 6.73 7.81 8.69

9 5.37 7.49 9.01 10.17 11.12

12 7.42 9.73 11.36 12.62 13.62

15 9.54 12.05 13.81 15.14 16.20

18 11.76 14.47 16.34 17.74 18.86

21 14.07 16.90 18.94 20.42 21.57

24 16.47 19.55 21.62 23.15 24.34

27 18.97 22.21 24.35 25.93 27.16

30 21.55 24.92 27.14 28.76 30.01

Table 4.14: Optimum switching threshold of 1 × 4 SIMO FSO system in the
absence of pointing error with different average SNR for different turbulence pa-

rameters.

Avg. SNR
Optimum switching threshold (γ0)

(dB) αt = 4.20 , βt = 2.72 αt = 3.99 , βt = 1.65 αt = 2.20 , βt = 0.65

0 1.99 2.17 2.37

3 4.56 4.64 4.53

6 7.19 7.17 6.73

9 9.88 9.77 9.01

12 12.65 12.44 11.36

15 15.48 15.20 13.81

18 18.37 18.02 16.34

21 21.29 20.89 18.94

24 24.25 23.80 21.62

27 27.22 26.74 24.35

30 30.20 29.70 27.14
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Figure 4.10 (a) Average capacity of 1 × 4 SIMO FSO link under Gamma-
Gamma distribution in the absence of pointing error for different atmospheric

turbulence condition using fixed switching threshold of 2dB.
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Figure 4.10 (b) Average capacity of 1 × 4 SIMO FSO link under Gamma-
Gamma distribution in the absence of pointing error for different atmospheric

turbulence condition using optimal switching threshold.
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Figure 4.10 (c) Average capacity of 1 × Nr SIMO FSO link under Gamma-
Gamma distribution in the absence of pointing error for αt = 2.20 and βt = 0.65

with fixed switching threshold of 2 dB.
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Figure 4.10 (d) Average capacity of 1 × Nr SIMO FSO link under Gamma-
Gamma distribution in the absence of pointing error for αt = 2.20 and βt = 0.65

with optimal switching threshold.

Figure 4.10: Average capacity of the SIMO FSO link employing switch and
examine combining scheme at the receiver end with Gamma-Gamma distribution
using different atmospheric turbulence condition in the absence of pointing error.
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Table 4.15: Optimum switching threshold of 1 ×Nr SIMO FSO system in the
presence of pointing error (ξ = 0.5607) with Nr = 2, 3, 4, 5 and 6 for different

average SNR with turbulence parameter αt = 2.20 and βt = 0.65 .

Avg. SNR
Optimum switching threshold (γ0)

(dB) Nr = 2 Nr = 3 Nr = 4 Nr = 5 Nr = 6

0 1.70 2.17 2.47 2.68 2.85

3 2.08 2.50 2.78 2.98 3.14

6 2.39 2.78 3.05 3.25 3.40

9 2.66 3.04 3.30 3.49 3.64

12 2.90 3.28 3.53 3.72 3.85

15 3.13 3.50 3.75 3.92 4.05

18 3.34 3.71 3.95 4.11 4.22

21 3.54 4.90 4.13 4.28 4.38

24 3.73 4.08 4.30 4.44 4.53

27 3.91 4.26 4.46 4.59 4.66

30 4.08 4.42 4.61 4.72 4.78

Table 4.16: Optimum switching threshold of 1 × 4 SIMO FSO system in the
presence of pointing error (ξ = 0.5607) with different average SNR for different

turbulence parameter.

Avg. SNR
Optimum switching threshold (γ0)

(dB) αt = 4.20 , βt = 2.72 αt = 3.99 , βt = 1.65 αt = 2.20 , βt = 0.65

0 2.62 2.59 2.47

3 2.96 2.92 2.78

6 3.25 3.21 3.05

9 3.51 3.47 3.30

12 3.75 3.71 3.53

15 3.97 3.92 3.75

18 4.16 4.12 3.95

21 4.34 4.30 4.13

24 4.50 4.47 4.30

27 4.66 4.62 4.46

30 4.80 4.76 4.61
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Figure 4.11 (a) Average capacity of 1 × 4 SIMO FSO link under Gamma-
Gamma distribution in the presence of pointing error (ξ = 0.5607) for different

atmospheric turbulence using fixed switching threshold of 2dB.
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Figure 4.11 (b) Average capacity of 1 × 4 SIMO FSO link under Gamma-
Gamma distribution in the presence of pointing error (ξ = 0.5607) for different

atmospheric turbulence using optimal switching threshold.
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Figure 4.11 (c) Average capacity of 1 × Nr SIMO FSO link under Gamma-
Gamma distribution in the presence of pointing error (ξ = 0.5607) for αt = 2.20

and βt = 0.65 with fixed switching threshold of 2 dB.
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Figure 4.11 (d) Average capacity of 1 × Nr SIMO FSO link under Gamma-
Gamma distribution in the presence of pointing error (ξ = 0.5607) for αt = 2.20

and βt = 0.65 with optimal switching threshold.

Figure 4.11: Average capacity of the SIMO FSO link employing switch and
examine combining scheme at the receiver end with Gamma-Gamma distribution
using different atmospheric turbulence condition in the presence of pointing error.
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Table 4.17: Optimum switching threshold of 1 ×Nr SIMO FSO system in the
absence of pointing error with Nr = 2, 3, 4, 5 and 6 for different average SNR with

turbulence parameter αt = 2.29 and βt = 1 .

Avg. SNR
Optimum switching threshold (γ0)

(dB) Nr = 2 Nr = 3 Nr = 4 Nr = 5 Nr = 6

0 3.19 2.97 3.19 3.35 3.47

3 3.49 3.29 3.49 3.63 3.72

6 3.74 3.56 3.74 3.85 3.92

9 3.96 3.81 3.96 4.05 4.09

12 4.16 4.04 4.16 4.21 4.24

15 4.33 4.24 4.33 4.36 4.37

18 4.48 4.41 4.48 4.49 4.52

21 4.63 4.60 4.63 4.63 4.63

24 5.00 5.00 5.00 5.00 5.00

27 3.04 3.04 3.04 3.04 3.04

30 3.14 3.14 3.14 3.14 3.14

Table 4.18: Optimum switching threshold of 1 × 4 SIMO FSO system in the
absence of pointing error with different average SNR for different turbulence pa-

rameters.

Avg. SNR
Optimum switching threshold (γ0)

(dB) αt = 5.41 , βt = 3 αt = 2.29 , βt = 2 αt = 2.29 , βt = 1

0 3.25 3.23 3.19

3 3.54 3.52 3.49

6 3.77 3.77 3.74

9 3.97 3.98 3.96

12 4.15 4.16 4.16

15 4.33 4.33 4.33

18 4.52 4.48 4.48

21 4.69 4.66 4.63

24 5.11 4.80 5.00

27 3.19 2.73 3.04

30 3.51 3.80 3.14
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Figure 4.12 (a) Average capacity of 1× 4 SIMO FSO link under Málaga dis-
tribution in the absence of pointing error for different atmospheric turbulence

using fixed switching threshold of 2dB.
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Figure 4.12 (b) Average capacity of 1 × 4 SIMO FSO link under Málaga
distribution in the absence of pointing error for different atmospheric turbulence

using optimal switching threshold.
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Figure 4.12 (c) Average capacity of 1 × Nr SIMO FSO link under Málaga
distribution in the absence of pointing error for αt = 2.29 and βt = 1 with fixed

switching threshold of 2 dB.
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Figure 4.12 (d) Average capacity of 1 × Nr SIMO FSO link under Málaga
distribution in the absence of pointing error for αt = 2.29 and βt = 1 with

optimal switching threshold.

Figure 4.12: Average capacity of the SIMO FSO link employing switch and
examine combining scheme in the receiver end with Málaga distribution using

different atmospheric turbulence condition in the absence of pointing error.
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Table 4.19: Optimum switching threshold of 1 ×Nr SIMO FSO system in the
presence of pointing error (ξ = 0.5607) with Nr = 2, 3, 4, 5 and 6 for different

average SNR with turbulence parameter αt = 2.29 and βt = 1 .

Avg. SNR
Optimum switching threshold (γ0)

(dB) Nr = 2 Nr = 3 Nr = 4 Nr = 5 Nr = 6

0 0.18 0.26 0.34 0.42 0.50

3 0.28 0.41 0.55 0.68 0.82

6 0.42 0.64 0.86 1.08 1.27

9 0.64 0.98 1.29 1.53 1.72

12 0.95 1.40 1.71 1.93 2.09

15 1.33 1.78 2.06 2.25 2.39

18 1.69 2.10 2.35 2.52 2.65

21 1.99 2.37 2.59 2.75 2.87

24 2.26 2.61 2.82 2.97 3.05

27 2.55 2.82 2.95 3.17 3.21

30 2.76 3.12 3.12 3.21 3.36

Table 4.20: Optimum switching threshold of 1 × 4 SIMO FSO system in the
presence of pointing error (ξ = 0.5607) with different average SNR for different

turbulence parameter.

Avg. SNR
Optimum switching threshold (γ0)

(dB) αt = 5.41 , βt = 3 αt = 2.29 , βt = 2 αt = 2.29 , βt = 1

0 0.49 0.40 0.34

3 0.83 0.66 0.55

6 1.31 1.06 0.86

9 1.78 1.52 1.29

12 2.15 1.93 1.71

15 2.45 2.25 2.06

18 2.71 2.53 2.35

21 2.93 2.77 2.59

24 3.12 2.97 2.82

27 3.27 3.16 2.95

30 3.48 3.31 3.12
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Figure 4.13 (a) Average capacity of 1× 4 SIMO FSO link under Málaga dis-
tribution in the presence of pointing error (ξ = 0.5607) for different atmospheric

turbulence using fixed switching threshold of 2dB.
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Figure 4.13 (b) Average capacity of 1× 4 SIMO FSO link under Málaga dis-
tribution in the presence of pointing error (ξ = 0.5607) for different atmospheric

turbulence using optimal switching threshold.
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Figure 4.13 (c) Average capacity of 1 × Nr SIMO FSO link under Málaga
distribution in the presence of pointing error (ξ = 0.5607) for αt = 2.29 and

βt = 1 with fixed switching threshold of 2 dB.
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Figure 4.13 (d) Average capacity of 1 × Nr SIMO FSO link under Málaga
distribution in the presence of pointing error (ξ = 0.5607) for αt = 2.29 and

βt = 1 with optimal switching threshold.

Figure 4.13: Average capacity of the SIMO FSO link employing switch and
examine combining scheme at the receiver end with Málaga distribution using
different atmospheric turbulence conditions in the presence of pointing error.
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Table 4.21: Comparison of Average capacity for different FSO communication
systems under Gamma-Gamma statistical distribution without pointing error for

turbulence parameters αt = 4.20 and βt = 2.72.

System topology ToD Avg. SNR No th Fixed th Optimal th

SISO FSO −− 30 dB 9.06b/s/Hz - -

MISO FSO STBC 30 dB 11.5b/s/Hz - -

SIMO FSO SEC 30 dB - 9.07b/s/Hz 10.85b/s/Hz

ToD → Types of Diversity

Table 4.22: Comparison of Average capacity for different FSO communication
systems under Gamma-Gamma statistical distribution with pointing error (ξ =

0.5607) for turbulence parameters αt = 4.20 and βt = 2.72.

System topology ToD Avg. SNR No th Fixed th Optimal th

SISO FSO −− 30 dB 4.91b/s/Hz - -

MISO FSO STBC 30 dB 6.31b/s/Hz - -

SIMO FSO SEC 30 dB - 8.39b/s/Hz 8.72b/s/Hz

ToD → Types of Diversity

The comparison of the average capacity of the systems has been provided in Table

4.21 and Table 4.22 under GG statistical distribution in the absence and presence

of a pointing error. We have considered the turbulence parameters αt = 4.20 ,

βt = 2.72 for this comparison, and a single average SNR of 30 dB. This comparison

indicates that in the presence of a pointing error, the average capacity of any FSO

links severely decreases than the absence of a pointing error condition. Also, this

comparison ensures that a SIMO FSO link is a useful technique to achieve higher

channel capacity than the rest of the other FSO links under a pointing error con-

dition, but in the absence of a pointing error, the MISO FSO link is a little better

than SIMO FSO link. However, it is ensured that any diversity assists FSO com-

munication systems can mitigate the effect of atmospheric turbulence and influence

of pointing errors more than the primary FSO communication system.
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4.8 Chapter summary

In this chapter, a SIMO FSO link has been characterized by employing the SEC

receiver diversity scheme at the receiver end of the FSO communication system.

