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ABSTRACT

Free Space Optics (FSO) is a promising technology for high-speed wireless com-

munication systems. Unlike traditional radio frequency (RF) wireless communica-

tion systems, FSO uses optical signals to transmit information through the atmo-

sphere, making it an attractive alternative for high-speed and secure communication

links. It is also envisioned that FSO can support seamless ubiquitous high-speed

broadband connectivity, which is a significant requirement for sixth-generation (6G)

backhaul networks. FSO technology offers several advantages, including high data

rates, license-free spectrum, low power consumption, and immunity to electromag-

netic interference. However, it also has some limitations such as susceptibility to

atmospheric turbulence, misalignment (pointing) errors, and attenuation due to fog,

which can cause signal degradation and affect the FSO system performance. In

this thesis, various performance enhancement techniques, including hybrid FSO/RF

systems, optical reflecting surface (ORS), and optical space shift keying (OSSK)

scheme, are discussed to overcome the limitations of the FSO communication.

Firstly, a comprehensive performance analysis of the hybrid FSO/RF system has

been carried out in terms of outage probability, average symbol error rate (SER)

and ergodic capacity considering a single-threshold-based hard-switching scheme for

both terrestrial and satellite communication scenarios. Further, maximal-ratio com-

bining (MRC) and adaptive combining schemes for hybrid FSO/RF system have

been proposed to overcome the limitations of the FSO systems. Here, the exact

closed-form expressions for the probability density function (PDF) and cumulative

distribution function (CDF) of the MRC of FSO and RF links are derived. With the

help of the derived MRC channel statistics, unified closed-form expressions for out-

age probability and average SER are obtained. The FSO channel turbulence for the

hard-switching, MRC, and adaptive combining schemes is modeled using the gener-

alized Malaga distribution with pointing errors. The RF channel fading is modeled

using the generalized α-η-κ-µ distribution. In addition, the closed-form expression

for the ergodic capacity of the adaptive-combining-based hybrid FSO/RF system



is also derived over Malaga (FSO) and κ-µ (RF) fading distributions. The simpler

asymptotic expressions are derived to obtain the diversity gain and signal-to-noise

ratio (SNR) gain of the above-discussed hybrid systems. The theoretical results

unveil that under strong turbulence, high pointing errors, and adverse weather con-

ditions, the performance of the hybrid FSO/RF system over single-link FSO system

is improved significantly due to RF backup link.

The deployment of ORS in FSO communication systems has recently garnered

much attention due to its ability to reduce line-of-sight (LOS) blockages by providing

an alternate propagation path, thereby improving the link reliability. In this work,

an ORS-assisted FSO communication system is proposed, which is based on the

OSSK technique. Specifically, an upper bound expression for the average bit error

rate (BER) and a lower bound for the ergodic capacity are derived. It is observed

from the numerical results that the atmospheric turbulence and pointing errors have

a negligible effect on the performance of the proposed system. Further, the perfor-

mance analysis of multiple ORSs-assisted FSO system is carried out based on the

selection of the best ORS from the multiple available ORSs. Using the PDF statis-

tics of maximum instantaneous SNR, the outage and average SER expressions are

derived for both perfect and imperfect channel state information (CSI) cases. Ad-

ditionally, the asymptotic expressions, which are mathematically more tractable are

presented with the diversity gain analysis. Finally, the numerical results show that

imperfect CSI significantly affects the proposed system performance and increasing

the number of ORS considerably improves the system performance.

All the derived performance metric expressions are extensively validated using

the Monte-Carlo simulations. In conclusion, this thesis provides a comprehensive

analysis of various performance enhancement techniques, which are capable of im-

proving the performance of FSO systems.
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Chapter 1

Introduction

1.1 Background

Free space optics (FSO) communication technology has attracted the domain

of wireless communications remarkably over the last few decades [1, 2, 3, 4]. The

FSO communication refers to an optical wireless communication (OWC) technique

to transmit data in the form of modulated light beams through atmosphere [5]. It

is a wireless communication technology that utilizes laser beams to establish optical

links between transmitter and receiver without the need for physical cables or optical

fibers [6, 7]. Further, the FSO communication offers several advantages such as huge

bandwidth, high data rates upto several gigabits per second (Gbps), high security

due to narrow laser beam transmission, unlicensed spectrum (i.e. frequencies above

3 terahertz) and immunity to electromagnetic interference [8, 9, 10]. Due to these

advantages, the FSO communication technology finds its application in terrestrial

communications, wireless backhaul networks, satellite communications, underwater

wireless communications, secure military communications, etc [11, 12, 13, 14].

As data-driven applications are growing and expanding day-by-day, the spec-

trum used for radio frequency (RF) technology is becoming scarce, congested, and

expensive to acquire [15, 16]. In this context, the FSO technology has emerged as a

promising alternative to the current RF-based wireless communication systems, as
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the FSO communication operates in near infrared (IR) region, which is an unlicensed

spectrum. [17, 4].

Despite the aforementioned benefits, the FSO communication is susceptible to

atmospheric turbulence, scintillation, pointing errors due to misalignment between

transmitter and receivers apertures, and atmospheric attenuation or pathloss due

to weather conditions like fog, snow, and haze [18, 19, 20, 21]. These channel

distortions can severely affect the performance of the FSO communication and lim-

its the FSO communication to shorter distances up to few kilometers. To over-

come these limitations, various techniques and schemes are employed to improve

the performance of FSO communication such as multiple-input multiple-output

(MIMO) schemes, hybrid FSO/RF communication, intelligent reflecting surfaces,

etc [22, 23, 24, 25, 26, 27].

MIMO plays a crucial role in mitigating the adverse atmospheric effects on FSO

communication using various techniques, including receive diversity, transmit di-

versity, optical spatial modulation (OSM), etc [28, 29, 30, 31, 32, 33, 34]. These

schemes aim to improve the link reliability and spectral efficiency of the FSO sys-

tems by combating the FSO channel impairments. Cooperative relaying technique

is another way to achieve distributed spatial diversity to overcome the effects of FSO

channel fading [35, 36]. In addition, relaying techniques are also useful to enhance

the coverage area of FSO communication [37, 38]. To improve the reliability of the

FSO system, a hybrid FSO/RF system integrates the FSO subsystem with a more

reliable RF subsystem as a backup [25, 39]. The RF communication system uses

electromagnetic waves to transmit data, which are less susceptible to atmospheric

turbulence, fog, and pointing errors, but have limited bandwidth and suffer from

interference due to other RF sources. On the other hand, the FSO communication

system, which is more prone to atmospheric attenuation and weather conditions like

fog, snow, etc., provides huge bandwidth and high data rates [40]. Since rain and fog

rarely occur at the same time, the FSO and RF links can complement each other in

bad weather conditions. By combining these two technologies, the hybrid FSO/RF
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systems can achieve high-speed data transmission with improved link reliability [41].

Recently, the use of reconfigurable intelligent surface (RIS) or intelligent reflect-

ing surface (IRS) has gained popularity and is emerging as a promising technique

to provide improved link reliability and enhanced coverage area [42, 43, 44, 45, 46].

IRS consists of planar surfaces, typically made of metallic or dielectric materials,

with a large number of passive reflecting elements that can be controlled electroni-

cally to modify the propagation of radio waves [47]. By intelligently manipulating

the reflection properties of these surfaces, IRS can enhance the signal quality and

efficiency of wireless communications, especially in scenarios with limited coverage

and capacity.

1.2 Motivations

The main motivations of the thesis are as follows:

• In the maximal-ratio combining (MRC)-based hybrid FSO/RF system models

[48, 49], the RF link stays active irrespective of the channel conditions of FSO

link, which will lead to wastage of RF power. Moreover, the data rate of

FSO link should be reduced to the data rate of RF link for efficient diversity

combining. These problems can be addressed using the hard-switching-based

hybrid FSO/RF system model, where only one of the FSO or RF link will be

active at a given time.

• No prior works on the performance analysis of the hybrid FSO/RF system for

terrestrial and satellite (SATCOM) scenarios over generalized RF and FSO

fading distributions, namely Malaga and α-η-κ-µ distributions, are available

in the literature to the best of our knowledge.

• Adaptive combining scheme for hybrid FSO/RF system, which is a variant of

the MRC scheme, can provide both switching and diversity combining benefits.

In addition, conservation of RF link power is possible using this scheme, when
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the RF subsystem is in standby mode. Thus, the adaptive combining scheme

circumvents all the drawbacks of the diversity combining schemes and the hard-

switching scheme of the hybrid FSO/RF system. Specifically, the performance

of hybrid FSO/RF systems based on MRC and adaptive combining schemes

over the generalized Malaga and α-η-κ-µ fading distributions is unavailable in

the literature.

• In the existing works on hybrid FSO/RF systems, the non-zero boresight point-

ing errors and background noise, which have a significant impact on the system

performance, have not been included in the modeling of FSO system. In addi-

tion, the effect of erroneous feedback link on the system performance has not

been considered.

• In FSO communication, there are different obstacles in the line-of-sight (LOS)

path, which are unsuitable for transmitting optical signals. In such situations,

the use of optical RIS can provide an alternate path for data transmission [50,

51, 52]. In addition, an optical space shift keying (OSSK) is a low complexity

spatial modulation scheme proposed for the MIMO-FSO system to achieve

high spectral efficiency, where the index of the transmitting aperture is used

to transfer the data.

• OSSK-based FSO system is also prone to the shortcomings of the FSO sys-

tems [53, 54, 55]. In the existing works on optical RIS [50, 51, 52], a single

RIS or cascaded multiple RISs were considered for the FSO systems with a

single transmitting and receiving apertures without any diversity combining

techniques.

• To overcome the limitations of the FSO-based systems, an optical reflecting

surface (ORS)-assisted OSSK-based FSO system is proposed in our current

work. An ORS is a special case of optical IRS, when it operates as a per-

fect mirror. Further, the performance of the ORS-assisted OSSK-based FSO

system has not been analyzed in the literature to the best of our knowledge.
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• To improve the FSO system performance assisted by a single ORS in a back-

haul network scenario, it is mandatory to consider multiple ORSs between

source and destination. However, none of the works are available in the liter-

ature to the best of our knowledge on the modelling and performance analysis

of multiple ORSs-assisted FSO system.

• Since the wireless channel varies rapidly due to fading and atmospheric atten-

uation, it is nearly impossible to acquire the perfect channel state information

(CSI) at the receiver without errors [56, 57]. Therefore, it is crucial to study

the impact of imperfect CSI errors on the performance of the multiple ORSs-

assisted FSO system.

• The exact closed-form expressions for average symbol error rate (SER) and

ergodic capacity involve complicated Meijer G-function, bivariate Fox’s H-

function, and multivariate Fox’s H-function, which are not easily tractable.

The asymptotic expressions are relatively simpler and useful to give more

insights into the system behaviour and vital parameters such as diversity gain

and signal-to-noise ratio (SNR) gain of the system can be obtained from the

asymptotic expressions. Hence, asymptotic analysis needs to be carried out

for the above-mentioned system models.

1.3 Contributions

The major contributions of this thesis are as follows:

• The exact closed-form expressions for outage probability, average SER, and

ergodic capacity are obtained for hard-switching-based hybrid FSO/RF system

over generalized distributions (i.e. Malaga and α-η-κ-µ distributions). The

performance of the hybrid FSO/RF system over different combinations of FSO

and RF channel models has been obtained as special cases without carrying

out the analysis separately for terrestrial and SATCOM scenarios.
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• The expressions for the probability density function (PDF) and cumulative

distribution function (CDF) of MRC of the FSO and RF links are derived in

closed-form, where the FSO link follows the Malaga distribution with the non-

zero boresight pointing errors and the RF link is modeled using the α-η-κ-µ

distribution. Using the obtained statistical functions (i.e. PDF and CDF),

the closed-form expressions for outage probability and average SER of MRC

and adaptive-combining-based hybrid FSO/RF systems are obtained.

• Simpler asymptotic expressions for outage probability, average SER, and er-

godic capacity are derived for hard-switching-based, MRC-based, and adaptive-

combining-based hybrid FSO/RF systems. In addition, the diversity gains of

the above-mentioned hybrid systems are obtained for different scenarios.

• The optimum switching threshold SNR value γoptth and optimum beam waist

value wopt
0 are determined, which are required for the optimal performance

of the hard-switching-based and adaptive-combining-based hybrid FSO/RF

systems.

• Performance comparison of the single-link FSO, hard-switching, MRC, and

adaptive-combining-based hybrid FSO/RF systems has been carried out. Fur-

thermore, the SNR gains of hard-switching, MRC and adaptive combining

schemes have been reported over the single-link FSO system under various

scenarios.

• All the derived expressions for hard-switching, MRC, and adaptive-combining-

based hybrid FSO/RF systems are unified under intensity modulation/direct

detection (IM/DD) and heterodyne detection (HD) techniques and are verified

using Monte-Carlo simulations.

• The closed-form expressions are derived for the PDF of cascaded FSO channel

with ORS and the PDF of absolute difference between two cascaded FSO

channels. The FSO channel turbulence from source to ORS and from ORS
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to destination is modeled using the generalized Malaga distribution, including

pointing errors. With the aid of the above-obtained expressions, the PDF and

MGF of the instantaneous SNR are derived for the proposed ORS-assisted

OSSK-based MIMO-FSO system.

• Further, from the derived channel statistics, a tight upper bound on the av-

erage BER and a lower bound on the ergodic capacity are determined and

useful insights from the derived analytical expressions are provided. In addi-

tion, the diversity gain of the ORS-assisted OSSK-based MIMO-FSO system

is also determined from the asymptotic BER expressions.

• The performance of the proposed ORS-assisted OSSK-based MIMO-FSO sys-

tem is compared with the various existing conventional FSO systems such as

single-link FSO system, OSSK-based MIMO-FSO system without ORS, and

OSSK-based dual-hop (DH) decode-and-forward (DF) relaying system and de-

tailed insights on the performance comparison are included in the numerical

results.

• A multiple ORSs-aided FSO system considering a selection scheme to select

the best ORS is proposed. Specifically, the exact expression for PDF of the cas-

caded FSO channel by including turbulence, pointing errors, and atmospheric

attenuation is derived for perfect and imperfect CSI cases.

• The closed-form expression for the end-to-end PDF of the maximum instan-

taneous SNR among multiple ORSs-aided FSO links is derived over Gamma-

Gamma turbulence distribution with pointing errors. Using the above PDF

expression, the unified PDF and CDF statistics of overall instantaneous SNR

are obtained

• Furthermore, the closed-form expressions for the outage probability and aver-

age SER of multiple ORSs-aided FSO system are determined. Simpler asymp-

totic expressions, which give more useful insights into the multiple ORSs sys-

tem, are also obtained along with performing diversity gain analysis.
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• Finally, the convergence tests are performed on the infinite series of various ex-

pressions that are used to evaluate outage, average SER, and ergodic capacity.

The tests confirmed that all the derived expressions are absolutely convergent.

1.4 Thesis Organization

The subsequent chapters of this thesis are structured as follows: Chapter 2

comprises a comprehensive exploration of the state-of-the-art in FSO communication

and its applications. It delves into various techniques aimed at improving the FSO

communication system, such as relay-assisted transmission, spatial diversity, hybrid

FSO/RF systems, and IRS. Chapter 3 introduces the hybrid FSO/RF system based

on hard-switching scheme. It presents analyses of exact and asymptotic outage

probability, average SER, and ergodic capacity. Chapter 4 extends the analysis

of the hybrid FSO/RF system to MRC and adaptive combining schemes. This

chapter provides exact and asymptotic outage probability and average SER analyses.

Further, the ergodic capacity analysis of the adaptive-combining system is presented

in Chapter 5. In Chapter 6, the performance of the ORS-assisted OSSK-based

MIMO-FSO system is examined in terms of bounds on average BER and ergodic

capacity. Chapter 7 focuses on the performance evaluation, i.e. outage probability

and average SER, of multiple ORSs-assisted FSO system under perfect and imperfect

CSI cases. Lastly, Chapter 8 concludes the thesis by summarizing the findings and

exploring potential future directions for further research.

1.5 Chapter Summary

In this chapter, the advantages and limitations of FSO technology were explored

and compared it with RF wireless communication systems demonstrating the po-

tential of FSO as a revolutionary next-generation wireless communication solution.

The current and future applications of FSO technology were highlighted, including

wireless backhaul for cellular networks, disaster recovery communication, and SAT-

8



COM. Additionally, various techniques aimed at enhancing the performance of FSO

communication were discussed. Further, the motivations behind the thesis were

explained and the major contributions of the thesis were highlighted. Finally, the

organization of the thesis is outlined.
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Chapter 2

Literature Review

The 5th generation (5G) wireless networks have now been deployed in most countries

and will be expected to reach all over the world by 2023. Exponentially increasing

wireless multimedia devices during the last decade require a high volume of data,

ultra-high bandwidth, and high data rate connectivity. Within this context, now

the researchers are interested in the development of 6th generation (6G) and beyond

wireless technologies, which offer ultra-high bandwidth, extremely high data rates,

low latency, substantial throughput, and ultra-reliable links [58, 59, 60, 61, 62].

However, it is indeed a great challenge to fulfil the very high data rate requirement

of 6G and beyond wireless communication systems. Moreover, the RF wireless

communication is currently facing sparse spectrum resources and the demand for

RF spectrum is also increasing with the growing popularity of new wireless devices

and new applications such as smart city, high-speed backhaul networks, etc [63].