Analytical derivations of the measuring metrics, such as OP, ABER, and average

capacity, have been presented without and with the consideration of misalignment

fading into the system. Two statistical distributions,GG and the generalised Málaga

, have been considered in the above derivation to characterize the channel harshness.

The numerical results have been presented as a 2D graphical plot to examine the

nature of measuring metrics with the increase in the average SNR under various

AT conditions. As per the numerical analysis, a MISO FSO communication system

provides 28% more capacity than a simple SISO configuration, whereas a SIMO FSO

system delivers 70.87% and 77.59% higher capacity than the baseline SISO system

under fixed and optimal switching threshold conditions, respectively. All the values

are calculated for a GG fading scenario under the pointing error regime.

Thus, results indicate that the system performs better when it attends the optimum

switching threshold rather than the fixed switching threshold. It has been further

noticed that the quality indices of all measurable metrics are associated with the

number of branches present in the system. The investigation presented in this chap-

ter established that an SEC-added SIMO FSO commutation system yields superior

outcomes than a typical SISO FSO system under all weather conditions, and like

transmit diversity, receiver diversity also improves the performance of the primary

FSO link.
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5.1 Introduction

In this chapter, one more FSO network topology will be introduced to mitigate the

effect of atmospheric turbulence in the propagation medium. A MIMO configuration

will be developed by employing both transmit and receive diversity techniques at

the transceiver terminals of the FSO communication system. The Alamouti STBC,

a classical two beam transmit diversity scheme, will be considered at the transmit-

ter terminal, and the SEC technique will be utilized to achieve the Nr diversity

order at the receiver end of the MIMO FSO system. Moreover, to characterize

the atmospheric turbulence in the propagation path, we employ the GG and the

Málaga statistical distribution model. We will examine the performance metric of

the MIMO FSO communication system in terms of an average BER of the system

under different weather conditions in different pointing error regimes. Here, the

OOK modulation scheme is considered to modulate the baseband signal.

The ABER of the proposed 2×Nr MIMO FSO system will be determined for each

average SNR with fixed and optimal switching threshold conditions. Furthermore,

detailed performance comparisons will be presented for the above system using the

optimum switching threshold instead of the fixed one. The performance comparisons

of a MIMO FSO network with a single FSO link and other FSO configurations will

also be discussed here.

5.2 Organization

After the introduction, this chapter is organized in the following way. In Section 5.3,

we will present the channel characterization of a 2×Nr MIMO FSO link employing

the Alamouti STBC as a transmitter diversity scheme and the SEC as a receiver

diversity scheme in the FSO communication system. Analytical derivation based on

the severity of turbulence in the propagation path will be made by considering two
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types of statistical distributions. The mathematical framework of measuring metrics

under the GG distribution will be placed in Section 5.3.1 without pointing error and

in Section 5.3.2 with pointing error. Section 5.3.3 and Section 5.3.4, will present

similar analytical derivation for the general Málaga statistical distribution without

and with pointing error. Next, the analytical and simulation results characterizing

the MIMO FSO link will appear in Section 5.4. The chapter ends with the summary

in Section 5.5.

5.3 Performance analysis with Alamouti STBC

and SEC

Fig. 5.1 schematically shows a 2×Nr MIMO FSO communication system using the

Alamouti STBC and SEC.
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Figure 5.1: A 2×Nr MIMO FSO system with Alamouti STBC and SEC.

Let {s1, s2} be two successive baseband message symbols to be transmitted. Ac-

cording to the Alamouti STBC scheme,During the first time slot, TX1 transmits

signal s1 and TX2 transmits s2, and during the second time slot, TX1 transmits

−s∗2, whereas TX2 transmits s∗1 , where (·)∗ indicates complex conjugate.
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At the receiver end, the signals appearing at RXj over these two-time intervals can

be expressed as follows: [113]

r1j = h1js1 + h2js2 +N1j (5.1a)

r2j = −h1js
∗
2 + h2js

∗
1 +N2j (5.1b)

where, hij; i ∈ {1, 2}, j ∈ {1, 2, · · · , Nr}, is the channel gain between TXi and RXj.

Each copy of the signal is affected by zero-mean Gaussian noise, Nij, with variance

N0, the noise being assumed to be statistically independent. The received signals are

processed by a bank of Nr space-time (ST) combiners attached to each RX antenna

branch. Basically, the ST combiners act as Alamouti decoders. The ST combiner

attached to RXj produces an output pair

y1j = ĥ∗
1jr1j + ĥ2jr

∗
2j (5.2a)

y2j = −ĥ2jr
∗
2j + ĥ∗

2jr1j (5.2b)

where, ĥij is an estimate values of hij. Next, the output of the ST combiner is fed

to the SEC. The channel estimators help ST combiners in decoding, and the SE

combiner chooses one of the decoded outputs. In SEC a random branch (say, j)

is chosen for retrieving the message, and the branch is retained unless the average

branch SNR falls below a threshold value γth, required to maintain link reliability.

If γj < γth, the combiner switches to the next available branch for examining its

quality. This process continues until a path is found within a tolerable condition or

all available diversity paths are examined.
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5.3.1 Gamma-Gamma turbulence in absence of pointing er-

ror

To derive the expression of BER of the system in the absence of pointing error, may

use the following equation

BER =
1

π

∫ π
2

0

MγAla/SEC

(
− 1

2 sin2 θ

)
dθ (5.3)

where, MγAla/SEC (·) is expressed using (3.7) and (3.4) as

MγAla/SEC
(s) = [Fγ(γth)]

Nr−1MγAla(s) +
Nr−2∑
j=0

[Fγ(γth)]
jΨ̃(s) (5.4)

where, MγAla(s) is the resultant MGF of the diversity branches, and Ψ̃(s) = Ψ(s)×

Ψ(s), with, Ψ(s) =
∫∞
γth

exp (sγ)Fγ (γ) dγ, Fγ (γ) being the PDF of the individual

diversity branch. For GG fading without pointing error environment the MγAla(s)

has been already defined in (3.1), and the analytical closed-from of the other factor

(Ψ(s)) has been derived in (4.10).

5.3.2 Gamma-Gamma turbulence in presence of pointing

error

In presence of pointing error Mp
γAla/SEC (s) can be expressed, based on (5.4), as

Mp
γAla/SEC

(s) = [Fγ(γth)]
Nr−1Mp

γAla(s) +
Nr−2∑
j=0

[Fγ(γth)]
jΨ̃p(s) (5.5)

The resultant MGF Mp
γAla(s) has been derived in (3.8), and Ψ̃p(s) = Ψp(s)×Ψp(s),

the closed-form expression of the other factor Ψp(s) has been derived in (4.22).
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5.3.3 Málaga turbulence in absence of pointing error

In the absence of pointing error, we derive the BER of the system using the following

equation as

MγAla/SEC
(s) = [Fγ(γth)]

Nr−1MγAla(s) +
Nr−2∑
j=0

[Fγ(γth)]
jΨ̃M(s) (5.6)

where, MγAla(s) is the resultant MGF of the diversity branches, Ψ̃M(s) = ΨM(s)×

ΨM(s), and, ΨM(s) =
∫∞
γth

exp (sγ)Fγ (γ) dγ, and, Fγ (γ) being the PDF of the indi-

vidual diversity branch. Under Málaga fading without pointing error, the MγAla(s)

is already defined in (3.10). Next, to calculate the analytical closed-form of the other

factor (ΨM(s)), with the help of (2.26) and the mathematical definition of ΨM(s),

we may get

ΨM(s) =
A
4

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ ∞

γth

exp (sγ) (γ)(
αt+kt

4 )−1G 2 0
0 2

[
B2αtβt

4

√
γ

γ̄

∣∣∣ −

αt−kt
2

,
kt−αt

2

]
dγ

(5.7)

. With the help of [95, Eq.(1.211.1)], the above equation can be written as

ΨM(s) =
A
4

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∞∑
k=0

sk

k!

∫ ∞

γth

(γ)k+(
αt+kt

4 )−1G 2 0
0 2

[
B2αtβt

4

√
γ

γ̄

∣∣∣ −

αt−kt
2

,
kt−αt

2

]
dγ

(5.8)

and further, utilizing [115, eq. (07.34.21.0085.01)], (4.9) can be written as follows

ΨM(s) =
A
4

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∞∑
k=0

sk

k!

1

(γth)
1−k−(αt+kt

4 )
G 5 0

1 5

[
(B2αtβt)

2γth
64γ̄

∣∣∣ 1−k−(αt+kt
4 )

1−k−(αt+kt
4 ),p

]
(5.9)

where, p ∈
{

(αt−kt)
4

, (αt−kt+2)
4

, (kt−αt)
4

, (kt−αt+2)
4

}
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5.3.4 Málaga turbulence in presence of pointing error

In presence of pointing error, MγAla/SEC
(s) can be represented as

MγAla/SEC
(s) = [Fγ(γth)]

Nr−1Mp
γAla(s) +

Nr−2∑
j=0

[Fγ(γth)]
jΨ̃p

M(s) (5.10)

where, Mp
γAla(s) is defined in (3.12), and Ψ̃p

M(s) = Ψp
M(s) × Ψp

M(s). Next, Ψp
M(s)

can be further derived using (2.44) and (5.8) and finally expressed as

Ψp(s) =
ξ2A
4

βt∑
kt=1

bk

∞∑
k=0

sk

k!
(γth)

k G 7 0
3 7

[
(B)2γth
16γ̄

∣∣∣ ξ2+1
2

, ξ
2+2
2

,1−k

−k, ξ
2

2
, ξ

2+1
2

,
αt
2
,
αt+1

2
,
kt
2
,
kt+1

2

]
(5.11)

5.4 Numerical results and discussion for MIMO

FSO link

In this section, we have explained the numerical results of the MIMO FSO link for

the ABER under different AT conditions. Table 5.1 summarized the equation used

for Fig. 5.2 to Fig. 5.5.

The ABER of 2× 4 MIMO FSO communication system under GG statistical distri-

bution without pointing error is shown in Fig. 5.2 (a). Here, the system uses fixed

switching threshold of 10 dB against each average SNR. In this figure, three sets

of atmospheric turbulence parameters are considered in order to characterize the

severity of the turbulence. Accordingly, the chosen value of the AT parameters are

αt = 4.20 and βt = 2.72 to model weak turbulence, αt = 3.99 and βt = 1.65 for

moderate and αt = 2.20 and βt = 0.65 for strong turbulence. This figure shows that

the decay lines bend after a certain dB of average SNR. This unusual pattern can

be eliminated by using an optimal switching threshold.
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Table 5.1: Summary of the equations used for figures, Fig. 5.2 to Fig. 5.5.