Thus, the time has come to consider other possible options for 6G and beyond

wireless systems, which can cater the needs of data heavy wireless devices.

FSO is an emerging technology which fulfils the ever-growing demands of ultra-

high data rate and massive bandwidth requirements [11, 64, 65]. FSO refers to

unguided transmission in free space using optical carriers and it utilizes the un-

licensed near IR band, which operates at frequencies above 300 GHz [66]. It of-

fers a huge amount of optical bandwidth, allowing the data rates upto 10 Gbps
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Fig. 2.1: Application of FSO in various scenarios

[67, 68, 69]. The significant advantages of the FSO communication include the low

latency, high security, ease of deployment without optical fibre installation, etc. The

FSO links can be employed for a variety of applications such as enterprise/campus

area connectivity, extending metropolitan area network, wireless video surveillance,

live video broadcasting, backhaul connectivity for wireless cellular networks, disas-

ter recovery communication, and military communication as illustrated in Fig. 2.1

[14, 70, 71, 72]. The FSO communication can also be employed in satellite com-

munication (SATCOM) systems for performance improvement in terms of data rate

[73, 74, 75]. The uplink performance of a SATCOM system assuming FSO link

between ground-station and satellite was investigated in [76].

The key components of a FSO communication system includes the transmitter,

receiver, and modulator. In general, the sub-carrier intensity modulation (SIM)

scheme is used to modulate the FSO signals [11]. In SIM, the RF sub-carrier signal

undergoes pre-modulation using the information signal. The RF sub-carrier can

be modulated using different modulation techniques such as binary phase-shift key-
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Fig. 2.2: Block diagram of direct detection and heterodyne detection techniques

ing (BPSK), frequency modulation (FM), amplitude modulation (AM), quadrature

phase-shift keying (QPSK), quadrature amplitude modulation (QAM), and oth-

ers [77, 78, 79]. Further, the intensity of the optical carrier is modulated by this

pre-modulated signal. For the demodulation of these optical signals, two types of

detection techniques can be used at the receiver, i.e. direct detection and heterodyne

detection [80].

Heterodyne detection is a type of coherent detection technique [81, 82], which

requires a local oscillator (LO) at the receiver. The incoming optical signal is mixed

with a coherent carrier signal, which is generated from the LO, then it is converted

into the electrical signal as shown in Fig. 2.2. Due to this spatial mixing, the weak

incoming signal is amplified and the coherent receiver is sensitive to the signal.

This will improve the performance of the coherent detection technique. The direct

detection is a non-coherent technique [83] in which the received optical signals are

passed through a bandpass filter to limit the background noise. The optical signals

are then directed onto a photo-detector to produce an output electrical signal as

illustrated in Fig. 2.2. This electrical signal is proportional to the instantaneous

intensity of the received optical signal. After that the low-pass filter is used to

receive the information signal effectively.
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Fig. 2.3: Impact of different atmospheric and weather conditions on the FSO link

2.1 FSO Channel Modeling

Despite of many advantages offered by FSO communication, there are certain

limitations which affect the performance and reliability of FSO communication sys-

tems. During transmission, the FSO link encounters various losses such as atmo-

spheric turbulence-induced fading, pointing errors due to beam divergence, and at-

mospheric attenuation. The weather conditions such as fog, snow, and smog also

affect the FSO link performance and restrict FSO communication to shorter dis-

tances upto few kilometres (km) as shown in Fig. 2.3.

2.1.1 Atmospheric turbulence

The primary source of turbulence in FSO communication is the earth’s atmo-

sphere. Due to the variations in the temperature, pressure, and wind movement, the

refractive index of the air changes, causing the light beams to scatter [84, 85]. This

phenomenon of rapid and random intensity fluctuations of the received light signal

is known as atmospheric turbulence or scintillation [86, 87]. It leads to fluctuations

in the intensity, phase, and angle of the light, resulting in signal degradation. As

the laser beam propagates through the atmosphere, it encounters varying refractive
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indices. These irregularities can cause the light to undergo interference, leading to

scintillation effects. Scintillation can cause signal fading, degradation in the received

SNR, and errors in the received data [88]. Atmospheric turbulence can also cause

the transmitted laser beam to wander or deviate from its intended path. Beam wan-

der can result in misalignment between the transmitting and receiving terminals,

leading to signal loss or degradation in signal quality [86].

Atmospheric turbulence can be characterized by the index of refraction struc-

ture parameter C2
n, which represents the turbulence strength [88]. The index C2

n

is dependent on both altitude and link distance and the typical values of C2
n can

vary from 10−17 to 10−13 [89]. Furthermore, the magnitude of intensity fluctuations

caused by atmospheric turbulence can be quantified using the scintillation index

and it is expressed as σI = E[I2]/E[I]2 − 1 [90], where E[I2]/E[I]2 is the ratio of

the standard deviation of intensity fluctuations to the average intensity. The scin-

tillation index provides a measure of the severity of turbulence, with higher values

indicating stronger turbulence and increased signal variability.

To study the complete statistical characteristics of the turbulence of FSO chan-

nel, various statistical channel models were proposed in the literature. The most

widely accepted distribution model for characterizing the weak turbulence is log-

normal distribution [88, 90]. However, the log-normal distribution is not suitable for

modeling the moderate-to-strong turbulence of the FSO channel [87, 91]. In the lit-

erature, the Gamma-Gamma distribution is extensively used to model the moderate-

to-strong turbulence due to its excellent fit with experimental data [91, 92, 93, 94].

Furthermore, several other distributions are available such as exponential distri-

bution, K-distribution, Weibull, I-K distribution, etc., to model the turbulence.

Recently, the generalized Malaga distribution was proposed to characterize the at-

mospheric turbulence-induced fading of the FSO link [95]. The physical model of the

Malaga distribution consists of three parts: 1) the line-of-sight (LOS) component, 2)

coupled-to-LOS component, which is scattered due to propagation axis eddies, and

3) statistically independent component that is scattered due to off-axis eddies. Fur-
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ther, the generalized Malaga distribution incorporates the known distributions like

Gamma-Gamma, log-normal, K-distribution, etc., as special cases [57], [95], [96].

2.1.2 Pointing errors

Pointing errors occur due to misalignment between the transmitting and receiv-

ing terminals of the FSO system. These errors can occur due to various factors and

can significantly impact the performance of the communication link. Mechanical vi-

brations caused by environmental factors and building sway can introduce pointing

errors in FSO systems [94, 97, 98]. The vibrations can cause the slight movement

in the aperture of the transmitter or receiver, leading to misalignment. Thermal

effects is also one of the causes for pointing errors in FSO communication. Tem-

perature changes can induce thermal expansion or contraction in the FSO system

components, affecting the alignment between the transmitter and receiver apertures

[18, 82]. Additionally, atmospheric conditions such as strong winds or turbulence

can introduce pointing errors in FSO systems. The movement of the air can affect

the direction of the transmitted laser beam, causing misalignment at the receiving

terminal [21, 98].

Several recent works have explored the statistical modeling of pointing errors

and their effects on the system performance [21, 94, 99, 100]. Assuming that the

statistical properties of pointing errors follow independent Gaussian distributions in

both the horizontal and vertical directions, the radial displacement due to pointing

errors is modeled using a Rayleigh distribution [94, 100]. Moreover, in [94, 100],

the performance of the single-link FSO system was investigated by considering the

effects of turbulence, pointing errors, and attenuation in the FSO channel model.

The turbulence-induced fading was modeled using Gamma-Gamma distribution and

Malaga distribution in [94] and [100], respectively.
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2.1.3 Atmospheric attenuation

Atmospheric attenuation, also known as path loss, occurs in FSO communica-

tion due to the absorption and scattering of light by the atmosphere and it leads

to degradation in the signal strength [9]. The atmosphere contains various aerosols,

dust particles, and water vapour, which can scatter and absorb light [9, 101, 102].

Scattering occurs when light interacts with small particles or molecules in the atmo-

sphere such as dust, smoke, fog, rain, snow, etc., causing the light beam to spread

out and reducing the power density at the receiver [103, 104]. Absorption, on the

other hand, leads to loss of energy in the signal. Both scattering and absorption

contribute to signal attenuation and decrease the effective range of FSO commu-

nication [105, 106]. In case of rain, the particle sizes are significantly larger than

the wavelength of the optical signal, resulting in relatively minimal impact on FSO

transmission [101, 104]. When the diameter of the particles is comparable to the

wavelength, the scattering coefficient increases significantly. Hence, fog and haze are

considered as the most detrimental environmental conditions for FSO transmission

[9, 103].

Mathematically, the atmospheric attenuation or path loss encountered by the

FSO link is defined using Beers-Lambert law as

Il = exp (−Lωl) ,

where ωl (in dB/km) denotes the attenuation coefficient [73, eq. (8.70)] and L (in

km) is total distance of the propagation path.

2.1.4 Channel Estimation Errors

In wireless communication systems, channel estimation is the process of estimat-

ing the characteristic of the channel, such as its gain, phase, frequency response,
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or impulse response. These estimations are essential for reliable signal detection

and decoding. However, due to various factors like interference, multipath propa-

gation, channel fading, time-varying channels, etc., the estimated channel charac-

teristics may deviate from the actual channel, leading to channel estimation errors

[107, 108, 109].

Due to channel estimation errors, it is often challenging to acquire a complete

channel state information (CSI) in practice. Since the wireless channel varies rapidly

due to fading and atmospheric attenuation, it is nearly impossible to acquire the

perfect CSI at the receiver without any error [56, 110]. Therefore, it is crucial to

study the impact of channel estimation errors on the performance of the system. In

[108] and [57], the performance of the FSO communication was investigated over

imprecise channel by assuming turbulence model as Gamma-Gamma and Malaga

distributions, respectively. In [109], performance analysis of the FSO system was

carried out by including the impact of turbulence, pointing error and imperfect CSI

over the Fisher-Snedecor (F) turbulence channel model. Further, the authors in

[111] investigated the FSO system empowered by a single IRS assuming imperfect

CSI over the F -distribution model. In [56, 110], the effect of imperfect CSI on the

performance of the mixed FSO/RF system was analyzed.

2.2 Techniques to Improve FSO performance

To mitigate the effects of turbulence, pointing errors, and pathloss due to at-

mospheric attenuation in FSO channel, several enhancement techniques are em-

ployed, including multiple-input multiple-output (MIMO), cooperative relaying, hy-

brid FSO/RF communication, intelligent reflecting surfaces (IRS), etc. The above-

mentioned techniques aim to compensate for signal fluctuations and improve the

overall performance of the FSO systems in the presence of channel impairments.
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2.2.1 MIMO Schemes

In literature, various MIMO schemes, which offer spatial diversity, were pro-

posed to mitigate the aforementioned drawbacks of the FSO communication. In

spatial diversity techniques, multiple apertures at the transmitter [28, 112] or re-

ceiver [29, 113] or combination of both [114, 115, 116] can be employed to obtain

the diversity benefit. Authors in [117] exploited the multiple-input single-output

(MISO) for the FSO system by utilizing a transmit laser selection scheme to ex-

tract the full diversity and obtained better performance. In [22], the asymptotic

bit error rate (BER) was derived for a single-input multiple-output (SIMO) system

with MRC scheme at the destination and the SIMO system was compared with the

single-link FSO system over Malaga distribution. In [31], MIMO techniques were

studied to enhance the performance of the FSO system under the effects of both tur-

bulence and pointing errors over Gamma-Gamma fading distribution. Furthermore,

in [23], the performance of a MIMO-FSO system was presented in which Alamouti

space-time block-coding was employed at the transmitter and switch-and-examine

combining scheme was employed at the receiver. Additionally, in [23], the atmo-

spheric turbulence of the FSO link was modeled using Malaga distribution without

considering the effect of pointing errors.

The severity of turbulence-induced fading can also be mitigated using a larger

aperture at the receiver, which averages the intensity fluctuations, and this technique

is known as aperture averaging [118, 119]. In [120], the effect of aperture averaging

on the turbulence fluctuations was studied over Gamma-Gamma and lognormal

distributions under different turbulence conditions. In [121], the aperture averaging

technique was proposed for terrestrial as well as SATCOM scenarios to counteract

the shortcomings of FSO communication. Furthermore, the performance of FSO

communication was analyzed over Gamma-Gamma turbulence-induced fading with

beam-wander-induced pointing errors.

Additionally, various diversity combining schemes can be utilized at the receiver
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for multiple beams. These include selection combining (SC), maximal-ratio com-

bining (MRC), switch-and-stay combining (SSC), etc., to achieve maximum system

diversity. In a SC scheme [122, 123], the receiver compare the signals from the mul-

tiple antennas and the signal with the highest instantaneous SNR will be selected.

By utilizing the SC scheme, the impact of fading can be reduced and the overall

performance of the system is improved. In [124, 125], authors employed the MRC

technique to improve the performance of the FSO system, in which the receiver

combined the signals from the multiple antennas in such a way that the output

SNR of the overall system is maximized. Unlike the SC scheme, which selects only

one signal with the highest SNR, MRC combines all the received signals based on

their instantaneous SNRs. In [126], FSO system with multiple photodetectors was

proposed and in [23], 2 × L MIMO FSO system model was considered. Further,

switch-and-examine combining (SEC) and MRC techniques were used for perfor-

mance improvement of the FSO system in [126] and [23], respectively. FSO-based

SSC system with a single transmit aperture and two receive apertures for improving

the reliability of a single-link FSO system was presented in [127]. In case of the

SSC scheme, if the instantaneous SNR of the first operating FSO link drops below

a particular threshold value, then the data is transmitted through the secondary

backup FSO link irrespective of its instantaneous SNR.

A low complexity modulation scheme known as optical spatial modulation (OSM)

was proposed for the MIMO-FSO system to achieve the higher data rates and high

spectral efficiency [33]. Note that spatial modulation is an index modulation scheme

in which the data information is transmitted in both antenna and signal spaces

[34, 128, 129]. Further, a special case of OSM is termed as optical space shift keying

(OSSK), where only one transmitting aperture is active at a given time instant and

the data is decoded as the index of the activated transmitting aperture [53, 54]. In

[55], the authors evaluated the performance of an FSO system based on the OSSK

scheme over Gamma-Gamma distribution. However, in [55], the effect of point-

ing errors was neglected in the modeling of FSO channel. Moreover, in [130], the
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performance of a MISO-OSSK system was studied under jamming signals. The au-

thors in [131] have analyzed the ergodic capacity of an OSSK-based FSO system

by assuming Gamma-Gamma and negative-exponential distributions. Further, in

[132], a mathematical framework was developed for the MIMO-OSSK-based FSO

system in which average BER and ergodic capacity (EC) performances were investi-

gated over non-generalized negative-exponential, log-normal, and Gamma-Gamma

distributions.

2.2.2 Relaying techniques

Relay-assisted FSO system and cooperative diversity schemes were also proposed

to enhance the coverage and to mitigate the limitations of the FSO communication

[37, 133, 134, 135]. In [37], the performance of a dual-hop (DH) FSO system was

investigated in which source communicates with destination with a relay placed in

between. Further, a decode-and-forward (DF) relaying based DH FSO system was

analyzed in [133] over Gamma-gamma turbulence. In [134, 135], performance of the

multi-hop FSO system was analyzed, where the multiple relays were used to im-

prove the reliability and coverage of the FSO communication system. Furthermore,

cooperative diversity is an alternative approach to realize the spatial diversity gain

[136]. In cooperative diversity technique [137, 138], the information signal sent from

source to destination is also intercepted by other nodes, such as relays. By collec-

tively processing and transmitting their information, the source and relays create a

virtual antenna array despite having only one antenna each.

In prior works [139], [140], the relay-assisted mixed FSO/RF system was pro-

posed to improve the performance and to extend the coverage area of FSO com-

munication. In case of a mixed FSO/RF system, usually the message signal from

source-to-relay node will be transmitted over the RF link and the decoded or ampli-

fied message signal from relay-to-destination node will be transmitted over the FSO

link, which can be employed as a last-mile access as illustrated in Fig. 2.4. Further,
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Fig. 2.4: System block for a mixed FSO/RF system

the message will be decoded or amplified at the relay node depending upon the

relaying protocols, i.e. DF or amplify-and-forward (AF). The performance analy-

sis of a DF-relaying-based mixed FSO/RF system was carried out in [139] assuming

Malaga and Nakagami-m distributions. In [140], the performance of an AF-relaying-

based mixed FSO/RF system was investigated in which FSO and millimeter wave

RF were deployed for backhauling the cellular network. The performance analysis

was carried out over Malaga distribution in case of FSO communication and Rician

distribution in case of millimeter wave RF communication.

Relay-assisted mixed FSO/RF systems having the virtue of cooperative diversity

were also investigated in [141], [142], [139], [143], and [144] using AF and DF relay-

ing techniques. In [141]-[142], the relay-to-destination FSO link was modeled using

Gamma-Gamma turbulence-induced fading distribution and the source-to-relay RF

link was characterized by Nakagami-m distribution. Further, in [144], the perfor-

mance metrics like outage probability (OP), average bit error probability (BEP),

and ergodic capacity were studied for a mixed FSO/RF system, where the FSO link

was modeled using double generalized Gamma (DGG) distribution with generalized

non-zero boresight pointing errors and the RF link was characterized using extended

generalized-K (EGK) shadowed fading model. But in [143], a mixed FSO/RF sys-

tem was studied, where the FSO link was utilized in the first hop followed by RF

link in the other hop. Further, AF relaying technique was assumed to amplify the

signal at the relay node and the signals were combined using SC technique at the
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receiver.

The relays in the form of aerial platforms such as unmanned aerial vehicle (UAV),

high-altitude platform station (HAPS), low-altitude platform station (LAPS), etc.

can also be placed between satellite and ground-station for enhancing the perfor-

mance of FSO-based SATCOM [145]. A HAPS-based cooperative relay system was

analyzed in [146] with satellite-to-HAPS and HAPS-to-terrestrial FSO links were

modeled using Gamma-Gamma distribution.

In summary, Table 2.1 presents an overview of the research works conducted on

the relay-assisted FSO and mixed FSO/RF systems, including the channel modeling

and performance metrics.
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Table 2.1: Literature summary on relay-assisted FSO system and mixed FSO/RF systems

Ref. System type Relaying tech-
nique

FSO channel, RF
channel

Performance
metrics

[37] DH FSO AF relay Gamma-Gamma OP, BER, EC

[133] DH FSO DF relay Gamma-Gamma BER

[134] Multi-hop FSO AF relay Gamma-Gamma BER, EC

[135] Multi-relay-assisted
FSO

DF and AF relay Lognormal OP

[138] Cooperative DH
FSO

AF relay Lognormal BEP

[137] Cooperative DH
FSO

DF relay Lognormal BEP

[139] Mixed FSO/RF DH with DF relay Malaga, Nakagami-m OP, BER, EC

[140] Mixed FSO/RF DH with AF relay Malaga, Rician OP, BER, EC

[141] Mixed FSO/RF DH with AF relay Gamma-Gamma,
Nakagami-m

OP, BER, EC

[142] Mixed FSO/RF DH with DF relay Gamma-Gamma,
Nakagami-m

OP, BER, EC

[143] Mixed FSO/RF DH with AF relay DGG, Nakagami-m OP, BER

[144] Mixed FSO/RF DH with AF and
DF relay

DGG, EGK shad-
owed fading

OP, BEP, EC
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2.2.3 Hybrid FSO/RF system

To enhance the reliability and to mitigate the losses, one can backup the FSO

link with a more reliable RF link, which is less susceptible to atmospheric turbulence,

pointing errors, and weather conditions like fog, haze, and smog. However, the RF

link is sensitive to small scale fading and rain [147]. Meanwhile, the FSO link is

not much affected by small-scale fading and rain. Thus, the FSO and RF links in

parallel will complement each other in all channel conditions to improve the overall

performance of both FSO and RF communications. In this context, the hybrid

FSO/RF communication is considered as a promising candidate for 5G and beyond

wireless communication systems, especially for wireless backhaul connectivity [70].

The hybrid FSO/RF communication can also be employed as backhaul links in

applications such as ship connectivity, cellular network, space communication, and

remote connectivity as shown in Fig. 2.5.

In a typical hybrid FSO/RF system, the data will be transmitted using FSO

or RF link or both and the same depends on the type of switching scheme used,

e.g. soft-switching, hard-switching, MRC, and adaptive-combining. The RF link is

mainly used as a backup for the FSO link to improve the system performance. In

[25], [39], a hard-switching scheme for a hybrid FSO/RF system was proposed and

analyzed. In the proposed single-threshold-based hard-switching scheme, when the

quality of FSO link is unacceptable, the hybrid system will switch to the RF link and

the FSO subsystem will be entering into a standby mode. Moreover, this switching

scheme involves frequent hardware switching with sub-optimal performance. In [25],

the performance of the hybrid FSO/RF system with hard switching scheme was

investigated in which only one link will be active depending upon the quality of the

FSO link. The atmospheric turbulence of FSO channel was characterized using a log-

normal distribution, which can model only weak turbulence condition and the RF

fading channel was modeled using Nakagami-m distribution. Furthermore, in [148],

a hard-switching-based MIMO hybrid FSO/RF system was proposed, where both
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Fig. 2.5: Hybrid FSO/RF system and its applications

FSO and RF subsystems comprise multiple transmit and receive apertures/antennas.

Here, the FSO link experiences Malaga fading and the RF link was characterized by

κ-µ shadowed fading distribution. In [149], the authors evaluated the performance of

a hybrid FSO/RF system using a real experiment test setup considering both FSO

and RF links under the effects of atmospheric turbulence and high temperature.

A novel soft switching scheme using a bit-interleaved coding for hybrid FSO/RF

system was proposed in [41] and the results were presented under various weather

and turbulence conditions. It is to be noted that the atmospheric turbulence-induced

fading of the FSO channel in [41] was characterized using Gamma-Gamma distri-

bution, which can model moderate to strong turbulence conditions. In [150], a

soft-switching scheme based on Raptor codes was proposed for a hybrid FSO/RF

system and the practicality of such scheme was demonstrated by implementing Rap-

tor encoder and decoder in a field programmable gate arrays (FPGAs).

The diversity combining schemes were discussed for the hybrid FSO/RF system

in [151], [152], [48], and [49]. In addition, both FSO and RF links were combined

at the receiver using various diversity combining techniques such as SC and MRC

[153], [154]. In [151], the outage and BER performance of a hybrid FSO/RF system

with SC scheme was analyzed over Gamma-Gamma (FSO), Malaga and Nakagami-
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m (RF) fading channels. Similarly, in [152], the performance of SC scheme for

hybrid system was investigated over the generalized Malaga and η − µ fading mod-

els. In [48], SC and MRC of FSO and RF links for hybrid FSO/RF system were

studied over Gamma-Gamma (FSO) and Rician (RF) fading distributions without

considering the effect of pointing errors. Similarly, the unified performance of hy-

brid FSO/RF system considering SC and MRC schemes was presented in [49] over

Gamma-Gamma-based FSO and κ− µ shadowed-fading-based RF distributions by

including the non-generalized zero boresight pointing errors in case of the FSO link.

The limitations of the above-discussed diversity combining schemes for hybrid sys-

tems [48]−[49] are given as follows: (i) The power of RF link is wasted as long as the

quality of FSO link is acceptable and (ii) The transmission data rate of the hybrid

system is scaled down to the data rate of RF link due to simultaneous transmission

of message signal over FSO and RF links.

A novel switching scheme called adaptive combining was proposed for hybrid

FSO/RF system in [155], which is a variant of the MRC scheme. In case of the

adaptive combining scheme, the FSO link is always active and the RF link will be

in a standby mode, if the quality of the FSO link is satisfactory. However, if the

FSO link quality is unacceptable, then the RF link will be activated by sending

a 1-bit feedback signal to the transmitter and MRC of both FSO and RF links

is performed at the receiver. It is to be noted that both switching and diversity

combining benefits can be obtained using the adaptive combining scheme and also

conservation of RF link power is possible using this scheme, when the RF subsys-

tem is in standby mode. Thus, the adaptive combining scheme circumvents all the

drawbacks of the diversity combining schemes and the hard-switching scheme of the

hybrid FSO/RF system. The outage and average SER (ASER) performance of the

adaptive combining scheme for hybrid FSO/RF system was presented in [156] and

a power adaptation strategy was proposed in [157]. In [158] and [159], the perfor-

mance of the adaptive-combining-based hybrid FSO/RF system was investigated for

terrestrial and SATCOM scenarios, respectively.

27



In the existing works with respect to adaptive combining, the performance anal-

ysis was carried out assuming Gamma-Gamma and Nakagami-m or Rician fading

distributions for FSO and RF links, respectively. The non-generalized distributions

like Rayleigh, Rician, and Nakagami-m cannot model the practical scenarios more

accurately. In last few years, the generalized RF fading distributions namely α-η-

µ, α-κ-µ, κ-µ, and η-µ have gained much interest among the research community

due to their extensive range of applications and their flexibility in modeling various

channel scenarios [160]. The performance analysis of wireless communication sys-

tem over α-κ-µ, κ-µ, and η-µ fading models was presented in [161], [162], [163], and

[164]. Recently, α-η-κ-µ, a new and a very comprehensive distribution that models

RF channel fading was proposed in [165] and it includes most of the well-known

distributions as special cases. In [166] and [167], the exact closed-form expressions

were derived for outage probability, average BER, and normalized average capacity

considering a digital communication system over α-η-κ-µ distribution.

In [168], [169], and [170] a switching-based DH cooperative diversity scheme for

the hybrid FSO/RF system with DF relaying technique was investigated. In [168],

a novel switching scheme was proposed for a DH hybrid FSO/RF system using

DF relaying technique, where FSO and RF links were combined at the destination

using MRC scheme. Moreover, in [169], a DH FSO system with an additional

RF backup link to improve reliability of the relay-based FSO system was proposed

and its performance was investigated. Furthermore, a multi-hop hybrid FSO/RF

system based on the hard-switching scheme assuming DF relay was analyzed in

[171]. In [168], [170], and [171], the modeling of the FSO link was restricted to

Gamma-Gamma distribution and in [169], the FSO link was modeled using Malaga

distribution. Similarly, for modeling the small-scale fading of RF link, the Nakagami-

m distribution was assumed in [170], [171]. The authors in [172] have explored

the hybrid FSO/RF system for HAPS-assisted SATCOM system with the mobile

network supported by an UAV. Additionally, the performance of a HAPS-based

SATCOM system was extensively analyzed in [173]. Here, hybrid FSO/RF system
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with FSO link backed by RF link was considered between ground station and HAPS,

which acts as a relay node. However, only FSO link was considered between HAPS

and satellite.

In a nutshell, the overall status of the research works carried out in hybrid

FSO/RF systems along with the details of channel modeling and pointing errors

has been tabulated in Table 2.1.
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Table 2.2: Literature summary on hybrid FSO/RF system models

Ref. Technique/Scheme FSO channel RF channel Pointing error Metrics

[41] Soft-switching Gamma-Gamma Rician Not included PEP

[25] Hard-switching Log-normal Nakagami-m Not included OP, BER, EC

[39] Hard-switching Gamma-Gamma Rician Zero boresight OP, BER

[174] Hard-switching Malaga α-η-κ-µ Zero boresight SER

[154] SC Malaga Nakagami-m Zero boresight OP, BER

[48] MRC and SC Gamma-Gamma Rician Not included Average BER

[49] MRC and SC Gamma-Gamma κ-µ Zero boresight OP, BER

[148] MIMO Malaga κ-µ Zero boresight OP, SER, EC

[155] Adaptive combining Gamma-Gamma Nakagami-m Not included OP

[158] Adaptive combining Gamma-Gamma Nakagami-m Zero boresight OP, SER

[159] Adaptive combining Gamma-Gamma Rician Non-zero boresight OP, SER

[168] DH cooperative DF
relay

Gamma-Gamma Nakagami-m Zero boresight OP, SER

[169] DH cooperative DF
relay

Malaga Nakagami-m Zero boresight OP, SER, aver-
age capacity

[171] Multi-hop DF relay Gamma-Gamma Nakagami-m Zero boresight OP, EC
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2.2.4 Reconfigurable Intelligent Surface (RIS)

The reconfigurable intelligent surface (RIS) or IRS has emerged as a promising

solution for addressing the demands of the future wireless communications such as

enhanced bandwidth, extended coverage, and improved link reliability [45], [175].

The RIS module is a passive planar surface capable of modifying the properties

of incoming electromagnetic waves such as amplitude, phase, and polarization [42,

176]. In [43], authors have proposed a RIS-assisted RF system in which data is

transmitted in a dual-hop manner from transmitter to receiver via RIS as shown in

Fig. 2.6. Further, the average symbol error probability (ASEP) performance of the

RIS-assisted system was investigated over Rayleigh fading distribution based on the

central limit theorem. In [177], the authors presented a more accurate performance

analysis of the RIS-assisted RF system over Rician fading using the Laguerre series

method for different modulation schemes. In [51], multiple RISs were deployed in a

smart radio network to realize a cascaded RIS-assisted system and the performance

was analyzed in terms of outage probability, ASEP, and ergodic capacity (EC) over

conventional binary modulation schemes assuming Nakagami-m distribution. The

authors in [178] have investigated the BER performance of a RIS-assisted system

considering the index modulation schemes, i.e. spatial modulation (SM) and space

shift keying (SSK). In [179], the authors have proposed a new RIS-phase modulation

scheme by superimposing the message-bearing phase offsets on the typical RIS phase

shifts to transmit the extra information and investigated the outage probability and

ASEP of RIS-aided MISO system with the proposed phase modulation scheme.

Recently, the usage of RIS technology has also been extended to FSO scenario

to combat the LOS link blockage issue due to buildings, trees, and other obstacles

[52]. The optical RIS-based FSO system has the advantage of lower hardware cost

as compared to the FSO-based relaying system, since active components, which are

essential at the relay nodes such as power amplifiers, encoders, decoders, etc., are

not required in case of RIS [180]. The RISs are made up of meta-surfaces that can
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Fig. 2.6: Depiction of a RIS-assisted wireless communication system

be categorized as reconfigurable and non-reconfigurable surfaces depending on their

configuration after fabrication [26]. In [50], the authors proposed a solution to the

problem of skip-zones in FSO communication by using a RIS module between a

source and a destination. Further, the cascaded FSO channel statistics were derived

in [50] over the Gamma-Gamma distribution for investigating the performance of

the system. In [181], the RIS-assisted FSO system was investigated over a large

number of RIS elements to improve the performance and enhance the coverage

area. Further, in [181], it was observed that the performance of the RIS-assisted

FSO system improves drastically with an increase in the number of RIS elements.

In [27], the authors presented a comprehensive performance of the RIS-assisted

FSO system by investigating the metrics like OP, EC, and average bit error rate

(ABER) over the generalized distributions. In [182], a RIS-aided mixed RF/FSO

system is analyzed, where a single RF source is equipped with RIS and a single

FSO link is used to connect relay and destination. Authors in [183] proposed a

RIS-assisted hybrid FSO/RF system to improve the reliability in which both FSO

and RF subsystems are assisted by RIS. Further, in [184], authors have considered

the UAV-based RIS system with hybrid FSO/RF communication, where both FSO
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and RF links are equipped by a single RIS. In [185], a HAPS-based satellite-aerial-

ground network was proposed, where RIS-aided UAV acts as a relay between HAPS

and ground station. In addition, HAPS-to-UAV link was empowered by a hybrid

FSO/RF communication.

In a nutshell, Table 2.3 provides a summary of the current research status of

performance analysis of various RIS-based wireless system models.
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Table 2.3: Literature summary on RIS-assisted RF and FSO system models

Ref. System model Number
of RIS

Modulation
technique

FSO/RF channel Performance Met-
rics

[43] RIS-aided RF system Single M -ary PSK Rayleigh ASEP

[176] RIS-assisted RF system Single Binary modulation
schemes

Rayleigh OP, ABER, average
channel capacity

[177] RIS-assisted RF system Single Binary modulation
schemes

Rician OP, ASEP, average
channel capacity

[51] Cascaded RIS-assisted RF
system

Multiple Binary modulation
schemes

Nakagami-m OP, EC, ASEP

[178] RIS-assisted RF system Single SM and SSK Rayleigh Average BER

[179] MISO system with MRT
scheme

Single RIS-phase modula-
tion scheme

Rayleigh OP, ASEP

[27] RIS-assisted FSO system Single Binary modulation
schemes

Gamma–Gamma,
F -distribution,
Malaga

OP, ABER, EC

[50] RIS-aided FSO system Single Binary modulation
schemes

Gamma–Gamma OP, ABER, EC

[181] RIS-aided FSO system Single Binary modulation
schemes

Gamma–Gamma OP, ABER, EC

[182] RIS-aided mixed FSO/RF
with relay network

Two Binary PSK Gamma–Gamma/
Rayleigh

OP, ASEP

[183] RIS-assisted hybrid
FSO/RF system

Two Binary PSK Gamma–Gamma/
Rayleigh

OP, ABER, EC

[184] UAV-based RIS-assisted
hybrid FSO/RF system

Single M -ary PSK Gamma–Gamma/
Nakagami-m

ASER, channel ca-
pacity
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2.3 Chapter Summary

This chapter encompasses an in-depth exploration of the state-of-the-art in FSO

communication, assessing its advantages, applications, and limitations while com-

paring it to RF and other wireless communication systems. Additionally, the chapter

discusses the impairments encountered in the FSO channel such as atmospheric tur-

bulence, atmospheric attenuation due to fog and rain, pointing errors, and channel

estimation errors. To enhance the performance and overcome the impairments in

FSO systems, several improvement techniques have been explored. These techniques

include MIMO schemes, relaying techniques, hybrid FSO/RF communications, and

the usage of IRS between source and destination. Their purpose is to mitigate the

atmospheric effects, thereby ensuring reliable and efficient FSO communication. Fi-

nally, the chapter concludes by addressing the challenges and open research problems

that need to be explored for further improvement of the FSO communication.
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Chapter 3

Performance Analysis of Hybrid

FSO/RF Communication Over

Generalized Fading Models

3.1 Introduction

The upcoming 6th generation (6G) wireless communication standard should be

capable enough to satisfy the high data rate, low latency, and substantial throughput

requirements. In this regard, FSO communication is an emerging technology which

fulfils the ever-growing demands of ultra-high data rate and massive bandwidth

requirements. Further, the FSO links can be employed for a variety of applications

such as enterprise/campus area connectivity, extending metropolitan area network,

live video broadcasting, backhaul connectivity for wireless cellular networks, and

satellite communications [70].