Figure Scenario Equation

Fig. 5.2a GG Eq. 5.3 with Eq. 5.4 and Eq. 4.10

Fig. 5.2b GG Eq. 5.3 with Eq. 5.4 and Eq. 4.10

Fig. 5.2c GG Eq. 5.3 with Eq. 5.4 and Eq. 4.10

Fig. 5.2d GG Eq. 5.3 with Eq. 5.4 and Eq. 4.10

Fig. 5.3a GG + pointing Eq. 5.3 with Eq. 5.5 and Eq. 4.22

Fig. 5.3b GG + pointing Eq. 5.3 with Eq. 5.5 and Eq. 4.22

Fig. 5.3c GG + pointing Eq. 5.3 with Eq. 5.5 and Eq. 4.22

Fig. 5.3d GG + pointing Eq. 5.3 with Eq. 5.5 and Eq. 4.22

Fig. 5.4a Málaga Eq. 5.3 with Eq. 5.6 and Eq. 5.9

Fig. 5.4b Málaga Eq. 5.3 with Eq. 5.6 and Eq. 5.9

Fig. 5.4c Málaga Eq. 5.3 with Eq. 5.6 and Eq. 5.9

Fig. 5.4d Málaga Eq. 5.3 with Eq. 5.6 and Eq. 5.9

Fig. 5.5a Málaga + pointing Eq. 5.3 with Eq. 5.10 and Eq. 5.11

Fig. 5.5b Málaga + pointing Eq. 5.3 with Eq. 5.10 and Eq. 5.11

Fig. 5.5c Málaga + pointing Eq. 5.3 with Eq. 5.10 and Eq. 5.11

Fig. 5.5d Málaga + pointing Eq. 5.3 with Eq. 5.10 and Eq. 5.11

Fig. 5.2 (b) shows the ABER of the MIMO FSO link when the system works with

optimal switching threshold [Table 5.2] instead of a fixed switching threshold. This

figure shows a significant change, where no unusual pattern is present for the higher

SNR region. Also, Fig. 5.2 (a) and Fig. 5.2 (b) show that the ABER has been getting

better for weak turbulence than strong and moderate turbulence.

Next, Fig. 5.2 (c) and Fig. 5.2 (d) depicts the ABER of 2×Nr MIMO FSO system

under fixed switching threshold and optimal switching threshold respectively.
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Table 5.2: Optimum switching threshold of 2 × Nr SIMO FSO system in the
absence of pointing error with Nr = 2, 3, 4, 5 and 6 for different average SNR with

turbulence parameter αt = 2.20 and βt = 0.65 .

Avg. SNR
Optimum switching threshold (γ0)

(dB) Nr = 2 Nr = 3 Nr = 4 Nr = 5 Nr = 6

0 0.39 0.61 0.82 1.01 1.21

3 0.55 0.85 1.14 1.42 1.68

6 0.74 1.14 1.53 1.91 2.27

9 0.96 1.49 2.00 2.49 2.97

12 1.21 1.88 2.53 3.17 3.79

15 1.48 2.32 3.14 3.94 4.72

18 1.78 2.80 3.81 4.81 5.78

21 2.09 3.32 4.55 5.76 6.94

24 2.42 3.88 5.35 6.80 8.22

27 2.77 4.47 6.20 7.91 9.60

30 3.12 5.10 4.10 9.10 11.07

33 3.49 5.74 8.05 10.15 12.64

36 3.86 6.42 8.91 11.40 14.26

39 4.23 7.11 10.15 12.64 15.96

42 4.62 7.67 11.40 14.43 17.71

45 5.01 8.55 12.64 15.87 20.09

48 5.40 9.29 13.32 17.35 21.36

51 5.81 10.15 14.44 20.09 23.24

54 6.12 10.81 15.12 20.09 30.02

57 6.59 11.40 16.75 21.94 30.02

60 6.99 12.64 17.93 23.51 30.02
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Table 5.3: Optimum switching threshold of 2 × 4 MIMO FSO system in the
absence of pointing error with different average SNR for different turbulence pa-

rameter (αt, βt).

Avg. SNR
Optimum switching threshold (γ0)

(dB) αt = 4.20 , βt = 2.72 αt = 3.99 , βt = 1.65 αt = 2.20 , βt = 0.65

0 1.16 1.09 0.82

3 1.82 1.66 1.14

6 2.73 2.40 1.53

9 3.91 3.33 2.00

12 5.39 4.46 2.53

15 7.19 5.81 3.14

18 9.33 7.36 3.81

21 11.81 9.12 4.55

24 15.12 11.07 5.35

27 17.74 12.64 6.20

30 20.09 15.12 7.10

33 24.84 17.96 8.05

36 30.02 20.09 8.91

39 32.88 23.22 10.15

42 39.95 30.02 11.40

45 39.95 30.02 12.64

48 46.27 30.02 13.32

51 51.00 39.95 14.44

54 55.83 39.95 15.12

57 60.74 39.95 16.75

60 65.71 43.85 17.93
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Figure 5.2 (a) Average bit error rate of 2 × 4 MIMO FSO system under
Gamma-Gamma distribution in the absence of pointing error for different at-

mospheric turbulence with fixed switching threshold of 10 dB
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Figure 5.2 (b) Average bit error rate of 2 × 4 MIMO FSO system under
Gamma-Gamma distribution in the absence of pointing error for different at-

mospheric turbulence with optimal switching threshold.
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Figure 5.2 (c) Average bit error rate of 2 × Nr MIMO FSO system under
Gamma-Gamma distribution in the absence of pointing error for αt = 2.20 and

βt = 0.65 with fixed switching threshold of 10 dB.
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Figure 5.2 (d) Average bit error rate of 2 × Nr MIMO FSO system under
Gamma-Gamma distribution in the absence of pointing error for αt = 2.20 and

βt = 0.65 with optimal switching threshold.

Figure 5.2: Average bit error rate of the MIMO FSO link employing Alamouti
STBC at the transmitter end and switch and examine combining scheme at the
receiver end, with Gamma-Gamma distribution using different atmospheric tur-

bulence conditions in the absence of pointing error.
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In Fig. 5.2 (c), decay lines for Nr = 4, 5 and 6 merge for an average SNR large than

50 dB, implying no further improvement with the increase of branch diversity. Such

phenomenon can be eliminated using the optimal switching threshold provided in

Table 5.6 rather than a fixed switching threshold. Fig. 5.2 (d) also indicates drastic

improvement in ABER with a higher order of receiver diversity, especially in the

range of higher average SNR.

To examine the impact of misalignment fading into the propagation channel, the

above investigations are repeated in the presence of pointing error (ξ = 0.5607), and

the results are presented in Fig. 5.3 (c) and Fig. 5.3 (d). Figures support more-or-

less similar findings as above, where the optimal switching threshold against each

average SNR point is provided in Table 5.6. Comparison of Fig. 5.2 (d) and Fig. 5.3

(d) reveals that the misalignment fading into the system makes an arduous prop-

agation link yielding low-quality outcomes. Furthermore, a comparison of ABER

for propagation link of different configurations, under fixed and optimum switching

threshold conditions, leads to the conclusion that the quality indices of a MIMO

FSO system are much better than those for SIMO FSO, MISO FSO and SISO FSO

communication systems. Tabulated comparisons of the ABER under the STBC-

SEC-added MIMO FSO link and the STBC-added SIMO FSO link are presented in

Table 5.10 and Table 5.11 with strong AT modeled under Málaga statistical distri-

bution without and with pointing error. The result sheet of this table also indicates

that a MIMO FSO link performs better than all of the other configurations of FSO

link under any weather condition in the absence and presence of pointing error.
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Table 5.4: Optimum switching threshold of 2 × Nr MIMO FSO system in the
presence of pointing error (ξ = 0.5607) with Nr = 2, 3, 4, 5 and 6 for different

average SNR with turbulence parameter αt = 2.20 and βt = 0.65.

Avg. SNR
Optimum switching threshold (γ0)

(dB) Nr = 2 Nr = 3 Nr = 4 Nr = 5 Nr = 6

0 21.83 21.83 21.83 21.83 21.83

5 22.33 22.33 22.33 22.33 22.33

10 22.88 22.88 22.88 22.88 22.88

15 23.46 23.46 23.46 23.46 23.46

20 24.07 24.07 24.07 24.07 24.07

25 24.69 24.69 24.69 24.69 24.69

30 25.33 25.33 25.33 25.33 25.33

35 25.97 25.97 25.97 25.97 25.97

40 26.61 26.61 26.61 26.61 26.61

45 27.25 27.25 27.25 27.25 27.25

50 27.87 27.87 27.87 27.87 27.87

55 28.48 28.48 28.48 28.48 28.48

60 29.07 29.07 29.07 29.07 29.07

65 29.65 29.65 29.65 29.65 29.65

70 30.19 30.19 30.19 30.19 30.19

75 30.71 30.71 30.71 30.71 30.71

80 31.20 31.20 31.20 31.20 31.20

85 31.65 31.65 31.65 31.65 31.65

90 32.06 32.06 32.06 32.06 32.06

95 32.45 32.45 32.45 32.45 32.45

100 32.79 32.79 32.79 32.79 32.79
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Table 5.5: Optimum switching threshold of 2 × 4 MIMO FSO system in the
presence of pointing error (ξ = 0.5607) with different average SNR for different

turbulence parameter.

Avg. SNR
Optimum switching threshold (γ0)

(dB) αt = 4.20 , βt = 2.72 αt = 3.99 , βt = 1.65 αt = 2.20 , βt = 0.65

0 22.18 22.03 21.83

5 22.96 22.74 22.33

10 23.68 23.46 22.88

15 24.36 24.15 23.46

20 25.01 24.82 24.07

25 25.64 25.46 24.69

30 26.23 26.08 25.33

35 26.80 26.66 25.97

40 27.34 27.22 26.61

45 27.84 27.75 27.25

50 28.31 28.24 27.87

55 28.74 28.70 28.48

60 29.13 29.12 29.07

65 29.48 29.50 29.65

70 29.80 29.85 30.19

75 30.08 30.15 30.71

80 30.33 30.43 31.20

85 30.55 30.67 31.65

90 30.74 30.87 32.06

95 30.90 31.06 32.45

100 31.04 31.21 32.79
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Figure 5.3 (a) Average bit error rate of 2 × 4 MIMO FSO system under
Gamma-Gamma distribution in the presence of pointing error (ξ = 0.5607)
for different atmospheric turbulence with fixed switching threshold of 10 dB.
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Figure 5.3 (b) Average bit error rate of 2 × 4 MIMO FSO system under
Gamma-Gamma distribution in the presence of pointing error (ξ = 0.5607)

for different atmospheric turbulence with optimal switching threshold.
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Figure 5.3 (c) Average bit error rate of 2 × Nr MIMO FSO system under
Gamma-Gamma distribution in the presence of pointing error (ξ = 0.5607) for

αt = 2.20 and βt = 0.65 with fixed switching threshold of 10 dB.
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Figure 5.3 (d) Average bit error rate of 2 × Nr MIMO FSO system under
Gamma-Gamma distribution in the presence of pointing error (ξ = 0.5607) for

αt = 2.20 and βt = 0.65 with optimal switching threshold.

Figure 5.3: Average bit error rate of the MIMO FSO link employing Alamouti
STBC at the transmitter end and switch and examine combining scheme at the
receiver end with Gamma-Gamma distribution using different atmospheric turbu-

lence condition in the presence of pointing error.
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Table 5.6: Optimum switching threshold of 2 × Nr MIMO FSO system in the
absence of pointing error with Nr = 2, 3, 4, 5 and 6 for different average SNR with

turbulence parameter αt = 2.29 and βt = 1 .

Avg. SNR
Optimum switching threshold (γ0)

(dB) Nr = 2 Nr = 3 Nr = 4 Nr = 5 Nr = 6

0 30.84 30.84 30.84 30.84 30.84

3 25.33 25.33 25.33 25.33 25.33

6 27.14 27.14 27.14 27.14 27.14

9 28.78 28.78 28.78 28.78 28.78

12 29.29 29.29 29.29 29.29 29.29

15 29.04 29.04 29.04 29.04 29.04

18 35.31 35.31 35.31 35.31 35.31

21 36.08 36.08 36.08 36.08 36.08

24 30.99 30.99 30.99 30.99 30.99

27 33.81 33.81 33.81 33.81 33.81

30 29.60 29.60 29.60 29.60 29.60

33 31.88 31.88 31.88 31.88 31.88

36 30.26 30.26 30.26 30.26 30.26

39 36.03 36.03 36.03 36.03 36.03

42 31.52 31.52 31.52 31.52 31.52

45 31.08 31.08 31.08 31.08 31.08

48 33.82 33.82 33.82 33.82 33.82

51 36.88 36.88 36.88 36.88 36.88

54 31.06 31.06 31.06 31.06 31.06

57 31.36 31.36 31.36 31.36 31.36

60 37.00 37.00 37.00 37.00 37.00
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Table 5.7: Optimum switching threshold of 2 × 4 MIMO FSO system in the
absence of pointing error with different average SNR for different turbulence pa-

rameters.

Avg. SNR
Optimum switching threshold (γ0)

(dB) αt = 5.41 , βt = 3 αt = 2.29 , βt = 2 αt = 2.29 , βt = 1

0 2.75 19.75 30.84

3 6.56 17.56 25.33

6 2.95 20.41 27.14

9 2.58 18.00 28.78

12 1.82 21.75 29.29

15 4.03 15.95 29.04

18 8.92 16.60 35.31

21 13.28 13.43 36.08

24 16.62 14.01 30.99

27 19.41 19.58 33.81

30 24.84 19.22 29.60

33 27.95 12.67 31.88

36 29.55 19.43 30.26

39 34.11 21.80 36.03

42 34.97 19.35 31.52

45 37.82 34.68 31.08

48 38.83 20.52 33.82

51 38.32 40.94 36.88

54 40.49 40.16 31.06

57 37.95 31.91 31.06

60 41.87 45.87 37.00
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Figure 5.4 (a) Average bit error rate of 2×4 MIMO FSO system under Málaga
distribution in the absence of pointing error for different atmospheric turbulence

with fixed switching threshold of 10 dB.
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Figure 5.4 (b) Average bit error rate of 2×4 MIMO FSO system under Málaga
distribution in the absence of pointing error for different atmospheric turbulence

with optimal switching threshold.
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Figure 5.4 (c) Average bit error rate of 2 × Nr MIMO FSO system under
Málaga distribution in the absence of pointing error for αt = 2.29 and βt = 1

with fixed switching threshold of 10 dB.
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Figure 5.4 (d) Average bit error rate of 2 × Nr MIMO FSO system under
Málaga distribution in the absence of pointing error for αt = 2.29 and βt = 1

with optimal switching threshold.

Figure 5.4: Average bit error rate of the MIMO FSO link employing Alamouti
STBC at the transmitter end and switch and examine combining scheme at the
receiver end with Málaga distribution using different atmospheric turbulence

condition in the absence of pointing error.
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Table 5.8: Optimum switching threshold of 2 × Nr MIMO FSO system in the
presence of pointing error (ξ = 0.5607) with Nr = 2, 3, 4, 5 and 6 for different

average SNR with turbulence parameter αt = 2.29 and βt = 1 .

Avg. SNR
Optimum switching threshold (γ0)

(dB) Nr = 2 Nr = 3 Nr = 4 Nr = 5 Nr = 6

0 18.14 18.14 18.14 18.14 18.14

5 18.87 18.87 18.87 18.87 18.87

10 19.84 19.84 19.84 19.84 19.84

15 21.00 21.00 21.00 21.00 21.00

20 22.26 22.26 22.26 22.26 22.26

25 23.60 23.60 23.60 23.60 23.60

30 24.97 24.97 24.97 24.97 24.97

35 26.35 26.35 26.35 26.35 26.35

40 27.73 27.73 27.73 27.73 27.73

45 29.09 29.09 29.09 29.09 29.09

50 30.43 30.43 30.43 30.43 30.43

55 31.73 31.73 31.73 31.73 31.73

60 33.00 33.00 33.00 33.00 33.00

65 34.21 34.21 34.21 34.21 34.21

70 35.37 35.37 35.37 35.37 35.37

75 36.47 36.47 36.47 36.47 36.47

80 37.50 37.50 37.50 37.50 37.50

85 38.45 38.45 38.45 38.45 38.45

90 39.33 39.33 39.33 39.33 39.33

95 40.12 40.12 40.12 40.12 40.12

100 40.84 40.84 40.84 40.84 40.84
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Table 5.9: Optimum switching threshold of 2 × 4 MIMO FSO system in the
presence of pointing error (ξ = 0.5607) with different average SNR for different

turbulence parameter.

Avg. SNR
Optimum switching threshold (γ0)

(dB) αt = 5.41 , βt = 3 αt = 2.29 , βt = 2 αt = 2.29 , βt = 1

0 18.46 17.89 18.14

5 20.03 18.83 18.87

10 21.83 20.08 19.84

15 23.52 21.46 21.00

20 25.09 22.88 22.26

25 26.61 24.26 23.60

30 28.12 25.60 24.97

35 29.61 26.88 26.35

40 31.08 28.11 27.73

45 32.53 29.28 29.09

50 33.96 30.39 30.43

55 35.36 31.43 31.73

60 36.73 32.39 33.00

65 38.07 33.28 34.21

70 39.36 34.09 35.37

75 40.61 34.81 36.47

80 41.80 35.46 37.50

85 42.93 36.03 38.45

90 44.00 36.53 39.33

95 44.99 36.96 40.12

100 45.91 37.34 40.84
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Figure 5.5 (a) Average bit error rate of 2×4 MIMO FSO system under Málaga
distribution in the presence of pointing error (ξ = 0.5607) for different atmo-

spheric turbulence with fixed switching threshold of 10 dB.
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Figure 5.5 (b) Average bit error rate of 2×4 MIMO FSO system under Málaga
distribution in the presence of pointing error (ξ = 0.5607) for different atmo-

spheric turbulence with optimal switching threshold.
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Figure 5.5 (c) Average bit error rate of 2 × Nr MIMO FSO system under
Málaga distribution in the presence of pointing error (ξ = 0.5607) for αt = 2.29

and βt = 1 with fixed switching threshold of 10 dB.
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Figure 5.5 (d) Average bit error rate of 2 × Nr MIMO FSO system under
Málaga distribution in the presence of pointing error (ξ = 0.5607) for αt = 2.29

and βt = 1 with optimal switching threshold.

Figure 5.5: Average bit error rate of the MIMO FSO link employing Alamouti
STBC at the transmitter end and switch and examine combining scheme at the
receiver end with Málaga distribution using different atmospheric turbulence

condition in the presence of pointing error.
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Table 5.10: Comparison of ABER for different FSO communication system
under Málaga statistical distribution without pointing error for αt = 2.29 and

βt = 1.

System topology Avg.SNR No th Fixed th Optimal th

SISO FSO 45 dB 2.2× 10−3 -

MISO FSO 45 dB 1.2× 10−5 -

SIMO FSO 45 dB - 4.2× 10−6 5.6× 10−8

MIMO FSO 45 dB - 1.1× 10−10 9.0× 10−15

Table 5.11: Comparison of ABER for different FSO communication system un-
der Málaga statistical distribution with pointing error (ξ = 0.5607) for turbulence

parameters αt = 2.29 and βt = 1.

System topology Avg.SNR No th Fixed th Optimal th

SISO FSO 45 dB 1.1× 10−1 - -

MISO FSO 45 dB 2.7× 10−2 - -

SIMO FSO 45 dB - 6.2× 10−2 9.0× 10−3

MIMO FSO 45 dB - 8.1× 10−5 2.0× 10−5

5.5 Chapter summary

A MIMO FSO architectural setup has been developed in this chapter by introducing

the transmitter and receiver diversity at the transceiver terminals of the FSO com-

munication system. We have employed the Alamouti STBC scheme for transmitter

diversity and the SEC technique for receiver diversity in the system. The perfor-

mance analysis, in terms of the ABER, has been carried out for the above MIMO

FSO link under various weather conditions, in the presence of misalignment fading

into the channel, and also using fixed and optimal switching threshold of the system.

The system performance is found to improve for an optimal switching threshold and

degrade in the presence of pointing errors under any AT regime. A comparison of

ABER under different network configurations of the FSO communication system

proves that an STBC-SEC-added MIMO FSO link performs best.
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6.1 Introduction

In this chapter, a non-traditional transmit diversity scheme called SSK [116, 117]

will be adopted to develop a MISO FSO link. It is a special case of SM, where each

antenna index is used to exchange information. The SM technique helps to reduce

inter-channel interference and inter-antenna synchronization related problems. SSK

offers some benefits over SM, like more straightforward detection protocol usable for

both coherence and non-coherence detectors, simple transceiver hardware architec-

ture, and easy implementation [102]. Thus, SSK modulation technique results in a

low-complexity link configuration. For receive diversity, selection combining (SC)

scheme will be used here to develop the MIMO FSO link. More complex receiver

diversity schemes like MRC and EGC need all channel state information from all the

receiver branches. An SC system deals with only the highest SNR branch among

all available branches at the receiver end of the system, and therefore, the coherent

addition of the individual branches is not essential. Thus, the scheme can be ide-

ally used for both coherent and non-coherent modulation techniques, as it does not

require any previous knowledge of the signal phases of the individual branches.

6.2 Organization

The rest of the chapter is organized as follows. The analytical derivation of the

SSK-FSO link will be presented in Section 6.3. The mathematical derivation of

ABER upper bound for SSK-FSO system under the GG turbulence will be provided

in Section 6.3.1 in the absence of pointing error and in Section 6.3.2 in the presence

of pointing error. Similar derivations appear in Section 6.3.3 and Section 6.3.4 for

Málaga distribution. After the SSK-FSO, an architectural setup for the MIMO FSO

link with SSK modulation and SC diversity technique will be developed. The chan-

nel characterization of SSK-SC-FSO or MIMO FSO will be placed in Section 6.4.
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The analytical derivation of performance metric under GG and the Málaga distri-

bution without pointing error will be provided in Section 6.4.1 and Section 6.4.3

respectively. Section 6.4.2 and Section 6.4.4 will provide an analytical derivation of

the same measuring metric, taking pointing errors into consideration. The numerical

results will be discussed in Section 6.5. Finally, Section 6.6 will bear a short chapter

summary.

6.3 Performance analysis with SSK

In this section, a Nt × 1 MISO FSO link is developed as on Fig. 2.4 by employing

the SSK modulation technique as a transmitting diversity scheme. At first, we

express the PDF in terms of the end-to-end SNR of the system under atmospheric

turbulence and misalignment fading. We also investigate the system’s upper tight

bound ABER.

6.3.1 Gamma-Gamma turbulence in absence of pointing er-

ror

We derive the PDF of a Nt × 1 MISO FSO system for GG atmospheric turbulence,

neglecting the pointing error effect on it.

The PDF of the MISO FSO system with the GG fading channel under the SSK

scheme can be written as [details in Appendix C]

fγ(γ) =
αtβt

(Γ(αt)Γ(βt))2
√
γ̄

 ∞∑
p=0

(
−αtβt√

γ̄

)p
p!

(
√
γ)(p−1)G 2 3

3 3

[
1
∣∣∣1−αt+βt

2
,
4+2p−3αt−βt

2
,
4+2p−3βt−αt

2

αt−βt
2

,
βt−αt

2
,
2+2p−αt−βt

2

]
(6.1)
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The average BER of the MISO FSO system for the GG fading channel in the absence

of pointing error can be expressed as [48]

ABERU
SSK ≤ 1

Nt log(Nt)

Nt∑
i=1

Nt∑
j=1

dH (bi, bj)P
(
xj → xĵ

)
(6.2)

where P
(
xj → xĵ

)
is pairwise error probability of the system. In general, it can be

defined in terms of Q(·) function as [48]

P
(
xj → xĵ

)
= Q

(√
γ̄γ log2(Nt)

2

)
(6.3)

and the two-fold summation in (6.2) can be simplified as 1
Nt log(Nt)

∑Nt

i=1

∑Nt

j=1 dH (bi, bj) =

Nt

2
, using (6.2) and (6.3), the derived mathematical expression for the ABER of the

proposed system can be expressed as follows:

ABERU
SSK ≤ Nt

2

∫ ∞

0

Q

(√
γ̄γ log2(Nt)

2

)
fγ(γ)dγ (6.4)

where fγ (γ) is the PDF of the given system. To find the closed-from expression

of the resultant metric of the system in terms of ABER, we utilize a well known

relationship between Q(.) and error function as Q(y) = 1
2
erfc

(
y√
2

)
. Using the

above relation, and (6.1), we may re-write (6.4) as

ABERU
SSK ≤ NtΞ

4

∫ ∞

0

erfc

(√
γ̄γ log2(Nt)

2

)
(
√
γ)p−1dγ (6.5)

where, Ξ = αtβt

(Γ(αt)Γ(βt))2
√
γ̄

∑∞
p=0

(
−αtβt√

γ̄

)p

p!
G 2 3

3 3
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1
∣∣∣1−αt+βt

2
,
4+2p−3αt−βt

2
,
4+2p−3βt−αt

2

αt−βt
2

,
βt−αt

2
,
2+2p−αt−βt

2

]
, Nt is

the number of transmitter link. Next, using [118, eq.(18)], the closed-form expression

of ABER is given as

ABERU
SSK ≤

NtΞ
(
Γ
(
p
2
+ 1
))

4 (p+ 1)

(√
γ̄ log2 Nt

2

)p+1 √
π

(6.6)
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6.3.2 Gamma-Gamma turbulence in presence of pointing

error

In this subsection, we provide the performance metrics of the MISO FSO system

under the combined effect of GG fading and pointing errors on the system. For this,

we start with the corresponding PDF of the system.