Nevertheless, the FSO communication suffers from atmospheric turbulence-induced

fading, atmospheric attenuation, and misalignment or pointing errors. The weather

conditions such as fog, snow, and smog also affect the FSO link performance and

restrict FSO communication to shorter distances upto few kilometres [80]. To en-

hance the reliability and to mitigate the losses, one can backup the FSO link with a
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more reliable RF link, which is less susceptible to atmospheric turbulence, pointing

errors, and weather conditions like fog, haze, and smog. However, the RF link is

sensitive to small scale fading and rain [147]. Meanwhile, the FSO link is not much

affected by small-scale fading and rain. Thus, the FSO and RF links in parallel

will complement each other in all channel conditions to improve the overall perfor-

mance of both FSO and RF communications. In this context, a hybrid FSO/RF

communication is considered as a promising candidate for 6G and beyond wireless

communication systems, especially for wireless backhaul connectivity [70].

In a typical hybrid FSO/RF system, any one of the FSO or RF link or both

will be activated depending upon the link quality or the type of switching scheme

used [25], [39]. In [25], the performance of the hybrid FSO/RF system with hard

switching scheme was investigated in which only one link will be active depending

upon the quality of the FSO link. The atmospheric turbulence of FSO channel was

characterized using a log-normal distribution, which can model only weak turbulence

condition and the RF fading channel was modeled using Nakagami-m distribution.

The Malaga distribution is a generalized distribution used to model atmospheric

turbulence of FSO channel from which log-normal, Gamma-Gamma, exponential,

and other known distributions can be obtained as special cases [95]. In the existing

works [25, 41, 39], the performance of hybrid FSO/RF was analyzed over non-

generalized distributions like Gamma-Gamma and Nakagami-m.

In this chapter, a unified performance analysis of a single-hop hybrid FSO/RF

system is carried out by assuming a single-threshold-based hard-switching scheme.

We consider generalized Malaga and α-η-κ-µ fading distributions for modeling FSO

and RF links, respectively. The exact closed-form expressions for outage probability,

average symbol error rate (SER), and ergodic capacity are derived for the proposed

hybrid FSO/RF system considering both atmospheric turbulence and pointing errors

in case of FSO link and small scale fading in case of RF link. Additionally, we have

also investigated the performance of the hybrid FSO/RF system for both uplink

and downlink satellite communication scenarios. Further, the optimum switching
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threshold SNR value γoptth and optimum beam width value wopt
0 of the hybrid FSO/RF

system are also determined to achieve optimal performance.

3.2 Organization of the chapter

The remainder of the chapter is structured as follows. In Section 3.3, the system

model and the channel models of both FSO and RF links with statistical charac-

teristics are discussed. The outage analysis and average SER analysis of hybrid

FSO/RF system are presented in Sections 3.4 and 3.5, respectively. The ergodic

capacity expression for hybrid FSO/RF system is given in Section 3.6. In Section

3.7, the asymptotic analysis for outage, average SER, and ergodic capacity is pre-

sented. Section 3.8 presents the numerical results and the concluding remarks of

this chapter are given in Section 3.9.

3.3 System and Channel Models

In this work, a single-threshold-based hybrid FSO/RF system is considered,

where one of the two links either FSO or RF link will be activated depending upon

the instantaneous SNR of FSO link as shown in Fig. 3.1. In this switching strat-

egy, transmission over FSO links is given a greater priority than transmission over

RF links. If the instantaneous SNR of an FSO link drops below a predetermined

threshold SNR value γth, then the RF link is used to transmit the message signal. It

is important to note that before each transmission phase, the channel states of FSO

and RF links are estimated at the receiver. These estimates are used to calculate the

instantaneous SNR of the FSO and RF links. Based on these calculated instanta-

neous SNR values, a one-bit feedback signal will be used to activate the backup RF

link at the transmitter, in case if the FSO link is not satisfactory. We assume that

the transmitter receives the feedback bit without any errors and the receiver has full

channel state information (CSI). It is assumed that the FSO subsystem uses a sub-

carrier intensity modulation based M -ary phase-shift-keying (SIM-MPSK) scheme
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Fig. 3.1: Hybrid FSO/RF system model

at the transmitter, in which the up-converted MPSK signal modulates the inten-

sity of laser beam [80]. Furthermore, the FSO receiver employs both HD and DD

methods. Note that HD is a type of coherent detection technique, which requires a

local oscillator to generate a carrier signal at the receiver [80]. Moreover, the MPSK

signalling technique is used to modulate RF signals.

The generalized Malaga distribution is taken into account for modeling the at-

mospheric turbulence of the FSO link. It is important to note that majority of the

atmospheric turbulence models used for modeling the FSO channel, including the

log-normal distribution, Gamma-Gamma distribution, K distribution, etc., are all

included in the Malaga distribution [95]. Further, the small-scale fading of RF link

is described using the recently proposed α-η-κ-µ distribution [165], which includes

wide variety of RF fading models like α-κ-µ, α-η-µ, κ-µ, η-µ, Rice, Nakagami-m,

etc. The performance parameter expressions for a wide range of distributions can

be obtained as special cases from the generalized distributions, eliminating the need

for analyzing each distribution separately.

The FSO channel model considered in this chapter includes atmospheric turbu-

lence, pointing errors and path loss. Moreover, the RF channel model also includes

atmospheric fading and path loss components. Let the atmospheric turbulence,

pointing errors and pathloss encountered by FSO link be denoted as Ia, Ip, and Il,

respectively. The effective channel irradiance of FSO link is given by IFSO = IaIpIl.

The output received signals at the receiver corresponding to HD and IM/DD schemes
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are denoted as yIM/DD and yDD, respectively. Let the transmitted input signal for

both the channels be xIM/DD and xHD. The output equations for the received FSO

signal under HD and IM/DD techniques are, respectively, given by

yHD =
√
ηe PF

√
IFSO xHD + nHD, (3.1)

yIM/DD = ηe PF IFSO xIM/DD + nIM/DD, (3.2)

where ηe denotes the optical-to-electrical conversion coefficient, PF is the optical

power at the transmitter, nIM/DD represents the additive white Gaussian noise

(AWGN) with zero-mean and variance σ2
HD, and nIM/DD represents the AWGN with

zero-mean and variance σ2
IM/DD. Similarly, the equation for the received baseband

RF signal is given by:

yRF =
√
PR gR hRF xRF + nRF , (3.3)

where hRF is the small-scale fading coefficient of the RF channel, PR is the trans-

mitted RF power, xRF is the transmitted MPSK symbol, nRF is the AWGN with

zero-mean and variance given by σ2
RF (in dBm) = BR+N0+Nf . Here, BR is the RF

bandwidth (in dBMHz), N0 is the noise power spectral density (in dBm/MHz), and

Nf is the noise figure. The average RF channel gain gR at 60 GHz carrier frequency

is given by [41]

gR = Gt +Gr − 20 log10

(
4πL

λr

)
− (ζoxy + ζrain)L, (3.4)

where Gr and Gt represent the receive and transmit antenna gain values, L is the

link distance, λr is the wavelength of RF signal, and ζrain and ζoxy indicate the

attenuation due to rain and oxygen absorption, respectively.
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3.3.1 FSO Channel Model

The Malaga distribution statistically accounts for three components of the ob-

served field at the receiver as follows: (a) UL indicates the LOS component (b) US
C

denotes the coupled to LOS component that is scattered by the eddies on the prop-

agation axis (c) US
G is the third component, which is scattered to the receiver by

off-axis eddies [95]. The probability density function (PDF) of irradiance Ia of FSO

link modeled using Malaga distribution, is given by [95, eq. (24)]

fIa(Ia) = AM

β∑
d=1

adI
α+d
2

a Kα−d

(
2

√
αβIa
yβ + Ω′

)
, (3.5)

where

AM =
2αα/2

y1+α/2Γ(α)

(
yβ

yβ + Ω′

)β+α/2

, (3.6)

ad =

(
β − 1

d− 1

)
(yβ + Ω

′
)1−d/2

(d− 1)!

(
Ω

′

y

)d−1(
α

β

)d/2

, (3.7)

α > 0 represents the large-scale irradiance fluctuation, β > 0 is related to the

amount of small-scale irradiance fluctuation and is assumed as a natural number as

mentioned in [95], Kv(·) represents the modified Bessel function of second kind of

order v [186, eq.(8.432.1)], and Γ(·) is the gamma function [186, eq. (8.31.1)]. The

major parameters involved in the PDF of Ia are mentioned in Table 3.1. Further,

the expressions used to calculate α and β for terrestrial and satellite communication

scenarios are given in the Appendix A.

The radial displacement ϱ between the beam centre and detector centre, which

induces pointing error, has been modeled using Rayleigh distribution. The amount

of the received power collected at the receiver aperture of radius a can be expressed

in Gaussian form as [94]

Ip ≈ A0 exp(−2ϱ2/wLeq), (3.8)

where A0 = erf2(v), v =
√
π a√
2wL

, and wLeq =
w2

L

√
πerf(v)

2v exp(−v2)
. Here, A0 represents the

fraction of the power collected at ϱ = 0, wL is the Gaussian beam width, wLeq is
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Table 3.1: Parameters involved in the PDF of Malaga distribution

Symbol Description/expression

Ω
′

Ω
′
= Ω+ 2 b0ρ+ 2

√
2 b0ρΩcos (ϕA − ϕB)

Ω Average power of LOS component (UL)

ϕA Deterministic phase of LOS

ϕB Deterministic phase of coupled-to-LOS scatter component

y y = 2 b0(1− ρ), average power of the scattered component received
by off-axis eddies

2 b0 Average power of the total scatter components UC
S & UG

S

0 < ρ < 1 Amount of scattering power coupled to LOS component

the equivalent beam width, and erf(·) represents the error function [186, eq. (8.25)].

Further, the Gaussian beam width can be given in terms of link distance L and

wavelength λf as

wL ≈w0

√
1 + θ0(λfL/πw2

0)
2, θ0 = 1 +

2w2
0

ρ20(L)
, ρ20(L) = (0.55C2

n k
2
nL)

−3/5,

(3.9)

where w0 represents the beam width at L = 0, C2
n is the refractive index parameter,

and kn = 2π
λf

is the wave number. It is to be noted that the radial displacement ϱ

follows the Rayleigh distribution [94, 100] and using the random variable transfor-

mation in (3.8), the PDF of pointing errors Ip can be expressed as [94, eq. (11)]

fIp(Ip) =
g2

Ag2

0

Ig
2−1

p ; 0 ≤ Ip ≤ A0, (3.10)

where g =
wLeq

2σs
represents the pointing error coefficient and σs is the jitter standard

deviation. Beers Lambert Law [94] defines the atmospheric path loss of an optical

link as Il = exp(−ζwL), where ζw is the attenuation coefficient which depends on

weather conditions.

The combined atmospheric channel state of FSO link includes irradiance, point-

ing errors and path loss and is written as IFSO = IaIpIl. The PDF of composite

channel irradiance IFSO = IaIpIl can be derived by using random variable transfor-
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mation as

fIFSO
(I) =

g2AM

2I

β∑
d=1

bdG 3 0
1 3

 αβI

(yβ + Ω′)IlA0

∣∣∣∣∣∣∣
g2 + 1

g2, α, d

 , (3.11)

where bd = ad(αβ/(yβ+Ω
′
))−(α+d)/2 and Gm n

p q (·) represents Meijer G-function [187,

eq.(07.34.02.0001.01)].

The instantaneous SNR and the average SNR of FSO link for HD scheme are,

respectively, given by

γHD = IFSO
PFηe
σ2
HD

, (3.12)

γ1 = (y + Ω
′
)kA0Il

PFηe
σ2
HD

, (3.13)

where E[IFSO] = (y + Ω
′
)kA0Il, E[·] denotes the expectation operation, and k =

g2

g2+1
. By applying the random variable transformation using γHD = γ1IFSO/[(y +

Ω
′
)kA0Il], the PDF of instantaneous SNR of FSO link is given by

fγHD
(γ) =

g2AM

2γ

β∑
d=1

bdG 3 0
1 3

BM
γ

γ1

∣∣∣∣∣∣∣
g2 + 1

g2, α, d

 , (3.14)

where BM = k α β (y+Ω
′
)/(yβ+Ω

′
). Similarly, for IM/DD technique, the instanta-

neous SNR and the average electrical SNR of FSO link can be written, respectively,

as

γIM/DD = I2FSO

P 2
Fη

2
e

σ2
IM/DD

, (3.15)

γ2 = [(y + Ω
′
)k A0Il]

2 P 2
Fη

2
e

σ2
IM/DD

, (3.16)

By applying random variable transformation using γIM/DD = γ2I
2
FSO/[(y + Ω

′
) k A0Il]

2
,

the PDF of the instantaneous SNR of IM/DD detection scheme is obtained as

fγIM/DD
(γ) =

g2AM

4γ

β∑
d=1

bdG 3 0
1 3

BM

√
γ

γ2

∣∣∣∣∣∣∣
g2 + 1

g2, α, d

 , (3.17)
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Combining two PDFs in (3.14) and (3.17) result in a single expression that leads

to the unification of HD and IM/DD techniques. The unified expression for the

PDF of instantaneous SNR of FSO link γFSO is given by

fγFSO
(γ) =

g2AM

2rγ

β∑
d=1

bdG 3 0
1 3

BM

(
γ

γr

) 1
r

∣∣∣∣∣∣∣
g2 + 1

g2, α, d

 , (3.18)

where the parameter r specifies the type of detection technique. The PDF in (3.18)

represents the PDF of HD and IM/DD schemes for r = 1 and 2, respectively. The

cumulative distribution function (CDF) of instantaneous SNR of FSO link γFSO can

be calculated as

FγFSO
(γth) =

∫ γth

0

fγFSO
(x) dx, (3.19)

FγFSO
(γth) = C1

β∑
d=1

tdG
3r 1
r+1 3r+1

A1

∣∣∣∣∣∣∣
1, K1

K2, 0

 , (3.20)

where A1 =
Br

Mγth
r2rγr

, K1 = g2+1
r
...g

2+r
r

, K2 = g2

r
...g

2+r−1
r

, α
r
...α+r−1

r
, d
r
...d+r−1

r
, C1 =

g2AM

22r−1πr−1 , and td = bd r
α+d−1.

3.3.2 RF channel Model

The α-η-κ-µ fading model mainly comprises of (a) arbitrary number of multipath

clusters in a nonlinear environment (b) arbitrary number of dominant components

and (c) arbitrary multipath powers. The envelope hRF of α-η-κ-µ model is defined

as [165]

hαR
RF =

µx∑
i=1

(Xi + λxi
)2 +

µy∑
i=1

(Yi + λyi)
2, (3.21)

where αR > 0 signifies the nonlinearity of the medium, Xi and Yi are mutually

independent Gaussian random processes with zero mean and variances σ2
x and σ2

y,

respectively, λxi
and λyi are the mean of in-phase and quadrature components of

cluster i, and µx and µy are the number of in-phase and quadrature components of

multipath clusters, respectively. The PDF of envelope hRF , which follows α-η-κ-µ
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Table 3.2: Parameters involved in the PDF of α-η-κ-µ distribution

Symbol Expression Description

η µxσ2
x

µyσ2
y

Ratio of the power of in-phase to quadrature component

κ
λ2
x+λ2

y

µxσ2
x+µyσ2

y
Ratio of the sum of the power of dominant components
to scattered waves

µ µx+µy

2
Number of multipath clusters

p µx

µy
Ratio of the number of in-phase and quadrature multi-
path components

q
µyσ2

yλ
2
x

µxσ2
xλ

2
y

Product of two ratios: ratio of the power of quadrature
to in-phase dominant component and ratio of the power
of in-phase to quadrature scattered component

model, can be written as [165]

fhRF
(h) =

αR h
αRµ−1 exp (−hαR/2)

2µΓ(µ)

∞∑
l=0

l ! cl
(µ)l

Lµ−1
l (2hαR), (3.22)

where (µ)l represents pochhammer symbol, c0 and cl are given in [165, eq. (30)] and

[165, eq. (15)], respectively, Γ(·) is the gamma function [186, eq. (8.31.1)], and Ll
µ(·)

is defined as a Laguerre polynomials [186, eq. (8.970.1)]. The remaining parameters

in (3.22) are given in Table 3.2.

The instantaneous SNR of RF link with α-η-κ-µ fading distribution including

the path loss is given by

γRF =
|hRF |2γRF

gR
. (3.23)

where γRF = gR
PR

σ2
RF

is the average SNR of RF link. By utilizing the random variable

transformation γRF = |hRF |2γRF/gR and after some manipulations, the PDF of

instantaneous SNR of RF link is given by

fγRF
(γ) = α̃

∞∑
l=0

l∑
m=0

cl(−l)mγα̃(µ+m)−1 exp
(
−γα̃/2γα̃RF

)
m! Γ(µ+m) 2µ−mγ

α̃(µ+m)
RF

, (3.24)

where α̃ = αR/2 is used for notational ease. The CDF of instantaneous SNR of RF
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link can be written as

FγRF
(γth) =

∫ γth

0

fγRF
(t) dt =

∞∑
l=0

l∑
m=0

cl (−l)m4m

m! Γ(µ+m)
γ

(
µ+m,

γα̃th
2 γα̃RF

)
, (3.25)

where γ(:, :) represents the lower incomplete gamma function [186, eq. (8.350.1)].