The PDF under the combined effect of the misalignment fading and GG fading

channel of the system can be written as [details in Appendix D]

fγ(γ) =
K2

ω
√
γ̄

 ∞∑
p=0

(
−ω√
γ̄

)p
p!

(
√
γ)(p−1)G 3 4

5 5

[
1
∣∣∣0,1+p−ξ2,1+p−αt,1+p−βt,ξ2

ξ2−1,αt−1,βt−1,p−ξ2,p

] (6.7)

Following same steps in the previous subsection and using (6.7), the average BER

for GG fading in the absence of pointing error, be expressed as

ABERU
SSK ≤

Π
(
Γ
(
p
2
+ 1
))

(p+ 1)

(√
γ̄ log2 N t

2

)p+1 √
π

(6.8)

where, Π = K2

ω
√
γ̄

[∑∞
p=0

(
−ω√

γ̄

)p

p!
G 3 4

5 5

[
1
∣∣∣0,1+p−ξ2,1+p−αt,1+p−βt,ξ2

ξ2−1,αt−1,βt−1,p−ξ2,p

]]

6.3.3 Málaga turbulence in absence of pointing error

In this subsection, The PDF and CDF of the MISO FSO system under Málaga

turbulence channel are expressed in terms of instantaneous SNR (γ) and end-to-end

average SNR (γ̄). The performance of the system is examined in terms of the tight

upper bound of the ABER.

Using the steps in the appendix (C) for finding the PDF under the GG fading

channel in the absence of misalignment fading and (2.24), the PDF of the system in
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terms of end-to-end SNR can be represented as

fγ(γ) =
A2

4
√
γ̄

βt∑
kt=1

ak

βt∑
kt=1

ak (ωαtβt)
3−αt−kt

∞∑
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] (6.9)

where, ω = B2

4
, and B = 2√

gtβt+Ω̄t

. The parameters A and ak have been defined in

(2.24). Following the same procedure as in Section 3.3.1.2, the average BER of this

MISO FSO network under the Málaga fading without considering pointing error,

and using (6.9) can be written as

ABERU
SSK ≤ NtA2

8
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] (6.10)

6.3.4 Málaga turbulence in presence of pointing error

In this subsection, we investigate the different performance metrics of a (Nt × 1)

MISO FSO system under the Málaga fading channel with pointing error effect on

the system.

To express the closed-form equation for the PDF, we have followed the same pro-

cedure as given in the appendix (D). Using (2.43) and after some mathematical

manipulation, we get the resultant PDF of the system as

fγ(γ) =
γ4A2ω

4
√
γ̄

βt∑
kt=1

bkt

βt∑
kt=1

bkt

∞∑
p=0

(−ω/
√
γ̄)p

p!
(
√
γ)p−1

×G 3 4
5 5

[
1
∣∣∣1,2+p−ξ2,2+p−αt,2+p−kt,ξ2+1

ξ2,αt,kt,1+p−ξ2,1+p

] (6.11)
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where, ω = αtβt

A0Il(gtβt+Ω̄t)
, and A0 and Il are constant parameters related to misalign-

ment fading and path loss component respectively.

We used the same steps for generating a closed-form mathematical equation for the

tight upper bound of the average BER of an SSK-added MISO FSO communication

system in the absence of pointing error. This is followed by (6.11) to get the average

BER of the system in presence of pointing error, as

ABERU
SSK ≤ γ4A2ω

4
√
γ̄

βt∑
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bkt

βt∑
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bkt

∞∑
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√
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×
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π

G 3 4
5 5
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1
∣∣∣1,2+p−ξ2,2+p−αt,2+p−kt,ξ2+1

ξ2,αt,kt,1+p−ξ2,1+p

] (6.12)

6.4 Performance analysis with SSK and SC

In this section, we will develop the MIMO FSO link using the SSK transmit diversity

technique at the transmitting terminal and the SC receiver diversity techniques. Fig.

6.1 represents a 2×Nr schematic of the proposed switched MIMO FSO system. The

transmitter antenna selection is accomplished by SSK transmit diversity technique,

and the SC strategy controls the receiver diversity of the MIMO FSO link.

6.4.1 Gamma-Gamma turbulence in absence of pointing er-

ror

Here, we derive the PDF of the proposed MIMO FSO link under GG statistical

distribution without a pointing error. Assuming that all coefficients are i.i.d., the

overall PDF of the system is written, in terms of a RV (x) as [119, 120]

fZ(z) =
Nr!

(Nr − 1)!
fX(x) [1− FX(x)]

Nr−1
(6.13)
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where fX (·) is the PDF of the given system, FX (·) is the symbolic representation

of CDF of the system, and Nr is the receiver diversity order.

The required PDF has already been provided in Eq.(2.13). Now, with the help of the

mathematical definition of the CDF and [96, eq. (26)], the CDF of this particular

system can be expressed as

FIa(Ia)
∣∣∣
wop

=
(αtβt)

αt+βt
2

Γ(αt)Γ(βt)
(Ia)
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1 3
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2
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2

,
βt−αt

2
,−αt+βt

2

]
(6.14)

where, ω = αtβt, Next, using Eq.(2.13) and Eq.(6.14) into Eq.(6.13), the overall

PDF of the proposed MIMO FSO link is expressed in terms of intensity (Ia), as

follows

fIa(Ia)
∣∣∣MIMOFSO

wop
=

Nr!

(Nr − 1)!

2(αtβt)
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2
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2
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1− (αtβt)

αt+βt
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1 3
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,
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2
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2

]]Nr−1 (6.15)

Figure 6.1: SSK-SC 2×Nr MIMO FSO communication system.
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Now, using the relation between 2nd order Bessel K function and Meijer’G function

as on [95, Eq.(9.301)], the above equation becomes

fIa(Ia)
∣∣∣MIMOFSO
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(6.16)

The power series representation of the Meijer’G function [121], gives G 2 1
1 3 [·] as

G 2 1
1 3
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Using Eq.(6.17), the term

[
1− FIa(Ia)

∣∣∣
wop

]Nr−1

may be expressed as

[
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(6.18)

where, K = (αtβt)
αt+βt

2

Γ(αt)Γ(βt)
, S = Γ(βt−αt)Γ(αt)

Γ(βt+1)
, and T = Γ(αt−βt)Γ(βt)

Γ(αt+1)
. Employing the

power series expansion using [122, Eq.(1.111)], Eq.(6.18) takes the form

[
1− FIa(Ia)
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]q
×
[
KT (ωIa)
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2 (Ia)

αt+βt
2

]p−q

(6.19)
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Next, using Eq.(6.19) in Eq.(6.16), the PDF of the system can be re-written as

fIa(Ia)
∣∣∣MIMOFSO

wop
=
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(αtβt)
αt+βt

2
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−1G 2 0
0 2
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2
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2

]
×

Nr−1∑
p=0

(
Nr − 1

p

)
(−1)p

p∑
q=0

(
p

q

)
×
[
KS (ωIa)

αt−βt
2 (Ia)
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2
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×
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2 (Ia)

αt+βt
2

]p−q

(6.20)

Using the integral form of the Q-function [119, 110] the ABER of the proposed

MIMO FSO system can be expressed as

ABER
∣∣∣MIMOFSO

wop
=

1

π

∫ π/2

0

∫ ∞

0

exp

(
− γ̄Ia
4 sin2 θ

)
fIa(Ia)

∣∣∣MIMOFSO

wop
dIadθ (6.21)

Using Eq.(6.20), Eq.(6.21) is further written as

ABER
∣∣∣MIMOFSO
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(6.22)

where, R = αt+βt

2
+ αtq + βtp− βtq and K = Nr!

(Nr−1)!
K
∑Nr−1

p=0

(
Nr−1

p
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(−1)p∑p
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(
p
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2
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2
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With the help of [123, 07.34.21.0002.01] and [94, 2.24.3.1], the closed-form expression

of the ABER for 2×Nr MIMO FSO system under GG fading in absence of pointing

error takes the final form as

ABER
∣∣∣MIMOFSO

wop,GG
=

K

π

(
1

ω

)R

G 2 2
2 3

[
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2
,R+1+
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2

,0

]
(6.23)
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6.4.2 Gamma-Gamma turbulence in presence of pointing

error

Using the mathematical definition of CDF, Eq. (2.36) and [96, eq.(26)], the CDF of

the corresponding statistical distribution under influence of pointing error is derived

as

FIa(Ia)
∣∣∣
wp

=
ξ2αtβt

A0IlΓ(αt)Γ(βt)
IaG

3 1
2 4

[
ωIa

∣∣∣ 0,ξ2

ξ2−1,αt−1,βt−1,−1

]
(6.24)

where, ω = αtβt

A0Il
, Using the same procedure as discussed in the previous subsection

to derive the closed-form of the resultant ABER, the modified ABER under the

presence of the pointing error becomes

ABER
∣∣∣MIMOFSO

wp,GG
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G 3 2
3 4

[
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(6.25)

where, R = 1 + βtq + αtm− p+ ξ2(p− q −m) , K = Nr!
(Nr−1)!

∑Nr−1
p=0

(
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p

)
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(
p
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where, A = ξ2αtβt

A0IlΓ(αt)Γ(βt)
,

S = Γ(αt−ξ2)Γ(βt−ξ2)Γ(ξ2)
Γ(1+ξ2)

,T = Γ(ξ2−αt)Γ(βt−αt)Γ(αt)
Γ(1+ξ2−αt)Γ(1+αt)

and U = Γ(ξ2−βt)Γ(αt−βt)Γ(βt)
Γ(1+ξ2−βt)Γ(1+βt)

6.4.3 Málaga turbulence in absence of pointing error

The corresponding CDF of the generalized Málaga distribution in the absence of a

pointing error, is obtained, using the Eq. (2.24) and [96, eq.(26)] as

FIa(Ia)
∣∣∣
wp

= A
βt∑
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akt(Ia)
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2 G 2 1
1 3
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,
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2
,−αt+kt

2

]
(6.26)
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where, ω = αtkt
gtβt+Ω̄t

. Following the same steps as explained in subsection [3.4.1], we

express the ABER, in absence of the pointing error, as
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∣∣∣MIMOFSO
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(6.27)

where, R = αt+kt
2

+ αtq + ktp− ktq and K = Nr!
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, where, U = Γ(kt−αt)Γ(αt)
Γ(1+kt)

and T = Γ(αt−kt)Γ(kt)
Γ(1+αt)

.

6.4.4 Málaga turbulence in presence of pointing error

The CDF of the generalized Málaga distribution in the presence of pointing error is

derived, using the Eq. (2.43) and [96, eq.(26)], as
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bktG
3 1
2 4
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(6.28)

where, ω = B
A0Ipl

, and B = αtβt

gtβt+Ω̄t
. Next, following the same process in subsec-

tion [3.4.1], the analytical expression of the resultant ABER in the presence of the

pointing error, appear as
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Table 6.1: Summary of the equations used for figures, Fig. 6.2 to Fig. 6.3.

Figure Scenario Equation

Fig. 6.2a GG Eq. 6.6

Fig. 6.2b GG + pointing Eq. 6.8

Fig. 6.2c GG Eq. 6.10

Fig. 6.2d GG + pointing Eq. 6.12

Fig. 6.3a Málaga Eq. 6.23

Fig. 6.3b Málaga + pointing Eq. 6.25

Fig. 6.3c Málaga Eq. 6.27

Fig. 6.3d Málaga + pointing Eq. 6.29

6.5 Numerical results and discussion for SSK based

MIMO FSO link

This section examines the numerical results of SSK-FSO and SSK-SC-FSO links

under different weather conditions. As we agree to find the tight upper bound of

the ABER for all possible cases, our analytical outcomes will be matched with the

higher SNR region instead of the lower SNR; due to system limitations, occasionally

at very high SNR regions, the decay curves with asterisks symbol tend to deviate.

Table 6.1 summarized the equation used for Fig. 6.2 to Fig. 6.3. The graphical plot

in Fig. 6.2 (a) demonstrated a tight upper bound of ABER with GG distribution

of SSK-FSO system without considering pointing error. This figure shows that at

higher average SNRs, the analytical ABER solid lines match with the Monte Carlo

simulation results for 2×1 and 4×1 SSK-FSO systems. This figure also signifies that

under weak (αt = 4.20 and βt = 2.72) atmospheric turbulence, the system yields a

better output than under strong (αt = 2.20 and βt = 0.65) atmospheric turbulence.

Another important observation from the above figure is that the outcomes of the

system become poorer with an increase in the number of transmitter arrays present

in the system. Besides, we have furnished a comparison of the current measuring

metric between the SSK-FSO link and STBC-FSO (MISO FSO in Chapter 3) link.

Under strong atmospheric turbulence, 2 × 1 SSK-FSO system gives 1.29 × 10−2
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ABER (see Fig. 6.2 (a)), while STBC-FSO system produced 1.33×10−3 ABER (see

Fig. 3.2 (a)). Hence, the previous MISO FSO link performance is better in terms of

ABER than the current MISO FSO (SSK-FSO) link. Next, Fig. 6.2 (b) manifests a

tight upper bound ABER of the SSK-FSO system in the presence of a pointing error.

After examining Fig. 6.2 (b) and Fig. 3.2 (b), it is found that with pointing error

(ξ = 0.8565) and under strong turbulence, an STBC-FSO link performs significantly

better than SSK-FSO link.
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Figure 6.2 (a) Average bit error rate of MISO FSO link under Gamma-Gamma
distribution and SSK transmit diversity scheme in the absence of pointing error.
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Figure 6.2 (b) Average bit error rate of MISO FSO link under Gamma-Gamma
distribution and SSK transmit diversity scheme in the presence of pointing error

ξ = 0.8565
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Figure 6.2 (c) Average bit error rate of MISO FSO link under Málaga distri-
bution and SSK transmit diversity scheme in the absence of pointing error.
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Figure 6.2 (d) Average bit error rate MISO FSO link under Málaga distri-
bution and SSK transmit diversity scheme in the presence of pointing error

ξ = 0.8565

Figure 6.2: Average bit error rate of the MISO FSO link employing SSK scheme
at the transmitter end with different atmospheric turbulence conditions in the

absence and presence of pointing error regime.
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The ABER under the Málaga statistical distribution without and with pointing

error is presented in Fig. 6.2 (c) and Fig. 6.2 (d), respectively. Here, the values of

turbulence parameters are taken as αt = 5.41 and βt = 3 to signify weak turbulence,

and αt = 2.29 and βt = 1 for strong turbulence. From Fig. 6.2 (d), it is observed

that under Málaga statistical distribution with pointing error, the system yields an

acceptable outcome, especially at a higher average SNR region. Subsequently, from

Fig. 3.2 (d) and Fig. 6.2 (d), in the presence of pointing error (ξ = 0.5607) and

strong atmospheric turbulence condition, an SSK-FSO link required ≈ 27 dB more

average SNR than an STBC-FSO link to produce an ABER of 10−2.
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Figure 6.3 (a) Average bit error rate of MIMO FSO link under Gamma-
Gamma distribution in the absence of pointing error.



Chapter 6. Performance with SSK and SC 225

0 10 20 30 40 50 60

Average SNR (dB)

10
-3

10
-2

10
-1

10
0

A
v

er
a

g
e 

B
E

R

2×2 FSO-SSK at αt = 2.20, βt = 0.65

2×4 FSO-SSK at αt = 2.20, βt = 0.65

2×2 FSO-SSK at αt = 4.20, βt = 2.72

2×4 FSO-SSK at αt = 4.20, βt = 2.72

Simulation

Figure 6.3 (b) Average bit error rate of MIMO FSO link under Gamma-
Gamma distribution in the presence of pointing error (ξ = 0.8565)
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Figure 6.3 (c) Average bit error rate of MIMO FSO link under Málaga dis-
tribution in the absence of pointing error.
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Figure 6.3 (d) Average bit error rate of MIMO FSO link under Málaga dis-
tribution in presence of pointing error (ξ = 0.8565)

Figure 6.3: Average bit error rate of the SSK-SC-FSO based MIMO FSO link
employing SSK scheme at the transmitter end and selection combining at the
receiver end with different atmospheric turbulence conditions in the absence and

presence of pointing error regime.
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Table 6.2: Comparison of ABER for different FSO communication system un-
der Gamma-Gamma statistical distribution with pointing error (ξ = 0.8565) for

turbulence parameters αt = 2.20 and βt = 0.65.

System topology ToD Avg. SNR No th Fixed th Optimal th

SISO FSO −− 60 dB 1.8× 10−2 - -

MISO FSO STBC 60 dB 3.6× 10−4 - -

MISO FSO SSK 60 dB 9.2× 10−2 - -

SIMO FSO SEC 60 dB - 4.5× 10−6 4.3× 10−6

MIMO FSO STBC-SEC 60 dB - 8.0× 10−11 7.0× 10−11

MIMO FSO SSK-SC 60 dB 1.6× 10−3 - -

ToD: Type of Diversity

Table 6.3: Comparison of ABER for different FSO communication system under
Málaga statistical distribution with pointing error (ξ = 0.8565) for turbulence

parameters αt = 2.29 and βt = 1.

System topology ToD Avg. SNR No th Fixed th Optimal th

SISO FSO −− 60 dB 1.1× 10−2 - -

MISO FSO STBC 60 dB 1.6× 10−4 - -

MISO FSO SSK 60 dB 1.7× 10−1 - -

SIMO FSO SEC 60 dB - 3.2× 10−6 1.6× 10−6

MIMO FSO STBC-SEC 60 dB - 1.6× 10−6 4.6× 10−7

MIMO FSO SSK-SC 60 dB 1.2× 10−3 - -

ToD: Type of Diversity

Finally, we have provided a comparison of ABER for different FSO links under

the presence of pointing error in Table 6.2 and Table 6.3, respectively. For this

comparison, we have considered all estimated FSO links are experiencing both strong

atmospheric turbulence and pointing error. We have also considered a single average

SNR of 60 dB for this comparison. This comparison signifies that an STBC-SEC-

based MIMO FSO link produces the best outcome in presence of pointing error.
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6.6 Chapter summary

In this chapter, an SSK-FSO link has been set up and the analytical expression

of ABER has been derived. Next, an architectural setup of a MIMO FSO link

has been investigated which employs SSK modulation as transmit diversity and

the SC as receive diversity. The analytical framework of an upper tight bound

ABER of the SSK-SC-FSO system has also been derived in this chapter. For the

numerical analysis of two links, we have considered the GG and the general Málaga

statistical distribution. The effect of misalignment fading has also been incorporated

into the analysis. Besides the mathematical framework of the performance metric,

we have presented the numerical results by 2D graphical representation for both

statistical distributions. Next, we have compared our resultant metric with the

numerical results of Chapter 3 and Chapter 5 for the SSK-FSO link and SSK-SC-

FSO link, respectively. From this comparison, it can be stated that an STBC-FSO

type MISO FSO system yields a better output than an SSK-FSO type MISO FSO

communication system under any weather regime. Also, an STBC-SEC-FSO system

is more advantageous than an SSK-SC-FSO system. The prime difference between

the SSK and STBC type transmitting systems is that in the case of an SSK type

system, only one transmitter is in ON condition during the transfer of message signal

from the transmitter to the destination end, and the rest of the transmitter remains

in OFF state;. In contrast, in the case of STBC, all transmitting antennas are kept

ON at the time of signal sharing between the transmitter and receiver terminal.
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Summary of Results and Future

Works

7.1 Summary of results

In this thesis, we have investigated the performance of a terrestrial FSO communica-

tion system to improve the QoS by employing the transmitter and receiver diversity

scheme in the fundamental FSO link. Our discussion begins with a simple FSO

link with a SISO structure, where we have derived the basic performance metrics to

assess the performance of a single FSO link without employing any diversity tech-

nique under different turbulence conditions. Throughout our investigation, we have

considered the IM/DD technique for simple architecture and low cost. We have used

GG statistical distribution, which perfectly models the moderate to strong atmo-

spheric turbulence condition. Further, in constructing a more generalized analytical

model, Málaga distribution has been adopted for the same.

Next, diversity techniques have been employed in an FSO system. It starts with

the Alamouti STBC technique to achieve the transmitter diversity in the resulting

MISO FSO system. The investigation has been extended for the SIMO FSO system

230
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Table 7.1: Comparison of performance metrics for different diversity aided FSO
communication systems under Gamma-Gamma turbulence (αt = 4.20, βt = 2.72)

in the absence and presence of pointing error (ξ = 0.5607) for SNR = 30 dB

System Tx Outage Bit Capacity

topology /Rx probability error rate (b/s/Hz)

diversity NP WP NP WP NP WP

SISO −− 2.1× 10−3 2.6× 10−1 7.0× 10−4 1.2× 10−1 9.05 4.91

MISO STBC 5.3× 10−7 4.4× 10−2 1.5× 10−6 2.3× 10−2 11.56 6.31

SIMO SEC 6.8× 10−4 1.8× 10−2 2.8× 10−6 1.8× 10−3 9.07 8.53

SIMO* SEC 6.2× 10−11 5.7× 10−3 4.7× 10−8 2.4× 10−4 10.85 8.72

NP: No Pointing , WP: With Pointing, SIMO*: SIMO with optimal threshold.

employing the SEC scheme as a receiver diversity technique. The further extension

involves employing both the Alamouti STBC and SEC as transmitter and receiver

diversity techniques to construct a MIMO FSO system. Lastly, we have used SSK, a

relatively unexplored transmit diversity scheme and the SC receiver diversity tech-

nique to develop the MIMO FSO link, and compared the performance of both of

the systems.

We analyzed the performances of FSO communication systems of different network

topologies (SISO, SIMO, MISO, and MIMO) under different atmospheric turbulence

conditions and pointing errors. For this, we first derived the closed-form expressions

for the overall PDF, CDF or MGF (where relevant) of the FSO link. Next, we derived

the closed-form expressions for the different performance metrics related to the FSO

communication system, such as OP, ABER, and average capacity. Analytical results

of the measuring metrics for all the cases, as mentioned above have been validated,

through Monte Carlo simulation results.

In Table 7.1, we provide typical results for the different performance metrics under

various FSO systems in the absence and presence of pointing errors. Here, the system

is assumed to experience weak atmospheric turbulence conditions with αt = 4.20,

βt = 2.72, and high pointing error with ξ = 0.5607. Also, a single average SNR of

30 dB is considered.
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OP: When the SISO FSO link works under a pointing error condition, the OP of

the link is 10−2 times deteriorates than the absence of a pointing error condition.

After employing the transmitter diversity scheme, the OP of the MISO FSO link

improves 10−4 order less that of a SISO FSO link without a pointing error condition

and becomes 10−1 order less in the presence of pointing error. Here, it also observed

that the OP of the MISO FSO link again deteriorates 10−5 order less in the presence

of pointing error conditions than in the absence of pointing error conditions. The

OP improves significantly in the presence of pointing error condition for SIMO FSO

link than MISO and SISO FSO system under fixed and optimal switching threshold

conditions. Also, in the absence of a pointing error, when the MISO FSO system

works under the optimum switching threshold, the OP of the system improves 10−8

order less that of a SISO FSO link. But, under pointing error conditions, the OP

of the SIMO FSO system deteriorates under fixed and optimum switching threshold

conditions as SIOS and MISO link. Results clearly indicate performance degradation

of all the systems in the presence of pointing errors.