3.4 Outage Analysis

In this section, the outage probability expression in closed-form for the hybrid

FSO/RF system is derived. In hybrid FSO/RF system, if the instantaneous SNR

of both the FSO and RF links are lesser than a threshold SNR value γth, then the

system will be declared to be in outage. The expression for outage probability of

hybrid FSO/RF system is given by

PH
out = FγFSO

(γth)FγRF
(γth), (3.26)

where FγFSO
(γth) and FγRF

(γth) are the CDFs of FSO and RF links, which are given

by (3.20) and (3.25), respectively.

3.5 Average SER Analysis

The average SER of a single-threshold-based switching scheme for hybrid FSO/RF

system is given by PH
e = BFSO(γth) + FγFSO

(γth)P
RF
e , where BFSO(γth) represents

the average SER during the non-outage period of FSO link and PRF
e represents the

average SER of RF link. The average SER during the non-outage period of FSO

link is given by

BFSO(γth) =

∫ ∞

γth

p(e|x)fγFSO
(x)dx, (3.27)
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where p(e|x) is the conditional SER of MPSK modulation conditioned on the in-

stantaneous SNR x and it is expressed as

p(e|x) = A

2
erfc(B

√
x), (3.28)

where A = 1 forM = 2, A = 2 forM > 2, B = sin(π/M), and erfc(·) represents the

complementary error function. Using [187, eq. (07.34.03.0619.01)], the conditional

SER of MPSK can be written in terms of Meijer G-function and is given by

p(e|x) = A

2
√
π
G 2 0

1 2

B2x

∣∣∣∣∣∣∣
1

0, 1
2

 . (3.29)

By using the Maclaurin series expansion of erfc(·) function [186, eq. (3.321)], the

conditional SER can also be written as

p(e|x) = A

2

[
1− 2√

π

∞∑
n=0

(−1)nB2n+1xn+
1
2

n!(2n+ 1)

]
. (3.30)

Further, by substituting (3.30) and (3.18) in (3.27), BFSO(γth) can be written as

BFSO(γth) =

∫ ∞

0

A

2
erfc(B

√
x)fγFSO

(x)dx︸ ︷︷ ︸
PFSO
e

−
∫ γth

0

A

2
erfc(B

√
x)fγFSO

(x)dx︸ ︷︷ ︸
I

,(3.31)

where P FSO
e is the average SER of FSO link and after simplification using [187, eq.

(07.34.21.0013.01)], the closed form expression is given by

P FSO
e = C2

β∑
d=1

tdG
3r 2
r+2 3r+1

A2

∣∣∣∣∣∣∣
1, 0.5, K1

K2, 0

 , (3.32)

where C2 =
Ag2AM

22rπr− 1
2
and A2 =

Br
M

B2r2rγr
.

The integral I in (3.31) can be evaluated by expanding the erfc(·) function us-

ing Maclaurin series [186, eq. (3.321.1)] and after simplification using [187, eq.

(07.34.21.0084.01)], the integral I is written as I = I1 − I2 and the expressions for
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I1 and I2 are, respectively, given by

I1 =
A

2
FγFSO

(γth),

I2 = C2

β∑
d=1

td

∞∑
n=0

DnG
3r 1
r+1 3r+1

(
A1

∣∣ −n+0.5,K1

K2,−n−0.5

)
,

where Dn = 2(−1)nB2n+1

n! (2n+1)
γ
n+ 1

2
th .

The average SER of RF link is given by

PRF
e =

∫ ∞

0

p(e|t) fγRF
(t)dt (3.33)

By substituting (3.24) and (3.29) in (3.33) and after substituting the exponential

function in its Meijer G-form using [187, eq. (07.34.03.0228.01)], the expression for

PRF
e can be written as

PRF
e =

Aα̃

2
√
π

∞∑
l=0

l∑
m=0

cl(−l)m
m! Γ(µ+m) 2µ−mγ

α̃(µ+m)
RF

∫ ∞

0

tα̃(µ+m)−1G 2 0
1 2

B2t

∣∣∣∣∣∣∣
1

0, 0.5


×G 1 0

0 1

 tα̃

2γα̃RF

∣∣∣∣∣∣∣
−

0

 dt (3.34)

By solving the above expression using [187, eq. (07.34.21.0013.01)], the average SER

of RF link is given by

PRF
e =

Aα̃

2
√
π

∞∑
l=0

l∑
m=0

cl(−l)mj
1
2 iδ−1

m! Γ(µ+m) 2µ−m(2π)
i+j
2

−1(B2γRF )
δ

×G j 2i
2i j+i

 ii

B2i(2jγα̃RF )
j

∣∣∣∣∣∣∣
B1

B2, B3

 , (3.35)

where δ = α̃(µ+m), α̃ = i/j, i and j are positive integers, B1 =
1−δ
i
, ..., i−δ

i
, 0.5−δ

i
, ...,

i−0.5−δ
i

, B2 = 0, 1
j
, .., j−1

j
, and B3 =

0−δ
i
, ..., i−1−δ

i
.
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3.6 Ergodic Capacity Analysis

The best achievable capacity is given in terms of average (or ergodic) capacity.

The average capacity of the hybrid FSO/RF system is given by

C̄hybrid = C̄FSO(γth) + FγFSO
(γth)C̄RF , (3.36)

where C̄FSO(γth) is the average capacity of FSO link during the non-outage period

and C̄RF is the average capacity for RF link. The average capacity of FSO link

during the non-outage period can be expressed as

C̄FSO(γth) = WF

∫ ∞

0

log2(1 + εr x)fγFSO
(x)dx︸ ︷︷ ︸

C̄FSO

− WF

∫ γth

0

log2(1 + εr x)fγFSO
(x)dx︸ ︷︷ ︸

IC

, (3.37)

where εr is a constant and for heterodyne detection (i.e. r = 1), ε1 = 1 and for

IM/DD detection (i.e. r = 2), ε2 = e/(2 π), WF denotes the bandwidth of FSO

signal, and C̄FSO is defined as the average capacity of FSO link. By substituting the

Meijer G-form of log2(1+x) [187, eq. (07.34.03.0830.01)] in (3.37) and after utilizing

[187, eq. (07.34.21.0013.01)], the average capacity of FSO link can be written as

C̄FSO = C4

β∑
d=1

tdG
3r+2 1
r+2 3r+2

(
A3

∣∣ 0,1,K1

K2,0,0

)
, (3.38)

where C4 =
g2AMWF

2r(2π)r−1 ln(2)
and A3 =

Br
M

εr r2rγr
.

The integral IC in (3.37) can be evaluated by expanding log2(1 + x) in its series

form [188]. After substituting (3.18) in (3.37), IC can be written after simplification

using [187, eq. (07.34.21.0084.01)] as IC = I1+ I2, where I1 and I2 are, respectively,

given by

I1 = WF log2(z)FγFSO
(γth), (3.39)
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I2 = C4

β∑
d=1

td

∞∑
n=1

(−1)n−1

n zn

n∑
i=0

(
n

i

)
(1− z)n−iεir γ

i
thG

3r 1
r+1 3r+1

A1

∣∣∣∣∣∣∣
1− i,K1

K2,−i

 ,

(3.40)

where z = εrγth+1
2

.

The ergodic channel capacity of RF link is formulated as

C̄RF = WR

∫ ∞

0

log2(1 + t)fγRF
(t)dt, (3.41)

where WR is the bandwidth of RF signal. By substituting Meijer G-form of log2(1+

t) [187, eq. (07.34.03.0830.01)] and (3.24) in (3.41) and after utilizing [187, eq.

(07.34.21.0012.01)], C̄RF is expressed as

C̄RF =
WRα̃

ln 2

∞∑
l=0

l∑
m=0

cl(−l)m
m! Γ(µ+m) 2µ−mγ

α̃(µ+m)
RF

×H 3 1
2 3

(
1

2γα̃RF

∣∣∣∣ (−α̃(µ+m),α̃),(1−α̃(µ+m),α̃)
(0,1),(−α̃(µ+m),α̃),(−α̃(µ+m),α̃)

)
, (3.42)

where H m n
p q (·) represents the Fox’s H-function [189]. Using [189, eq. (1.60)], the

ergodic capacity of RF link can be further simplified as

C̄RF =
WRα̃

ln 2

∞∑
l=0

l∑
m=0

C5H 3 1
2 3

(
1

2γα̃RF

∣∣∣∣ (0,α̃),(1,α̃)
(µ+m,1),(0,α̃),(0,α̃)

)
, (3.43)

where C5 =
cl(−l)m4m

m! Γ(µ+m)
.

3.7 Asymptotic Analysis

The closed-form expressions derived for outage probability, average SER, and

ergodic capacity are computationally very complex. To give more insights into the

system behaviour, we have carried out the asymptotic analysis at high SNR values.

The asymptotic expressions are computationally less complex and are also used to

determine the SNR gain Gc and diversity gain Gd of the system.
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3.7.1 Outage Probability

The asymptotic expression for the outage probability of hybrid FSO/RF system

is calculated by assuming the average SNR of FSO link tending to infinity for a fixed

value of RF average SNR and is given by

PH∞

out = F∞
γFSO

(γth)FγRF
(γth) , (3.44)

where FγRF
(γth) is given by (3.25) and by employing [187, eq. (07.34.06.0040.01)] in

(3.20), F∞
γFSO

(γth) is calculated as

F∞
γFSO

(γth) = C1

β∑
d=1

td

3r∑
u=1

(
Br

Mγth
r2rγr

)K2,u Λ1

K2,u

, (3.45)

where Λ1 =

3r∏
s=1; s ̸=u

Γ(K2,s−K2,u)

r∏
s=1

Γ(K1,s−K2,u)
and Ki,j represents the jth term of Ki. From (3.44)

and (3.45), it is observed that PH∞
out ∝ (γr)

−Gd , where Gd = min (g2/r, α/r, 1/r).

Thus, the diversity gain of the proposed hybrid FSO/RF system is given by Gd.

3.7.2 SER Analysis

The asymptotic expression for average SER of hybrid FSO/RF system is given

by

PH∞

e = B∞
FSO(γth) + F∞

γFSO
(γth)P

RF
e , (3.46)

where F∞
γFSO

(γth) is given by (3.45), PRF
e is given by (3.35) and B∞

FSO(γth) is the

asymptotic SER expression for FSO link during the non-outage period at high SNR.

Similar to the asymptotic outage expression, Meijer G-function is expanded by its

asymptotic form using [187, eq. (07.34.06.0040.01)] in order to calculate B∞
FSO(γth)

and the same is given by

52



B∞
FSO(γth) = C2

β∑
d=1

td

3r∑
u=1

A
K2,u

2

Γ
(
K2,u +

1
2

)
Λ1

K2,u

− A

2
F∞
γFSO

(γth)

+ C2

∞∑
n=0

Dn

β∑
d=1

td

3r∑
u=1

A
K2,u

1 Λ1(
K2,u + n+ 1

2

) . (3.47)

Now the diversity gain and the SNR gain of the hybrid FSO/RF system are

obtained for three different cases using the following theorems.

Theorem 3.1. The diversity and SNR gains of the hybrid FSO/RF system for

the case when the average SNR of RF link γRF is assumed to be a constant are,

respectively, given by

G
(1)
d = min

(
g2/r, α/r, 1/r

)
(3.48)

G(1)
c =

(
r2r

Br
M

){ β∑
d=1

tdΛ1

[
C1

(
PRF
e − A

2

)
γ
K2,u

th

K2,u

+ C2

∞∑
n=0

Dnγ
K2,u

th

K2,u + n+ 1
2

+ C2

Γ(K2,u +
1
2
)

(B2)K2,uK2,u

]}− 1
K2,u

(3.49)

Proof. As γRF is assumed to be a constant, the average SER of RF link PRF
e will

also be a constant. By fixing γth = γoptth , where γoptth is the optimum threshold SNR

value, and from (3.45), (3.46) and (3.47), the asymptotic average SER in terms of

average SNR of FSO link γr can be expressed as

PH∞

e =

β∑
d=1

td

(
Br

M

r2rγr

)K2,u

Λ1

[
C1

(
PRF
e −A

2

)
γ
K2,u

th

K2,u

+ C2

∞∑
n=0

Dnγ
K2,u

th

K2,u + n+ 1
2

+ C2

Γ(K2,u +
1
2
)

(B2)K2,uK2,u

]
, (3.50)

where K2,u = min (g2/r, α/r, 1/r) is the dominating term in the asymptotic expres-

sion. Thus, the asymptotic average SER in terms of the coding and diversity gains

can be expressed as

PH∞

e ≈ (Gcγr)
−Gd (3.51)
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By comparing (3.50) and (3.51), the diversity and SNR gain values of the hybrid

FSO/RF system are, respectively, given by (3.48) and (3.49), respectively. Since the

average SNR of RF link is assumed to be a constant, the diversity gain of hybrid

system obtained in this case is equal to the diversity gain of FSO system. Thus,

only SNR gain is achieved due to backup RF link.

Theorem 3.2. The diversity and SNR gains of the hybrid FSO/RF system for the

case when γRF = γr = γ with constant threshold SNR value γth are, respectively,

given by

G
(2)
d = min

(
g2/r, α/r, 1/r

)
(3.52)

G(2)
c =

(
r2r

Br
M

){ β∑
d=1

tdΛ1

[
C2

Γ(K2,u +
1
2
)

(B2)K2,uK2,u

+ C2

∞∑
n=0

Dnγ
K2,u

th

K2,u + n+ 1
2

− A

2
C1
γ
K2,u

th

K2,u

]}− 1
K2,u

(3.53)

Proof. Here, we have assumed that the average SNR of RF link is varying and is

equal to the average SNR of FSO link, i.e. γRF = γr = γ. We have also fixed

the switching threshold SNR value γth such that the value of γth is much lower as

compared to γ. As γRF → ∞, the dominating term in (3.35) is obtained by fixing

m = 0 in the inner summation and after utilizing [187, eq. (07.34.06.0040.01)], the

asymptotic expression for the average SER of RF link is given by

PRF∞

e = C6

∞∑
l=0

clΛ2

(
1

γRF

)α̃µ

, (3.54)

where Λ2 =
j∏

s=2

Γ(B2,s)
2i∏

s=i+1

Γ(1−B1,s), B1,s and B2,s represent the s
th terms of B1 and

B2, respectively, and C6=
A iα̃µ

√
j

2µ+
i+j
2 π

i+j−1
2 µΓ(µ)

. In this case, it is highly likely that the

hybrid FSO/RF will switch to RF link in the low-SNR region, but in the high-SNR

region, it is least likely that the hybrid FSO/RF system will switch to RF link due

to lower value of γth compared to γ. Therefore, PRF∞
e at high SNR values can be
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neglected from the asymptotic expression of hybrid FSO/RF system and only the

FSO term will be dominating in such case. Thus, the diversity gain obtained here

is same as the diversity gain of FSO system, which is given by (3.52). By neglecting

PRF
e term in (3.49), the SNR gain is given by (3.53).

Theorem 3.3. The diversity and SNR gains of the hybrid FSO/RF system for the

case when γRF = γr = γ with γth = γoptth (i.e. obtaining γoptth value corresponding to

each γRF value) are, respectively, given by

G
(3)
d = min

(
g2

r
+ α̃µ,

α

r
+ α̃µ,

1

r
+ α̃µ

)
(3.55)

G(3)
c =

(
C1

β∑
d=1

td
Λ1

K2,u

(
Br

Mγth
r2r

)K2,u

C6

∞∑
l=0

clΛ2

)− 1
K2,u+α̃µ

(3.56)

Proof. In this case, γoptth is obtained corresponding to each value of γRF . Thus, there

is a significant chance that the RF link will be activated even in the high-SNR

region unlike the previous case. By substituting (3.54) in (3.46) in place of PRF
e and

considering the dominant terms, the asymptotic expression for the hybrid FSO/RF

in terms of γ can be expressed as

PH∞

e ≈C1

β∑
d=1

td
Λ1

K2,u

(
Br

Mγth
r2r

)K2,u

C6

∞∑
l=0

clΛ2

(
1

γ

)K2,u+α̃µ

(3.57)

Comparing (3.51) and (3.57), the diversity gain and the SNR gain are determined

as (3.55) and (3.56), respectively. It is also to be noted that G
(3)
d is the highest/full

diversity gain value that can be obtained from the proposed hybrid FSO/RF system,

as both FSO and RF links contribute in the diversity gain unlike the previous two

cases.
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3.7.3 Capacity Analysis

The asymptotic capacity of the hybrid FSO/RF system is given by

C̄∞
hybrid = C̄∞

FSO(γth) + F∞
γFSO

(γth) C̄RF (3.58)

where C̄RF is given by (3.43), F∞
γFSO

(γth) is given by (3.45), and C̄∞
FSO(γth) represents

the asymptotic capacity of FSO link during the non-outage period. By utilizing the

method of moments, the asymptotic analysis for the average capacity of a certain

transmission link can be carried out by calculating the first-order derivative of nth

order moment of the PDF of instantaneous SNR of a transmission link at n = 0.

Firstly, the nth order moment of the FSO link is given by

E[γn] =
∫ ∞

0

γnfγFSO
(γ)dγ =

r g2AMΓ(α + r n)

2r(g2 + r n)

(
εr γr
Br

M

)n β∑
d=1

bdΓ(d+ r n) (3.59)

Taking the first order derivative of (3.59) at n = 0, we get the asymptotic

expression for the ergodic capacity of FSO link C̄∞
FSO and the same is given by

C̄∞
FSO ≈ ∂ E[γn]

∂n

∣∣∣∣
n=0

=
r Γ(α)AM

2r

β∑
d=1

bd Γ(d)

{
r

[
ψ(α) + ψ(d)− 1

g2

]
+ log2

(
εr γr
Br

M

)}
, (3.60)

where ψ(·) denotes the psi function [186, eq. (8.360)]. The asymptotic capacity

of FSO link during the non-outage period assuming constant RF average SNR by

applying [187, eq. (07.34.06.0040.01)] in (3.40) is given by

C̄∞
FSO(γth) = C̄∞

FSO − log2(z)F
∞
γFSO

(γth)−
[
C4

β∑
d=1

td

∞∑
n=1

(−1)n−1

n zn

×
n∑

i=0

(
n

i

)
(1− z)n−iεirγ

i
th

3r∑
u=1

Λ1A
K2,u

1

(K2,u + i)

]
. (3.61)
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Table 3.3: Simulation parameters of FSO and RF links

FSO/RF Parameter Symbol Value

Wavelength FSO λf 1550 nm

FSO transmit Power PF 40 mW

RF transmit Power PR 10 mW

Responsivity ηf 0.5 A/W

Noise variance FSO σ 10−14

Jitter standard deviation σs 30 cm

Phase difference ϕA − ϕB π/2

Weather dependent parameters of FSO and RF links

Weather condition ζw (dB/km) ζrain (dB/km) C2
n(m

−2/3)

Clear air 0.43 0 5× 10−14

Light fog 4.2 0 1.7× 10−14

Moderate rain 5.8 5.6 5× 10−15

3.8 Numerical Results and Discussion

In this section, the analytical and simulation results of the performance metrics

are presented for the proposed hybrid FSO/RF system under different system config-

urations. In our simulations, it is assumed that ρ = 0.596 , Ω = 1.3265, b0 = 0.1079,

and γRF = 5 dB, unless and otherwise stated. The list of FSO and RF parameters

considered in the simulations are given in Table 3.3. The truncation accuracy of

the summation limits n and l are listed in Table 3.4 along with the corresponding

values of the average SER and the ergodic capacity for γr = 5 dB and 15 dB. From

the Table 3.4, it is inferred that the maximum value of the infinite summation limits

of average SER PH
e can be truncated to n = 20 and l = 30, as n > 20 and l > 30

do not have an impact on the fifth decimal figure of the SEP values. Similarly, the

maximum value of the infinite summation limits of ergodic capacity Chybrid can be

truncated to n = 24 and l = 24, as n > 24 and l > 24 do not have an impact on the

fourth decimal figure of the capacity values.
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Table 3.4: Truncation Accuracy of Summation Limits

Expressions
Truncation values Final values of expressions

n l γr = 5 dB γr = 15 dB

PH
e

10 10 0.006929 0.007646

15 20 0.000072 0.000011

20 30 0.000127 0.000079

25 35 0.000126 0.000079

30 40 0.000127 0.000079

Chybrid

10 10 2.80901 3.69061

15 15 2.82002 3.69641

24 24 2.81845 3.69641

28 28 2.81848 3.69642

30 30 2.81848 3.69641

3.8.1 Optimum Values of BeamWidth and Switching Thresh-

old SNR

The optimum values of beam width and switching threshold SNR of hybrid

FSO/RF system are obtained using numerical optimization method. In Fig. 3.2(a),

to obtain the optimum value of threshold SNR γoptth , the average SER of hybrid

FSO/RF system is plotted against the threshold SNR. The optimum value of thresh-

old SNR γoptth is chosen corresponding to the value for which the average SER is

minimum. In Fig. 3.2(a), we assume that the FSO link is modeled as Malaga

distribution and RF link is modeled as α-η-κ-µ distribution in which the optimum

threshold value is obtained as γoptth = 1 dB. In addition, the optimum threshold val-

ues are obtained for other cases also using the same method. It is observed that the

optimum switching threshold SNR γoptth varies with the parameters of RF link and it

remains same irrespective of the variations in the FSO link parameters. The main

reason is given as follows: When the quality of available RF link is good, then to

achieve minimum SEP, the optimum threshold value should increase. This is due to

the fact that when γoptth increases, the FSO system will be in outage frequently and

hence, RF link will be used with higher probability. This will improve the overall
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performance by nullifying the FSO channel distortions.

In Fig. 3.2(b), the average SER is plotted against the beam width for different

values of aperture radius a to obtain the optimum values of beam width wopt
0 . The

FSO link parameters taken into consideration are as follows: C2
n = 1 × 10−13, L =

3000 m, and average SNR γr = 40 dB. Similarly, the RF parameters assumed here

are as follows: αR = 1, η = 2, κ = 0.5, µ = 2.5, p = 1, q = 1, γRF = 5 dB and

γoptth = 2 dB. From Fig. 1(b), it is observed that the minimum value of SER occurs at

w0 = 4 cm for a = 35, 40, 45, 50 cm. Hence, the optimum beam width value remains

same irrespective of the variation in the receive aperture radius. In a similar way,

wopt
0 values are obtained for other cases.

Fig. 3.3(a), shows the ergodic capacity of hybrid FSO/RF system versus switch-

ing threshold SNR γth. The threshold SNR for which the capacity reaches the

maximum value is chosen as the capacity optimal switching threshold SNR γoptth .

The FSO link parameters are assumed as C2
n = 2 × 10−13, L = 1000 m, a = 13

cm, w0 = 2 cm and γr = 10 dB. Similarly, the RF links parameters assumed here

are as follows: αR = 1, η = 1.5, κ = 0.25, µ = 0.5, p = 1, q = 1. Here, we have

taken different values of average SNR of RF link and the corresponding values of

the optimum switching threshold SNR γoptth are obtained as 3, 7, 10, and 13 dB for

γRF = 0, 5, 10, and 15 dB, respectively. The ergodic capacity is plotted against

the beam width in Fig. 3.3(b) for different values of receive aperture radius a to

obtain the optimum values of beam width wopt
0 for L = 3000 m. Here, the FSO links

parameters assumed are C2
n = 1 × 10−13 and γr = 40 dB. Similarly, the RF link

parameters assumed are αR = 1, η = 2, κ = 0.5, µ = 2.5, p = 1, q = 1, γRF = 5

dB and γoptth = 2 dB. From Fig. 3.3(b), it is observed that the maximum value of

capacity occurs at w0 = 4 cm for receive aperture radius values a = 35, 40, 45, 50

cm, which is exactly the same optimum value of w0 obtained in Fig 3.2(b).
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Fig. 3.2: Average SER versus switching threshold SNR γth and beam width w0

3.8.2 Outage and Average SER Performances

Remark 3.1. It is to be noted that the performances of hybrid FSO/RF system over

different distributions assumed in Fig. 3.2 and Fig. 3.4 are not meant for compari-

son. In particular, the performance curves in Fig. 3.5 illustrate various distributions

that can be obtained as special cases using the generalized Malaga and α-η-κ-µ dis-

tributions. Thus, it is inferred that the performance analysis of the hybrid FSO/RF

system assuming generalized distributions for modeling FSO and RF channels will
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Fig. 3.3: Ergodic capacity versus switching threshold SNR γth and beam width w0

Table 3.5: List of FSO and RF distributions and their parameters

FSO distribu-
tion

Parameter value

Log-normal ρ = 0, y → 0

Gamma–Gamma ρ = 1, Ω
′
= 1, y = 0

K distribution ρ = 0, Ω = 0

RF distribu-
tion

αR η κ µ

α-κ-µ αR p κ µ

κ-µ 2 p κ µ

Rice 2 p k 1

Nakagami-m 2 p 0 m

be very much useful to analyze the system performance over numerous terrestrial

and satellite communication scenarios, where the individual channel models such as

Gamma–Gamma, lognormal, K, Nakagami-m distributions, etc. up to now cannot

offer. It is also to be noted that the performance of hybrid FSO/RF system over

different distributions mainly depends on turbulence or fading conditions and the

related parameters are given in Table 3.6.

Fig. 3.4(a) and 3.4(b) show the outage probability and average SER of hybrid

FSO/RF system for different distributions that can be derived as special cases of

Malaga distribution and α-η-κ-µ distribution. The values of the parameters used to

obtain other distributions from the generalized Malaga and α-η-κ-µ distributions are

given in the Table 3.5. We assume BPSK modulation scheme and IM/DD technique.

From the plots, it is observed that all the analytical results are matching with

the Monte-Carlo simulation results, which justify the correctness of our theoretical

analysis. Moreover, it is also observed that at high-SNR region, the asymptotic SER

61



0 10 20 30 40 50 60

Average SNR of FSO link (dB)

10
-4

10
-3

10
-2

10
-1

10
0

O
u
ta

g
e
 P

ro
b
a
b
ili

ty

Simulation

Malaga & - - -

Lognormal & - -

Gamma-Gamma & -

K-Distribution & Rice

Asymptotic

(a)

0 10 20 30 40 50 60

Average SNR of FSO link (dB)

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

A
ve

ra
g
e
 S

E
R

Simulation

Malaga & - - -

Log-normal & - -

Gamma-Gamma & -

K Distribution & Rice

Asymptotic

(b)

Fig. 3.4: Outage probability and average SER versus average SNR of FSO link for different distri-
butions

and outage curves are tight enough to match the exact performance curves. Further,

there are bends in the asymptotic curves shown in Fig. 3.4 and 3.7 particularly in

the low-SNR region. This is due to the fact which is explained as follows : The

asymptotic outage and SER expressions depend on the powers of 1/γr. Therefore,

in the high-SNR region, the asymptotic curves will converge and tend to match the

exact analytical results as observed in Fig. 3.4 and 3.7. However, in the low-SNR

region, the asymptotic performance parameter values are generally unpredictable

and they depend on the number of dominant terms taken into consideration in the

62



Table 3.6: List of channel models and parameters assumed to obtain Fig. 3.4

FSO models C2
n(m

−2/3) ρ Ω b0 a
(cm)

wopt
0

(cm)
γopt
th

(dB)

Malaga 1× 10−13 0.596 1.3265 0.1079 35 4 1

Log-normal 4× 10−15 0 1.3265 0 16 2 3

Gamma–Gamma 1× 10−14 1 1 0 18 2 4

K distribution 4× 10−12 0 0 0.1079 20 2 3

RF models αR η κ µ p q

α-η-κ-µ 1 1 0.75 2 1 1

α-κ-µ 2 1 2 1.5 1 1

κ-µ 2 1 1.5 3 1 1

Rice 2 1 4 1 1 1
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Fig. 3.5: Asymptotic and average SER performance plots for different values of switching threshold
SNR and RF average SNR

asymptotic expressions. This will sometime result in bending of the asymptotic

curves near the low-SNR region in some scenarios. The values of the parameters

used to obtain the plots in Fig. 3.4 are given in Table 3.6.

Fig. 3.5 shows the average and asymptotic SER performances of hybrid FSO/RF

system considering different γRF values. We assume four different cases, which are

given as follows: 1) γRF = 5 dB and γth = γoptth , 2) γRF = 10 dB and γth = γoptth , 3)

γRF = γr and γth = 4 dB, and 4) γRF = γr and γth = γoptth . From Fig. 3.5, it is

observed that the hybrid FSO/RF system with γRF = 10 dB (i.e. case 2) performs
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better than the system with γRF = 5 dB (i.e. case 1) due to the availability of better

quality RF link. It is also observed that the performance of the hybrid system for the

case when γRF = γr and γth = 4 dB (i.e. case 3) is better as compared to case 1 and

2, especially in the high-SNR region, and degradation in the performance is noticed

with respect to case 3 in the low-SNR region. This is because, when the average

SNR of RF link also varies with the average SNR of FSO link (i.e. γRF = γr), the

performance deteriorates till γRF = 5 dB and 10 dB compared to case 1 and case 2,

respectively, due to degradation in the quality of RF link. It is also observed that

the slope of the asymptotic SER curve for case 3 in the high-SNR region is similar

to the slope of the curves for case 1 and 2. Consequently, the diversity gains of the

hybrid FSO/RF system for case 1, 2 and 3 are equal and is equal to the diversity

gain of FSO system, which is given by min(g2/2, α/2, 1/2) as mentioned Theorem 1

and 2 assuming IM/DD scheme.

Therefore, if γRF is a constant (i.e. case 1 and 2), then the backup RF link

in the hybrid system will contribute only to the SNR gain and the diversity gain

obtained will be equal to the diversity gain of FSO system. This is due to the fact

that when γRF is a constant, the optimum switching threshold SNR value γoptth is

also fixed. Thus, the probability that the instantaneous SNR of FSO link γFSO falls

below fixed γoptth is very less in the high-SNR region, as γr >> γoptth and the FSO link

will remain active for most of the occasion. Hence, only FSO link contributes to the

diversity gain of the hybrid FSO/RF system. The above inference is also applicable

to case 3, since only the FSO link contributes to the diversity gain of hybrid system

even with varying γRF . This is mainly due to fixed γth and hence, there is a very

less chance that the hybrid FSO/RF system will switch to RF link in the high-SNR

region.

It is noted that the best SER performance is obtained for the case when γRF = γr

and γth = γoptth (i.e. case 4) especially in the high-SNR region compared to all other

cases. It is also noticed that the system exploits the full diversity gain as mentioned

in Theorem 3. This is due to the fact that when γRF varies with γr and if γth = γoptth
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Fig. 3.6: Average SER performance of hybrid FSO/RF system for different modulation schemes

unlike case 3, then the optimum switching threshold SNR also increases with γRF

as noticed in Fig. 3.2(a). So the probability that γFSO < γoptth or the probability

that the hybrid system will switch to RF link is higher compared to case 3 especially

in the high-SNR region. Therefore, both FSO and RF links will contribute to the

diversity gain of the hybrid FSO/RF system due to which full diversity gain, which

is equal to min
(

g2

r
+ α̃µ, α

r
+ α̃µ, 1

r
+ α̃µ

)
, is obtained from case 4. Finally, the

obtained diversity gain values from Theorem 1, 2, and 3 are validated using the

asymptotic SEP curves, as they are tight enough to match the exact curves at the

high-SNR region.

In Fig. 3.6, the average SER performance is given for different modulation

schemes for the hybrid FSO/RF system considering the IM/DD technique. Also, we

have compared the proposed hybrid FSO/RF system with the FSO-based switch-

and-stay combining (SSC) scheme [127] assuming two receive apertures and one

transmit aperture. In case of SSC, if the instantaneous SNR of first FSO link (i.e.

active link) drops below a particular threshold SNR value, then the transmission

switches to the second FSO link regardless of its instantaneous SNR. Here, the

second FSO link is used as a backup for the first FSO link. The performance plots

for hybrid FSO/RF and SSC systems are obtained for two different scenarios, i.e.

fixed average SNR scenario with γRF = γFSO2 = 5 dB and varying average SNR
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Fig. 3.7: Performance comparison of hybrid FSO/RF and single-link FSO systems for both the
detection schemes

scenario with γRF = γr and γFSO1 = γFSO2 = γr, where γFSO1 and γFSO2 are

the average SNRs of first and second FSO links of SSC scheme, respectively. From

the performance curves, it can be clearly seen that the performance of the hybrid

system decreases with increase in modulation order M , as expected. From Fig. 3.6,

it is also inferred that the hybrid FSO/RF system outperforms the FSO-based SSC

scheme in both the scenarios. Further, this performance improvement is mainly due

to the usage of reliable RF backup in case of hybrid system, which performs better

than FSO backup link in case of SSC scheme.
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Fig. 3.8: Average SER performance of hybrid FSO/RF and FSO systems for different pointing
error coefficient values

Fig. 3.7 shows the performance comparison of FSO, hybrid FSO/RF systems

considering both IM/DD and HD schemes with asymptotic curves. We assume

C2
n = 1 × 10−13 (i.e. the strong turbulence condition), L = 1000 m, a = 11 cm,

wopt
0 = 2 cm. The parameters of RF link are assumed as αR = 1.5, η = 2, κ = 0.75,

µ = 2, p = 5, q = 1, γRF = 5 dB, and γoptth = 2 dB. In Fig. 3.7(a), the outage

performance of hybrid FSO/RF system is compared with FSO system. The SNR

gain values obtained from hybrid FSO/RF system over FSO system due to the RF

backup link to achieve an outage probability of 10−3 for IM/DD and HD schemes are

3 dB and 2 dB, respectively. Similar trends can be seen from the average SER plots

shown in Fig. 3.7(b). The performance of HD technique is significantly greater as

compared to IM/DD technique, especially in high-SNR region, due to its coherent

detection nature. From Fig. 3.7(b), it is observed that the hybrid FSO/RF system

offers SNR gain values of about 7 dB and 3 dB over single-link FSO system to

achieve an average SER of 10−2 for IM/DD and HD techniques, respectively. From

Fig. 3.7(b), it is also observed that at the high-SNR region, the asymptotic SER

curves are tight enough to match the exact SER curves. Thus, hybrid FSO/RF

system with IM/DD scheme provides better SNR gain as compared to HD scheme

over single-link FSO system.