ABER: Under the pointing error condition, the ABER of the SISO FSO link de-

teriorates 10−3 times than in the absence of a pointing error. On the other side,

in the absence of a pointing error condition, the resultant ABER improves more

than 10−3 order less by the Alamouti STBC-based MISO FSO system than a single

FSO link, and in the presence of a pointing error condition, it becomes 10−1 times.

Still, the resultant ABER is significantly low in the presence of pointing error con-

ditions under the MISO FSO link, and it deteriorates nearly 10−4 order than the

absence of pointing error condition. Although, a MISO FSO communication system

produces good quality outcomes than a SISO FSO system under the absence and

presence of pointing error conditions. Next, after incorporating the receiver diversity

in the primary FSO system, the ABER of the SIMO FSO link significantly improved

than the SISO and MISO FSO link under optimum switching threshold conditions

for both the absence and presence of pointing error regime. The resultant ABER

gets improved by 10−2 order less when the system attends the optimum switching
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threshold rather than a fixed switching threshold in the absence of pointing error

conditions, and it becomes nearly 10−1 times in the presence of pointing error. So,

the ABER of the SIMO FSO communication system significantly improved under

the optimum switching threshold condition for both cases of pointing error scenarios.

Next, we investigate when a SIMO FSO link works with a fixed switching threshold

condition, that provides little bit poor output than a MISO FSO link under absence

of a pointing error condition. It is become reverse when the system attends the

optimum switching threshold condition. In the presence of pointing error conditions

SIMO FSO system gives 10−1 order less and 10−2 order less better outcomes than

MISO FSO link under fixed and optimum switching threshold condition, respec-

tively. Hence, it may state that a MISO FSO link produces better outcomes than a

SISO FSO link as well as a MISO FSO link too. Thus, the receiver diversity scheme

may be more beneficial to produce the ABER of the system than a transmitter di-

versity scheme in the FSO communication system for all the cases of pointing error

conditions.

Average capacity: In presence of a pointing error, the average capacity of the

SISO FSO link drops 4.14 bits than in the absence of a pointing error condition. The

average capacity increases under the MISO FSO link by 2.51 bits than a SISO FSO

link without a pointing error condition; it also increases by 1.4 bits in the presence

of a pointing error. So, it ensures that in the presence of a pointing error condition,

the rate of changes of the average capacity is better than in the absence of pointing

error conditions when the system employs transmit diversity scheme. On the other

side, for the MISO FSO link, the average capacity decreases by 5.25 bits in the

presence of a pointing error than in the absence of a pointing error condition. After

incorporating the receiver diversity scheme in the primary FSO link, the average

capacity of the SIMO FSO link changes a very minimal to the SISO FSO link with

a fixed switching threshold in the absence of pointing error conditions. The average

capacity of the SIMO FSO link gets enhanced from 9.07 b/s/Hz to 10.85 b/s/Hz

under the optimum switching threshold, which is much better than a SISO FSO



Chapter 7. Summary and Future Works 234

communication system. In the presence of a pointing error, the average capacity

significantly improved than a SISO FSO link. The MISO FSO system provides

8.53 b/s/Hz and 8.72 b/s/Hz average capacity under a fixed switching threshold

and optimum switching conditions, respectively. In the presence of a pointing error

condition, the average capacity of the SIMO FSO system is enhanced by 3.62 bits

than a SISO FSO link, while in the MISO FSO link, it was just 1.4 bits. So, the

receiver diversity scheme is more beneficial than a transmit diversity scheme for this

particular parameter in the presence of a pointing error condition. On the other

hand, it is vice versa in the absence of pointing error conditions.

Comparison of MIMO configurations: The results are presented in Table 7.2,

where both transmitter and receiver diversity schemes are employed in the funda-

mental FSO communication system. The ABER of the STBC-SEC-based MIMO

FSO system rapidly deteriorates in the presence of pointing errors for both switching

threshold conditions. The ABER deteriorates 10−6 and 10−8 times under 10 dB of

fixed and optimum switching threshold conditions, respectively. Next, the SSK-SC-

based MIMO FSO system gives poor outcomes than the STBC-SEC-based MIMO

FSO system for both the absence and presence of pointing error conditions. The

SSK-SC-based MIMO FSO system provides 10−4 and 10−8 times poor outcomes

than the STBC-SEC-based MIMO FSO communication system in the absence of

pointing error under fixed and optimum switching threshold, and it becomes 10−4

and 10−6 times in the presence of a pointing error condition. Besides, it also ob-

served that under the pointing error condition, all systems produce comparatively

poor quality outcomes than without the pointing error condition.

However, in the same atmospheric turbulence scenario, SISO FSO, MISO FSO, and

SIMO FSO communication systems [Table 7.1] provide less ABER than STBC-SEC-

based MIMO FSO systems in the absence and presence of pointing error conditions.

In the presence of pointing error conditions, it examined that the SSK-SC-based

MIMO FSO system provides unsatisfactory outcomes than all of the other types of

MIMO FSO systems, while in the absence of pointing error conditions, it is better
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Table 7.2: Comparison of ABER for different MIMO FSO communication sys-
tems under Gamma-Gamma statistical distribution without and with (ξ = 0.5607)

pointing error for αt = 4.20, βt = 2.72, and average SNR = 30 dB

System topology Tx /Rx diversity NP WP

MIMO STBC-SEC 5.3× 10−11 1.5× 10−5

MIMO* STBC-SEC 9.3× 10−15 1.2× 10−7

MIMO SSK-SC 4.0× 10−7 2.3× 10−1

MIMO*: MIMO with optimal threshold.

than the SISO FSO and MISO FSO link. From this observation, it was noticed that

the performance of an STBC-SEC-based MIMO FSO system is much better than the

SSK-SC-based MIMO FSO communication system under all weather conditions. We

may finally conclude that the QoS of the FSO communication system gets enhanced

when the fundamental FSO communication system utilizes a transmitter or receiver

diversity scheme. Furthermore, atmospheric turbulence and pointing error can be

mitigated most efficiently by incorporating the transmitter and receiver diversity

techniques in the FSO system.

7.2 Future works

FSO communication is one of the key technology for upcoming B5G or 6G wireless

standards. The work presented in this thesis is meant to improve the physical layer

performance of the FSO communication system. As performance improvement is

realized through employing diversity, a direct extension of the work is to explore

other possible transmit and receive diversity combinations. For example, the gener-

alized selective combining (GSC) is a low-complexity diversity scheme but is useful

if a higher number of branches are available to exploit. GSC may be incorporated

into the fundamental FSO link to improve the system’s physical layer performance.

The links considered in this thesis are uncoded. First, no channel coding is consid-

ered for error mitigation. It is interesting to study the benefits of different MIMO
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configurations of a coded FSO system, especially how these benefits are translated

to the upper layer, changing the figure of merits such as frame error rates. Pre-

coding schemes are also another possible extension. Researchers can incorporate

zero-forcing beamforming (ZFB) or random unitary beamforming (RUB) type lin-

ear precoding strategies into the FSO system.

The work in this thesis is also useful when the FSO links are applied across different

verticals. We consider two of them here, intelligent reflecting surface (IRS) and

visible light communication (VLC).

Mirrors or shiny building surfaces can act as a reflector to an incident FSO beam.

An array of such reflectors can overcome the shadowing issue in fixed FSO wireless

links. Simultaneous transmission and reflection (STAR) type FSO IRS nodes have

been considered recently, which can broaden the coverage area further. Unmanned

aerial vehicles (UAVs) can also act as IRS nodes. Performance analysis of all these

novel FSO IRS-based applications with MIMO possibilities may be carried out using

the framework laid out in this thesis.

Light as a data carrier has been investigated for short-range indoor wireless scenar-

ios, and one such popular implementation is light fidelity (LiFi). LiFi uses VLC

technology, and its throughput will be immensely benefitted with the introduction

of MIMO. Vehicular VLC is already a hot research topic in the domain of intelli-

gent transportation system development. The performance of a MIMO VLC link is

definitely worthy of research.



Appendix A

Channel Characterisation with

Alamouti STBC

Let us consider the system transmit a couple of symbol s1 and s2 by two transmit-

ter antennas based on Alamouti-STBC scheme. Over the GG fading channel two

transmit antennas are transmitted the symbol as follows

S =

s1 −s∗2

s2 s∗1

 (A.1)

where, (·)∗ indicates the complex conjugate of the symbol. At the receiver terminal

receiver aperture received the electrical signal in the form of

[y1, y
∗
2] = η

h1 h∗
2

h2 −h∗
1

 [s1, s2] + [n1, n
∗
2] (A.2)

where, η is known as optical-to-electrical conversation rate, and hi is the channel gain

co-efficient of each path. After some mathematical manipulation the input-output

relation for detection the transmitted beam as follows
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ri = ηh2si + ni (A.3)

where, r1 = y1h1+y∗2h2, r2 = y1h2+y∗2h1, h
2 = h2

1+h2
2, and ni is the AWGN element

with zero-mean and variance is σ2. The received SNR of per symbol can be written

as

γ =
η2E2

sh

σ2
(A.4)

where, Es is the energy of the each transmitted symbol. If the average SNR of the

system is γ̄ = η2Es

σ2 , then the overall received SNR can be expressed as

γ = γ̄h2
1 + γ̄h2

2

= γ1 + γ2

(A.5)

Thus, the overall MGF of the system in terms of received SNR can be represented

as

Mγi(s) = E{exp(−sγi)}

= Mγ1(s)×Mγ2(s)

(A.6)

where, E{·} is the expectation operator.



Appendix B

Closed-form Expression of BER

using MGF

We derive a closed-form expression for (3.4). The standard integral form of the

equation for average BER is given by

Pe =

∫ ∞

0

Pe(x)fx(X)dx (B.1)

where, fx(X) is the PDF of the turbulence channel, and the probability of error

function is indicate by the symbol Pe(x). The probability of error function can be

represented by the integral form of the Gaussion-Q function as [40]

Pe(x) = Q(X) =
1

π

∫ π
2

0

exp

(
− X2

2 sin2 θ

)
dθ (B.2)

Henceforth, the probability of error function for OOK modulation scheme under

AWGN channel may be written as

POOK
e (X) =

1

π

∫ π
2

0

exp
(
− x

2 sin2 θ

)
dθ (B.3)
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Inserting (B.3) in (B.1), we can rewritten the (B.1) as

POOK
e =

∫ ∞

0

[
1

π

∫ π
2

0

exp
(
− x

2 sin2 θ

)
dθ

]
fx(X)dx (B.4)

Next, by changing the order of integral of the above equation, (B.4) may be rewritten

as

POOK
e =

1

π

∫ π
2

0

[∫ ∞

0

exp
(
− x

2 sin2 θ

)
fx(X)dx

]
dθ (B.5)

On the other hand, from the mathematical definition of MGF, we have

Mx(s) =

∫ ∞

0

exp (−xs) fx(X)dx (B.6)

Now, established the link between (B.5) and (B.6) we can derived the a closed-form

equation as follows

POOK
e =

1

π

∫ π
2

0

Mx

(
− 1

2 sin2 θ

)
dθ (B.7)



Appendix C

Closed-form PDF for GG

Turbulence with SSK

The probability density function for the irradiance (I) of the travelling optical beam

can be represented by GG statistical distribution with the help of (2.13) and [94,

Eq.(8.4.23.1)]

fI(I) =
(αtβt)

(αt+βt)
2

Γ(αt)Γ(βt)
(I)

(αt+βt)
2

−1G 2 0
0 2

[
αtβtI

∣∣∣−
αt−βt

2
,
βt−αt

2

]
(C.1)

Consider, X and Y are the two i.i.d. RVs, and a new variable U related as U =

X−Y , then the PDF of new variable U is the cross correlation between the PDF of

RVs. Assume link between irradiance and the RV [48] as X ≜ Ij and Y ≜ Ii, and

Z ≜ Ij − Ii = X − Y ; thus, |Z| = U . Hence, the pdf of Z can be defined as
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fZ(z) =