Fig. 3.8 shows the effect of pointing errors on the performance of hybrid FSO/RF
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system by varying pointing error coefficient. It is to be noted that the pointing error

coefficient indirectly depends on aperture radius a and beam width w0 as given in

(3.10). The detection technique assumed is IM/DD and the FSO and RF parameters

assumed are C2
n = 2× 10−13, L = 2000 m, αR = 1, η = 1.5, κ = 5, µ = 3.25, p = 1,

q = 1, γRF = 5 dB, and γoptth = 3 dB. The performance of hybrid FSO/RF system

is shown for two cases, which are given as follows: (1) a = 27 cm, wopt
0 = 3 cm,

and g = 1.03 (2) a = 35 cm, wopt
0 = 3 cm, and g = 2.5. Note that the severity

of pointing errors is high for low values of g and hence, for both FSO and hybrid

systems degradation in the performance is noticed for g = 1.03 compared to g = 2.5.

From Fig. 3.8, it is also observed that to achieve the average SER of 10−2, the SNR

gain values obtained using hybrid FSO/RF system over FSO system are 5 dB and

2 dB for g = 1.03 and g = 2.5, respectively. The hybrid system provides better

system performance over FSO system in both the cases and it is also noticed that

better SNR gain is achieved for the case when the severity of pointing errors is high.

Fig. 3.9(a) shows the average SER versus average SNR of FSO link for strong

and weak turbulence conditions. For strong turbulence condition, we assume C2
n =

1 × 10−13, α = 2.18, β = 1, a = 45 cm, and wopt
0 = 4 cm and for weak turbulence

condition, we assume C2
n = 4× 10−15, α = 8.9, β = 8, a = 15 cm, and wopt

0 = 4 cm.

The other parameters assumed are given as follows: L = 3000 m, αR = 2, η = 2,

κ = 2, µ = 3, p = 1, q = 1, and γRF = 5 dB. We have obtained the same optimum

threshold value, which is given by γoptth = 4 dB, for both the turbulence conditions.

From the plots, it is observed that the hybrid FSO/RF system outperforms the

single-link FSO system under both the turbulence conditions. In Fig. 3.9(a), the

SNR gains obtained from hybrid FSO/RF system due to RF backup link compared

to FSO system to achieve the average SER of 10−3 are 21 dB and 5 dB for strong

and weak turbulence conditions, respectively. It can be assessed that the hybrid

FSO/RF system provides much better SNR gain under strong turbulence condition

compared to weak turbulence condition.

The reason behind achieving higher SNR gain under strong turbulence condition
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Fig. 3.9: Average SER and probability of usage of FSO/RF link versus average SNR of FSO link
for different turbulence conditions

has been explained using Fig. 3.9(b). Here, the probability of usage of FSO/RF

link versus average SNR of FSO link under strong and weak turbulence conditions

is shown. It is clearly observed that the probability of usage of FSO link is higher

under weak turbulence condition compared to strong turbulence condition. As the

FSO link is less prone to channel distortions under weak turbulence condition, the

probability that the FSO system switches to RF link in case of hybrid system is

less as evident from Fig. 3.9(b). Moreover, it is also noticed from Fig. 3.9(b) that

the probability of usage of FSO link is less under strong turbulence condition. This

is due to the fact that when the FSO link is more prone to atmospheric channel
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distortions, then the probability that the FSO system switches to RF link in case of

hybrid system is high. Since the hybrid FSO/RF system switches to RF link with

higher probability under strong turbulence condition compared to weak turbulence,

high SNR gain due to backup RF link is achieved. This is also exactly the same

reason behind achieving better SNR gain for the case when the severity of pointing

errors is high as inferred in Fig. 3.8. Note that the probability of usage of RF and

FSO links is evaluated from the outage and non-outage probabilities of FSO link,

respectively. Moreover, considerable improvement in the performance of hybrid

FSO/RF system is observed in the low-SNR region compared to FSO system as

shown in Fig. 3.9(a). This is because, the probability of usage of RF link is very

high compared to FSO link in the low-SNR region as noticed in Fig. 3.9(b).

In Fig. 3.10(a) and 3.10(b), the outage probability and average SER plots versus

the FSO transmit power are shown for various weather conditions as given in Table

3.3. Here, we assume two scenarios of weather condition (i.e. moderate fog and

rain) for both single-link FSO and hybrid FSO/RF systems. It is observed from

Fig. 3.10 that the single-link FSO system performs better under rainy condition

compared to moderate foggy condition in terms of both outage and average SER,

as expected. This is because, the FSO link is more prone to foggy scenario com-

pared to rainy scenario due to high attenuation values. It is also noticed that the

hybrid FSO/RF system outperforms the single-link FSO system in both the weather

conditions. From Fig. 3.10(a), it is also observed that the outage performance of

hybrid FSO/RF system under moderate foggy condition is better than rainy con-

dition when the transmit power is less than -15 dBm and vice-a-versa when the

transmit power is more than -15 dBm. Similarly, in Fig. 3.10(b), when the transmit

power is below -18 dBm, it is observed that the average SER of hybrid system under

moderate foggy condition is less than the hybrid system under rainy condition and

the observation is vice-a-versa when the transmit power is above -18 dBm. This

is because, when the transmit power is high, then the FSO link will be used with

higher probability compared to the RF link as shown in Fig. 3.11. Since the FSO
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Fig. 3.10: Outage probability and average SER versus transmit power of FSO link for different
weather conditions

link performance deteriorates under foggy condition compared to rainy condition,

improvement in the performance is noticed for hybrid FSO/RF system under rainy

condition. Similarly, when the transmit power is less, then the RF link will be used

with higher probability, which is also observed in Fig. 3.11. Since the RF link is

more prone to rainy condition compared to foggy condition, improvement in the

performance of the hybrid system is noticed for foggy condition compared to rainy

condition. From Fig. 3.10(a), the SNR gain values obtained using hybrid FSO/RF

system over FSO system to achieve the outage probability of 10−3 under moderate

foggy and rainy conditions are 9 dBm and 2 dBm, respectively. Similarly in Fig.
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Fig. 3.11: Switching probability versus average SNR of FSO link under different weather conditions

3.10(b), the hybrid FSO/RF system offers the SNR gains of around 9 dBm and 3

dBm over FSO system to achieve the average SER of 10−4 under moderate foggy

and rainy conditions, respectively. Hence, the backup RF link in hybrid FSO/RF

system offers more SNR gain under moderate foggy condition compared to rainy

condition.

Fig. 3.11 shows the probability of usage of FSO/RF link versus the transmit

power of FSO link for different weather conditions. As evident from the figure, the

probability of usage of RF link under moderate foggy condition is higher compared

to rainy condition especially for the case when the transmit power is more than

-22 dBm. This is due to the fact that the FSO link is more prone to atmospheric

attenuation due to fog. Therefore, the probability that the FSO system switches to

RF link is high. Since RF link is less sensitive to attenuation due to fog, high SNR

gain is achieved due to backup RF link as mentioned in previous paragraph.

Fig. 3.12 shows the performance of hybrid FSO/RF system for different link

distance values L under moderate turbulence condition with C2
n = 4×10−14 assuming

two different values of average SNR of RF link (i.e. γRF = 5 dB and 10 dB). The

RF link parameters are assumed as αR = 0.75, η = 2, κ = 0.5, µ = 2.5, p = 1, and

q = 1. The optimum threshold values are obtained as γoptth = 0 dB and γoptth = 2 dB,

respectively, for γRF = 5 dB and 10 dB. It is observed that for shorter link distance
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Fig. 3.12: Outage and average SER performance of hybrid FSO/RF system for different values of
link distance and average SNR of RF link

values, the hybrid FSO/RF system provides better performance as compared to

longer distance values. This is due to the fact that if the link distance increases,

then the values of scattering parameters α and β will decrease, which will make the

system sensitive to strong turbulence condition and thus affects the performance of

the hybrid system to a greater extent. It is also noticed that higher SNR gain is

obtained from the hybrid FSO/RF system compared to the single-link FSO system

for large values of link distance L. The reason behind this phenomenon is the same

as explained using Fig. 3.9(b). When the link distance is large, the FSO link is

more prone to channel distortions and hence, the probability of usage of RF link is
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Table 3.7: List of channel models and parameters assumed to obtain Fig. 3.13

FSO models a (cm) wopt
0

(cm)
γopt
th

(dB)
RF models αR η κ µ p q

Malaga 45 4 6 α-η-κ-µ 1 2 0.5 0.5 1 1

Log-normal 16 4 7 α-κ-µ 3 1 0 0.75 1 1

Gamma–Gamma 18 4 7 κ-µ 2 1 1 0.5 1 1

K-distribution 35 4 7 Rice 2 1 0.25 1 1 1
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Fig. 3.13: Normalized ergodic capacity versus average SNR of FSO link for different distributions

high due to which high SNR gain is obtained. It can be noticed from Fig. 3.12(a)

and 3.12(b) that the performance in terms of both outage probability and average

SER of the hybrid FSO/RF system is improved with increase in the average SNR

of RF link.

3.8.3 Ergodic Capacity Performance

Fig. 3.13 shows the normalized ergodic capacity in bits/second/hertz (bits/sec/Hz)

of hybrid FSO/RF system for different distributions, which are derived as special

cases of Malaga and α-η-κ-µ distributions along with asymptotic curves. The values

of the parameters used for FSO and RF links to obtain different distributions are

given in Table 3.7. Here, we assume IM/DD technique for all cases. From Fig.

3.13, it is observed that the asymptotic curves match the exact capacity curves at

high SNR region. All the analytical results are matched with the Monte-Carlo sim-
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Fig. 3.14: Normalized ergodic capacity versus average SNR of FSO link for different detection
techniques

ulations, which justify the correctness of our analysis. Please note that normalized

ergodic capacity (in bit/sec/Hz) is depicted in Fig. 3.13, 3.14, 3.15, 3.17, and 3.18,

with the assumption that WF = 1 Hz and WR = 1 Hz. In addition, Fig. 3.16 shows

the ergodic capacity in Gbps, by assuming WF = 1 GHz and WR = 250 MHz. It

is worth noting that the normalized ergodic capacity (in bits/sec/Hz) is required to

calculate the spectral efficiency of the hybrid FSO/RF systems.

Fig. 3.14 presents the normalized ergodic capacity of hybrid FSO/RF for both

the detection techniques i.e IM/DD and HD for L = 1000 m. The parameters of FSO

link are assumed as C2
n = 1 × 10−13, a = 11 cm, wopt

0 = 2 cm, and the parameters

of RF link are assumed as αR = 2, η = 2.5, κ = 0.25, µ = 0.5, p = 1, q = 1,

and γRF = 5 dB. Note that the switching threshold values obtained for IM/DD

and HD schemes are, respectively, given by γoptth = 6 and 2 dB. From Fig. 3.14, it

is observed that the normalized ergodic capacity performance of HD is better than

IM/DD technique similar to the outage and average SER performances. The SNR

gain values obtained in case of the hybrid FSO/RF system over single-link FSO

system to achieve the normalized capacity of 2 bits/sec/Hz for IM/DD and HD

schemes are 4 dB and 1 dB, respectively. Therefore, the hybrid FSO/RF system

with IM/DD technique provides better SNR gain over single-link FSO system as
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Fig. 3.15: Normalized ergodic capacity versus average SNR of FSO link for different pointing errors
conditions

compared to HD technique. This is again due to the fact that the probability of

usage of RF link is higher under IM/DD scheme compared to HD scheme.

In Fig. 3.15, the effect of pointing errors on the normalized capacity of FSO

and hybrid FSO/RF systems is presented by varying the pointing error coefficient

g. The parameters assumed in our simulations are C2
n = 2 × 10−13, L = 2000 m,

αR = 1, η = 1, κ = 0.5, µ = 0.75, p = 1, q = 1, γRF = 5 dB, and γoptth = 7 dB. The

normalized ergodic capacity of hybrid FSO/RF system is shown for two cases: (1)

a = 25 cm, wopt
0 = 3 cm, and g = 0.86 (significant pointing errors case), (2) a = 35

cm, wopt
0 = 3 cm corresponding value of g = 2.5 (less significant pointing errors

case). It is observed that the effect of pointing errors is high for lower values of g

as mentioned before and hence, the capacity performance deteriorates for g = 0.86

compared to g = 2.5. It is also noticed in Fig. 3.15 that the hybrid system provides

better performance over single-link FSO system in both the cases, especially in

the low-SNR region. Since the RF average SNR is fixed, the optimum switching

threshold SNR will be a constant. Thus, at high-SNR region (i.e. for the case when

γr >> γoptth ), the FSO link will be used with higher probability compared to RF

link and the capacity of hybrid system will be almost equal to the capacity of FSO

system as shown in Fig. 3.15.

Fig. 3.16 shows the ergodic capacity in gigabits/second/hertz (Gbps) versus
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Fig. 3.16: Ergodic capacity versus average SNR of FSO link for different turbulence conditions

the average SNR of FSO link under different turbulence conditions. We consider

C2
n = 1×10−13, a = 45 cm, and wopt

0 = 4 cm for strong turbulence and C2
n = 4×10−15,

a = 15 cm, and wopt
0 = 4 cm for weak turbulence. In addition, other parameters

assumed are L = 3000 m,WF = 1 GHz,WR = 250 MHz, αR = 2, η = 2.5, κ = 0, µ =

0.6, p = 1, q = 1, γRF = 5 dB and γoptth = 6 dB for both the turbulence conditions.

Firstly, it is observed that both FSO and hybrid systems achieve higher capacity

under weak turbulence condition compared to strong turbulence condition. From the

plots, it is also noticed that the ergodic capacity of hybrid FSO/RF system is nearly

equal to the single-link FSO system in both the turbulence conditions. However, in

weak turbulence condition, especially in the low-SNR region, the ergodic capacity

of single-link FSO system is slightly higher than the hybrid FSO/RF system. This

is mainly due to the fact that the bandwidth of the FSO signal is much higher than

the bandwidth of the RF signal. Thus, it can be concluded that the RF backup link

helps in improving the reliability of FSO communication to a larger extent as shown

in Fig. 3.7, 3.8, 3.9, 3.10, and 3.12 by compromising on the ergodic capacity in the

low-SNR region to a smaller extent.

In Fig. 3.17, the effect of backup RF link on the normalized capacity of hybrid

FSO/RF system is shown by varying the average SNR of RF link. We assume

C2
n = 2 × 10−13, L = 1000 m, a = 13 cm, and wopt

0 = 2 cm. Here, we consider
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Fig. 3.17: Normalized ergodic capacity versus average SNR of FSO link for different values of γRF
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Fig. 3.18: Normalized ergodic capacity versus average SNR of FSO link for different values of link
distance

two different cases of RF link parameters. For case 1, we assume αR = 1, η = 1.5,

κ = 0.1, µ = 0.25, p = 1, q = 1, and γoptth = 6 dB and 8 dB for γRF = 5 dB and

10 dB, respectively. Similarly, for case 2, we assume αR = 2, η = 1, κ = 5, µ = 3,

p = 1, q = 1, and γoptth = 7 dB and 12 dB for γRF = 5 dB and 10 dB, respectively.

It is observed that for both the cases, the normalized capacity of hybrid FSO/RF

system improves with increase in the average SNR of RF link.

Fig. 3.18 shows the normalized ergodic capacity versus the average SNR of FSO

link for different values of link distance L. The FSO link parameters are assumed
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Table 3.8: Simulation parameters for satellite communication scenario

Parameter Values

Satellite altitude H 620 Km

Ground station aperture height h0 1 m

Beam radius at transmitter W0 2 cm

Front phase curvature radius F0 ∞

Zenith angle θZ (a) 30◦ (b) 60◦ (c) 80◦

RMS wind speed vs (a) 11 m/s (b) 21 m/s (c) 31
m/s

Average SNR of RF link γRF 5 dB

as C2
n = 4 × 10−14, ρ = 0.95, and b0 = 0.25. Similarly, the RF link parameters are

assumed as αR = 0.75, η = 2, κ = 0, µ = 0.8, p = 1, q = 10, and γoptth = 8 dB. It is

observed that the normalized capacity performance degrades as L increases and for

longer link distance (i.e. L = 3000 m), the hybrid FSO/RF system provides higher

SNR gain compared to shorter link distance (i.e. L = 1000 m).

3.8.4 Results For Satellite Communication Scenario

In this section, we present the average SER and ergodic capacity performances

of satellite communication scenario for different values of wind speed and zenith

angle. We consider a single-hop communication scenario between ground station

and low earth orbit (LEO) satellite. Here, zenith angle indicates the angle between

the zenith and the propagation orientation between ground station and satellite.

We have assumed Malaga distribution to model the atmospheric turbulence of FSO

link and κ-µ distribution for modeling the small scale fading of RF link [164]. The

hybrid FSO/RF satellite communication system is compared with FSO-based satel-

lite system and the SNR gain values obtained due to backup RF link in case of

hybrid system over FSO system have been reported similar to terrestrial commu-

nication scenario. The values of FSO and RF parameters considered for satellite

communication scenario are given in Table 3.8.
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Fig. 3.19: Average SER versus average SNR of FSO link for different values of zenith angle and
wind speed

Fig. 3.19 presents the average SER performance comparison of FSO and hybrid

FSO/RF systems considering both uplink and downlink scenarios for two different

values of zenith angle θZ and wind speed vs. The RF link parameters are assumed

as αR = 2, η = 1, κ = 2, µ = 1.5, p = 1, q = 1, and γoptth = 3. In Fig. 3.19(a),

the FSO-based satellite link parameters for uplink scenario are assumed as vs = 21,

31 m/s, θZ = 30◦, 60◦, and g = 1.7. It is observed that the performances of both

FSO and hybrid FSO/RF systems deteriorate with increase in the values of zenith

angle and wind speed. Moreover, the hybrid FSO/RF system outperforms the FSO

system in all three cases as shown in Fig. 3.19(a). It is to be noted that when zenith
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angle or wind velocity decreases, the Rytov variance parameter, given by (A.5) and

(A.8), also decreases and the small and large scale turbulence parameters (i.e. α and

β) increase. Since the diversity gain depends on α and β, considerable improvement

in the SER performance is observed in terms of diversity gain with decrease in wind

velocity and zenith angle.