∫∞
0

fX(z + y)fY (y)dy, z ≥ 0

∫∞
−z

fX(z + y)fY (y)dy, z < 0

(C.2)

while we have consider only positive sided RV, where fZ(u) = fZ(z) for z ≥ 0 and

fZ(−u) = fZ(z) for z < 0 shown in (C.2). Using the (C.1) and (C.2) we may be

defined following couple of equation as

fY (y) =
(αtβt)

(αt+βt)
2

Γ(αt)Γ(βt)
(y)

(αt+βt)
2

−1G 2 0
0 2

[
αtβty

∣∣∣−
αt−βt

2
,
βt−αt

2

]
(C.3)

fX(z + y) =
(αtβt)

(αt+βt)
2

Γ(αt)Γ(βt)
(z + y)

(αt+βt)
2

−1G 2 0
0 2

[
αtβt(z + y)

∣∣∣−
αt−βt

2
,
βt−αt

2

]
(C.4)

Plugin (C.3) and (C.4) into (C.2), can be written the pdf of Z as follows [48]

fZ(z) =

(
(αtβt)

(αt+βt)
2

Γ(αt)Γ(βt)

)2 ∫ ∞

0

(z + y)
(αt+βt)

2
−1G 2 0

0 2

[
αtβt(z + y)

∣∣∣−
αt−βt

2
,
βt−αt

2

]
×(y)

(αt+βt)
2

−1G 2 0
0 2

[
αtβty

∣∣∣−
αt−βt

2
,
βt−αt

2

]
dy

(C.5)

with the help of [94, Eq.(8.2.2.15, 2.24.1.3)] (C.5) can be rewritten as
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fZ(z) =
αtβt

(Γ(αt)Γ(βt))
2

[
∞∑
p=0

(−αtβtz)
p

p!
G 2 3

3 3

[
1
∣∣∣1−αt+βt

2
,
4+2p−3αt−βt

2
,
4+2p−3βt−αt

2

αt−βt
2

,
βt−αt

2
,
2+2p−αt−βt

2

]]
(C.6)

By following the same way we also find the mathematical equation for fZ(−z). So,

the corresponding PDF for ’U ’ may be expressed fU(u) = fZ(z) + fZ(−z) as

fZ(z) =
2αtβt

(Γ(αt)Γ(βt))
2

[
∞∑
p=0

(−αtβtz)
p

p!
G 2 3

3 3

[
1
∣∣∣1−αt+βt

2
,
4+2p−3αt−βt

2
,
4+2p−3βt−αt

2

αt−βt
2

,
βt−αt

2
,
2+2p−αt−βt

2

]]
(C.7)

Next, the overall PDF of the system in terms of ene-to-end instantaneous SNR (γ)

and average SNR (γ̄) can be expressed as

fγ(γ) =
αtβt

(Γ(αt)Γ(βt))2
√
γ̄

 ∞∑
p=0

(
−αtβt√

γ̄

)p
p!

(
√
γ)(p−1)G 2 3

3 3

[
1
∣∣∣1−αt+βt

2
,
4+2p−3αt−βt

2
,
4+2p−3βt−αt

2

αt−βt
2

,
βt−αt

2
,
2+2p−αt−βt

2

]
(C.8)
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PDF of GG Turbulence with SSK

in Presence of Pointing Error

To expressed the PDF of the MISO-FSO with the effect of pointing error and GG

fading turbulence under SSK transmit diversity scheme, we can develop following

two equation with the help of (2.36) and (C.2) as follows

fY (y) = KG 3 0
1 3

[
ωy
∣∣∣ ξ2

ξ2−1,αt−1,βt−1

]
(D.1)

fX(z + y) = KG 3 0
1 3

[
ω(z + y)

∣∣∣ ξ2

ξ2−1,αt−1,βt−1

]
(D.2)

where, K = ξ2αtβt

A0hlΓ(αt)Γ(βt)
, and ω = αtβt

A0Il
, where, A0 is the constant parameter related

with pointing error of the system and Il is known as amount of power level losses

due to atmospheric turbulence, some time it is called the path loss.

Plugin (D.1) and (D.2) into (C.2), can be written the pdf of Z as follows

244



Appendix D. PDF of GG Turbulence with SSK in Presence of Pointing Error 245

fZ(z) = K2

∫ ∞

0

G 3 0
1 3

[
ω(z + y)

∣∣∣ ξ2

ξ2−1,αt−1,βt−1

]
G 3 0

1 3

[
ωy
∣∣∣ ξ2

ξ2−1,αt−1,βt−1

]
dy (D.3)

with the help of [94, Eq.(2.24.1.3)], the above equation can be written as

fZ(z) =
K2

ω

[
∞∑
p=0

(−ωz)p

p!
G 3 4

5 5

[
1
∣∣∣0,1+p−ξ2,1+p−αt,1+p−βt,ξ2

ξ2−1,αt−1,βt−1,p−ξ2,p

]]
(D.4)

and after some mathematical manipulation the PDF of the system in terms of end-

to-end SNR can be expressed with the help of (D.4) as follows

fγ(γ) =
K2

ω
√
γ̄

 ∞∑
p=0

(
−ω√
γ̄

)p
p!

(
√
γ)(p−1)G 3 4

5 5

[
1
∣∣∣0,1+p−ξ2,1+p−αt,1+p−βt,ξ2

ξ2−1,αt−1,βt−1,p−ξ2,p

] (D.5)
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Closed-form Expression for J1 and

J2

Closed-form equation for J1: we have,

J1 =
(αtβt)

(αt+βt)
2

2Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∫ γth

0

(γ)(
αt+βt

4
)−1 ln(1 + γ)G 2 0

0 2

[
αtβt

√
γ

γ̄

∣∣∣ .

αt−βt
2

,
βt−αt

2

]
dγ

(E.1)

Using [95, eq. (1.511)] the Taylor series expansion of ln(1 + γ), can be derived as

the following

ln (1 + γ) =
∞∑
p=1

(−1)p+1

p
γp = γ − γ2

2
+

γ3

3
+O

(
γ4
)
. (E.2)

with the help of (E.2), (E.1) can be rewritten as
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J1 =
(αtβt)

(αt+βt)
2

2Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∞∑
p=1

(−1)p+1

p

∫ γth

0

(γ)2p+(
αt+βt

4 )−1

×G 2 0
0 2

[
αtβt

√
γ

γ̄

∣∣∣ .

αt−βt
2

,
βt−αt

2

]
dγ

(E.3)

further, using [96, eq. (26)] the closed-form equation of (E.3) can be expressed as

J1 =
(αtβt)

(αt+βt)
2

Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∞∑
p=1

(−1)p+1

p
(
√
γth)

2p+(αt+βt
2 )

×G 2 1
1 3

[
αtβt

√
γth
γ̄

∣∣∣ 1−2p−(αt+βt
2 )

αt−βt
2

,
βt−αt

2
,−2p−(αt+βt

2 )

] (E.4)

Closed-form equation for J2: we have,

J2 =
(αtβt)

(αt+βt)
2

2Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∫ ∞

0

(γ)(
αt+βt

4
)−1 ln(1 + γ)G 2 0

0 2

[
αtβt

√
γ

γ̄

∣∣∣ .

αt−βt
2

,
βt−αt

2

]
dγ

(E.5)

utilises the link between Meijer’s G function G[·] and ln(·) in [94, eq. (8.4.6.5)] as

ln(1 + γ) = G 1 2
2 1

[
γ
∣∣∣1,1
1,0

]
(E.6)

the equation (E.5) may be presented as
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J2 =
(αtβt)

(αt+βt)
2

2Γ(αt)Γ(βt)(γ̄)
(αt+βt)

4

∫ ∞

0

(γ)(
αt+βt

4
)−1G 1 2

2 1

[
γ
∣∣∣1,1
1,0

]
G 2 0

0 2

[
αtβt

√
γ

γ̄

∣∣∣ .

αt−βt
2

,
βt−αt

2

]
dγ

(E.7)

Now, with the help of [94, eq. (2.24.1.1)], the closed-form equation of (E.7) can be

written as follows

J2 =
(αtβt)

(αt+βt)
2

4πΓ(αt)Γ(βt)(γ̄)
(αt+βt)

4

G 6 1
2 6

[
(αtβt)

2

16γ̄

∣∣∣−αt+βt
4

,1−αt+βt
4

P,−αt+βt
4

,−αt+βt
4

]
(E.8)

where, P ∈
{

(αt−βt)
4

, (αt−βt+2)
4

, (βt−αt)
4

, (βt−αt+2)
4

}
.
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Closed-form Expression for P1 and

P2

Closed-form equation for P1: we have,

P1 =
A
8

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ γth

0

(γ)
αt+kt

4
−1erfc

(√
γ

2

)
G 2 0

0 2

[
B2αtβt

4

√
γ

γ̄

∣∣∣ ·

αt−kt
2

,
kt−αt

2

]
dγ

(F.1)

Using the link between erfc(·) and exp(·), can be written with the following equation

as [124]

erfc

(√
γ

2

)
≈ 1

6
exp

(
−γ

2

)
+

1

2
exp

(
−2γ

3

)
, γ > 0 (F.2)

Next, with the help of [95, Eq.(1.211.1)] the exponential term of the above equation

can be represented as
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1

6
exp

(
−γ

2

)
=

1

6

∞∑
m=0

(−1)m
γm

(2)m(m!)

1

2
exp

(
−2γ

3

)
=

1

2

∞∑
m=0

(−1)m
γm

(m!)

(
2

3

)m

Next, by plugin (F.2) in (F.1), we can derived P1 in the form of P1 = P(1)
1 + P(2)

1 ,

and P(1)
1 , P(2)

1 can be expressed as follows

P(1)
1 =

A
48

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ γth

0

(γ)
αt+kt

4
−1 exp

(
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B2αtβt
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,
kt−αt

2

]
dγ

(F.3)

and,

P(2)
1 =

A
16

βt∑
kt=1

ak

(γ̄)
αt+kt

4

∫ γth

0

(γ)
αt+kt

4
−1 exp

(
−2γ

3

)
G 2 0

0 2

[
B2αtβt

4

√
γ

γ̄

∣∣∣ ·

αt−kt
2

,
kt−αt

2

]
dγ

(F.4)

Now, using the relation between power series with exp(·), and with the help of [96,

eq. (26)], the closed-form of P(1)
1 and P(2)

1 can presented as
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A
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and,
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Closed-form equation for P1: we have,

P2 =
A
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We have the relationship between erfc(·) and G[·] as [94, eq. (8.4.14.2)]
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Plugin (F.8) in (F.7), can be written the following equation as
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Now, with the help of [94, eq. (2.24.1.1)], the closed-form equation of the above

equation as follows



Appendix F. Closed-form Expression for P1 and P2 252
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Appendix G

MATLAB Code for Monte Carlo

simulation of a turbulent channel

Turbulent Channel simulation for Gamma-Gamma fading:

clear all; close all; clc;

numbits = 104;

alpha = any numerical value;

beta = any numerical value;

X = gamrnd(alpha, 1/alpha, 1, numbits);

Y = gamrnd(beta, 1/beta, 1, numbits);

H = abs(X.*Y);

253
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Turbulent Channel simulation for Málaga fading:

clear all; close all; clc;

numbits = 104;

alpha = any numerical value;

beta = any numerical value [integer only];

b0 = 0.6525;

rho = 0.988;

Omega = 0.4618;

phiAB = pi/2;

phiA = pi + 2*pi.*rand(1,numbits);

phiB = phiA-phiAB;

X = gamrnd(alpha,1/alpha,1,numbits);

G = gamrnd(beta,1/beta,1,numbits);

UsD = raylrnd(1/sqrt(2),1,numbits);

Rs = sqrt(G).* sqrt(Omega)*exp(1i*phiA)+sqrt(rho*2*b0)*exp(1i*phiB))+sqrt(1-

rho)*UsD;

H =(abs(Rs.2)).*X;
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