Otherwise, the propagation distance of FSO beam increases with increase in

zenith angle, leaving it more vulnerable to atmospheric channel distortions com-

pared to the scenario with low zenith angle value. Therefore, considerable degra-

dation in the performance is noticed with increase in zenith angle value. Further,

as the wind velocity increases, the formation of vortexes in air also increases, which

will effectively change the refractive index of the medium. This will cause beam

wander induced pointing errors and lead to loss of signal-to-noise ratio (SNR) at

the receiver, which in turn degrades the performance as observed from the uplink

performance trends. For satellite communication scenario, the SNR gains offered

by hybrid system over FSO system to achieve the average SER of 10−4 are given

by 4 dB, 7 dB and 2 dB, respectively, for three cases, which are give as follows: 1)

θZ = 30◦, vs = 31 m/s, 2) θZ = 60◦, vs = 31 m/s, and 3) θZ = 60◦, vs = 21 m/s.

In Fig. 3.19(b), the downlink average SER performance of FSO and hybrid

FSO/RF systems are compared assuming vs = 11, 21 m/s, θZ = 60◦, 80◦, and

g = 1.7. The downlink performance trends shown in Fig. 3.19(b) are similar to

uplink performance trends shown Fig. 3.19(a). Moreover, it is noticed that as the

wind speed and zenith angle increases, higher SNR gain is obtained using hybrid

FSO/RF system compared to FSO system. Thus, backup RF link helps in enhancing

the reliability of FSO communication to a larger extent for the worst case scenarios

(i.e. the scenarios with high wind velocity and zenith angle), which is mainly due to

high probability of usage of RF link in all these scenarios especially in the low-SNR

region.

Fig. 3.20 shows the normalized ergodic capacity versus the average SNR of FSO

link for different values of zenith angle and wind speed for uplink scenario. The FSO
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Fig. 3.20: Normalized ergodic capacity performance of FSO and hybrid FSO/RF systems for
different zenith angle and wind speed values

link parameters are assumed as vs = 11, 31 m/s, θZ = 60◦, 80◦, and g = 1.5 and

the RF link parameters are assumed as αR = 2, η = 1, κ = 0.25, µ = 0.75, p = 1,

q = 1, and γoptth = 7. The normalized ergodic capacity of single-link FSO and hybrid

FSO/RF systems are compared for three different cases, which are given as follows:

1) θZ = 80◦, vs = 31 m/s, 2) θZ = 60◦, vs = 31 m/s, and 3) θZ = 60◦, vs = 11

m/s. It is observed that the normalized capacity of both single-link FSO and hybrid

FSO/RF systems improve with decrease in zenith angle and wind speed values. In

addition, improvement in the normalized capacity performance of hybrid FSO/RF

system is observed compared to FSO system in all three cases especially in the

low-SNR region. Since the probability of usage of RF link is less at the high-SNR

region, the normalized capacity of hybrid FSO/RF system almost matches with the

normalized capacity of FSO system.

3.9 Chapter Summary

The chapter presents the performance analysis of a hybrid FSO/RF system using

a single-threshold-based switching scheme over generalized fading channel models

for terrestrial and satellite communication scenarios. The closed-form expressions

for outage, average SER, and ergodic capacity are derived assuming generalized
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Malaga distribution for FSO link and α-η-κ-µ distribution for RF link. In addition,

asymptotic expressions are also derived, and diversity and SNR gains are determined

for three different scenarios. Using numerical optimization technique, the optimal

switching threshold SNR and beam width values were determined that minimize the

average SER and outage probability, while maximizing the ergodic capacity. The

study shows that the hybrid FSO/RF system performs better than the FSO-based

SSC and single-link FSO systems. The impact of various channel conditions and the

effect of atmospheric turbulence and weather conditions are also studied. Finally,

it is concluded that the RF backup link in hybrid FSO/RF communication helps in

improving the reliability of FSO communication to a larger extent by compromising

on the ergodic capacity in the low-SNR region to a smaller extent.

83





Chapter 4

On the Maximal-Ratio Combining

of FSO and RF Links Over

Generalized Distributions and its

Applications in Hybrid FSO/RF

Systems

4.1 Introduction

The performance of the FSO communication is significantly improved by the use

of backup RF link in hybrid FSO/RF system as seen in Chapter 3. However, in

case of hard-switching-based hybrid FSO/RF system discussed in Chapter 3, there

is a problem of frequent hardware switching between FSO and RF sub-systems.

It is a major bottleneck in the case of a hard-switching scheme and for efficient

switching between FSO and RF links, the CSI is also required at the transmitter.

To alleviate these issues, the FSO and RF links of the hybrid FSO/RF system were

combined using SC and MRC in [48]-[49], where transmission of feedback bits to the

transmitter as well as the requirement of CSI at the transmitter are not mandatory.
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In case of a hybrid FSO/RF system based on MRC scheme, the message signals

are transmitted simultaneously over both FSO and RF links and are combined at

the receiver based on their instantaneous SNRs. The output SNR of the system

after MRC will be equal to the sum of the instantaneous SNR of FSO and RF

links. However, the RF link is active throughout even if the FSO link has better

transmission quality. This results in wastage of RF power. Further, to enable

efficient diversity combining, the transmission rate of the FSO link should be reduced

to the transmission rate of the RF link. These issues can be addressed using adaptive

combining, which is a variant of the MRC scheme. In [155], the adaptive combining

scheme for the hybrid FSO/RF system was proposed in which the FSO link is always

active and the RF link is activated only when the instantaneous SNR of the FSO

link drops below a predefined threshold SNR value. Further, FSO and RF links are

combined using the MRC technique at the destination.

The performance analysis of the adaptive-combining-based hybrid FSO/RF sys-

tem in terms of outage probability and average SER was presented in [158, 159, 156].

It is to be noted that both switching and diversity combining benefits can be ob-

tained using the adaptive combining scheme. Therefore, the adaptive combining

scheme can be considered as an excellent solution to counteract the limitations of

hard-switching and diversity combining schemes for hybrid FSO/RF systems as

well as nullifying the effects of atmospheric channel distortions encountered by FSO

signal. In earlier works on adaptive combining system [155, 157, 158, 159, 156],

modeling of the FSO link and the RF link was restricted to Gamma-Gamma and

Nakagami-m distributions, respectively. Moreover, in [155, 157, 158, 159, 156], the

effect of non-zero bore-sight pointing errors, background noise, and erroneous feed-

back link on the performance of adaptive combining system was not considered.

In this chapter, the exact closed-form expressions for the PDF and CDF of MRC

of the FSO and RF links are derived, where the FSO link follows the generalized

Malaga distribution with the non-zero boresight pointing errors and the RF link is

modeled using the generalized α-η-κ-µ distribution. Using the obtained statistical
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functions (i.e. PDF and CDF), the unified closed-form expressions for outage prob-

ability and average SER of MRC and adaptive-combining-based hybrid FSO/RF

systems are derived. Further, the optimum switching threshold SNR and optimum

beam width values for the adaptive combining scheme are obtained. The effects

of background noise and erroneous feedback link on the performance of adaptive

combining system are presented in the numerical results. Using the less-complex

asymptotic expressions, the diversity gains of MRC and adaptive combining schemes

are obtained for various cases. Additionally, the conditions to achieve full diversity

gain are also given.

4.2 Organization of the chapter

The rest of the chapter is organized as follows: Section 4.3 discusses the system

model and channel models of FSO and RF links. Section 4.4 presents the statistical

characteristics like PDF and CDF of MRC and the outage probability of MRC and

adaptive combining schemes is also investigated. The average SER expressions for

MRC and adaptive combining schemes are derived in Section 4.5. In Section 4.6, the

asymptotic analysis of outage and average SER are presented, along with diversity

gain calculation and beam width optimization. Section 4.7 discusses the numerical

results and related inferences followed by concluding remarks in Section 4.8.

4.3 System and Channel Models

In this chapter, we consider a hybrid FSO/RF system with MRC of FSO and RF

links. In addition, we also consider the adaptive-combining-based switching scheme,

which is a variant of the MRC scheme, for hybrid FSO/RF system. The sub-carrier

IM is assumed, where laser beam intensity is modulated by up-converted MPSK

scheme at the transmitter [147]. For detecting the received FSO symbols at the

receiver, DD and HD techniques are assumed. The received FSO baseband signals
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for HD and IM/DD techniques are, respectively, given by [190, eq. (1), (2)]

y1 =
√
ηf PF

√
IF x1 + n1, (4.1)

y2 = ηf PF IF x2 + n2, (4.2)

where yp is the output baseband signals at the receiver, p = 1 indicates HD tech-

nique, p = 2 indicates IM/DD technique, xp is the transmitted input MPSK symbols,

IF denotes the combined FSO channel fading due to atmospheric turbulence, path

loss, and pointing errors, ηf is the responsivity of a photo-detector, PF denotes the

FSO transmit power, and np is the FSO channel noise, which is given as the sum of

two zero-mean Gaussian processes, i.e. thermal noise nth and background noise nbk,

with variances denoted as σ2
th and σ2

bk, respectively. Further, the background noise

variance can be written in terms of thermal noise variance σ2
th as σ2

bk = Kbσ
2
th, where

the parameter Kb signifies the amount of background noise power with respect to

thermal noise power [191]. The overall noise variance of the FSO link is given as

σ2
p = σ2

th(1 +Kb). Similarly, the received baseband MPSK modulated RF signal is

given by [41, eq. (6)]

y3 =
√
PRGR hR x3 + n3, (4.3)

where PR is the RF transmit power, hR is the RF fading channel coefficient, x3 is

the transmitted input symbol, and n3 is the AWGN with zero-mean and variance

σ2
RF . Here, σ

2
RF (dB) = BRN0+NF , where BR denotes the RF bandwidth, N0 is the

noise spectral density (in dBm/MHz), and NF is the noise figure (in dB). Further,

GR is defined as the average RF channel gain and is given by [41, eq. (7)]

GR(dB) = Gt +Gr − 20 log10

(
4πL

λR

)
− (ζox + ζrn + ζfog)L, (4.4)

where Gt and Gr denote the gain values (in dB) of receive and transmit antennas,

respectively, L is the link distance, λR is the RF wavelength, ζox and ζrn are the

attenuation factors due to oxygen absorption and rain, respectively, and ζfog is the
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Fig. 4.1: System model based on the Adaptive combining scheme

attenuation factor due to fog [192].

In case of a hybrid FSO/RF system based on a simple MRC scheme, the message

signals are simultaneously transmitted over both FSO and RF links and are com-

bined at the receiver using the MRC scheme such that the output SNR of the system

is maximized. The output SNR of the system after MRC will be equal to the sum

of the instantaneous SNR of FSO and RF links [48]−[49]. This is based on the fact

that the output instantaneous SNR of MRC scheme after combining the message

signals received from multiple links is equal to the sum of the instantaneous SNR of

the individual link [48]. Further, the transmission data rate of the FSO link should

be reduced to the data rate of the RF link to enable efficient diversity combining.

The output signal after MRC is given as [158, eq. (2)]

yC =
√
γp
yp
σp

+
√
γRF

y3
σ3
, (4.5)

where γp is the unified instantaneous SNR of the FSO link and γRF is the instanta-

neous SNR of the RF link. The instantaneous SNR of the hybrid FSO/RF system

based on the MRC scheme is given by [48, eq. (31)]

γMRC = γp + γRF (4.6)

In case of a hybrid FSO/RF system based on the adaptive combining scheme,

which is a variant of MRC, the FSO link is always active and the RF link will

be in a standby mode, if the instantaneous SNR of the FSO link is greater than
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the predefined switching threshold SNR γT . So the message signals will be first

transmitted only over FSO link. However, if the instantaneous SNR of the FSO link

is lesser than the predefined threshold SNR, then the RF link will be activated by

sending a 1-bit feedback signal to the transmitter. After that the message signals

will be transmitted over both FSO and RF links and MRC will be performed at

the receiver as shown in Fig. 4.1. The instantaneous SNR of the hybrid FSO/RF

system based on the adaptive combining scheme can be written as [158, eq. (3)]

γc =


γp, γp > γT

γMRC = γp + γRF , γp ≤ γT .

(4.7)

It is important to note that prior to each symbol-by-symbol transmission phase,

the receiver estimates channel states of both the FSO and RF links. These estimates

are utilized to calculate the instantaneous SNR of both the links. Using these

calculated instantaneous SNR values, feedback bits will be sent to the transmitter to

activate the RF link, if the FSO link is not satisfactory. The atmospheric turbulence

affecting FSO links is well-known for its slow fading characteristics. This is due to

the relatively long coherence time of the FSO channel, typically in the range of 1-100

milliseconds (1-100 ms) [94]. As a result, the effects of turbulence-induced fading

persist over a large number of transmitted bits/symbols. Furthermore, we have

considered the inclusion of pointing errors in our analysis, which introduce rapid

signal fluctuations. Thus, the coherence time of the combined FSO channel (i.e.

atmospheric turbulence and pointing errors) will not be very long. Therefore, we

assume that the FSO channel remains constant for atleast a few hundred symbols

and the CSI is estimated periodically at every few hundred symbol interval through

channel estimation techniques at the receiver.

The main assumptions considered in this chapter are given as follows:

• Both FSO and RF channels transmit identical information in a symbol-by-

symbol manner under MRC and adaptive combining schemes.
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• Both channels are assumed to be slowly varying nature, where RF channel

remains constant for atleast one symbol duration and FSO channel remains

constant for a few hundred symbol duration.

• Both FSO and RF links operate at the same data rate when combined at the

receiver using MRC for enabling efficient diversity combining.

• Furthermore, CSI of both FSO and RF links is assumed to be perfectly avail-

able at the receiver

• It is also assumed in our theoretical analysis that 1-bit feedback signal at the

transmitter is received successfully without error for switching to MRC mode

of operation in adaptive combining scheme. However, the impact of erroneous

feedback link on the performance of adaptive-combining system is shown using

Monte-Carlo simulations.

4.3.1 FSO Channel Model

The FSO signal during transmission experiences various losses such as atmo-

spheric turbulence, pointing errors, and atmospheric attenuation or path loss due

to weather conditions. In this chapter, it is assumed that atmospheric turbulence-

induced fading Ia encountered by the FSO link follows the generalized Malaga distri-

bution and the PDF of Malaga distribution is given in Chapter 3, Section 3.3.1, eq.

(3.5). Further, the atmospheric attenuation or path loss of the FSO link is defined

using Beers-Lambert law [168] as Il = exp(ζwL), where ζw denotes the attenuation

factor due to atmospheric weather conditions, as given in Chapter 3, Section 3.3.1.

The pointing error model is assumed as nonzero boresight, which is described in the

following paragraph.

The misalignment between the beam and the detector center due to building

sway or mechanical vibration of the receiver gives rise to the pointing errors. For

the non-zero boresight pointing errors, the radial displacement between the beam
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center and the center of detector is given by r̂ =
√
X2 + Y 2, where X denotes the

displacement along the horizontal axis and modeled as Gaussian random variable

with mean and variance as mx and δ2x, respectively. Further, Y represents the

displacement along the elevation axis and is independently modeled as Gaussian

random variable with mean and variance as my and δ2y , respectively. Thus, r̂ > 0

follows the Beckmann distribution [193, eq. (3)] and since its PDF is not in closed-

form, an approximate closed-form expression for the PDF of Beckmann distribution

using modified Rayleigh distribution has been utilized and the same is given by [144,

eq. (6)]

fr̂(z) ≈
z

δ2eq
exp

(
− z2

2δ2eq

)
, (4.8)

where δ2eq =
((
3m2

xδ
4
x + 3m2

yδ
4
y + δ6x + δ6y

)
/2
)1/3

. Further, the fraction of received

power at the detector Ie(r̂) is given by [94]

Ie(r̂) ≈ S0 exp

(
− 2r̂2

w2
Leq

)
, (4.9)

where S0 is the amount of the power received at detector r̂ = 0 and wLeq is the

equivalent beam width. By using the random variable transformations, the PDF of

non-zero boresight pointing errors Ie can be written as [144, eq. (8)]

fIe(Ie) =
g2eq

S
g2eq
eq

I
g2eq−1
e ; 0 ≤ Ie ≤ Seq, (4.10)

where geq =
wLeq

2δeq
denotes the pointing error coefficient and Seq = εS0. Here, ε is

given by

ε = exp

(
1

g2eq
− 1

2g2x
− 1

2g2y
− m2

x

2g2xδ
2
x

−
m2

y

2g2yδ
2
y

)
(4.11)

where gx =
wLeq

2δx
and gy =

wLeq

2δy
. Further, the expressions for S0 and wLeq are given

by

S0 = erf2(v), v =

√
π r0√
2wL

, w2
Leq

=
w2

L

√
πerf(v)

2v exp(−v2)
, (4.12)
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where r0 represents the receiver aperture radius and and wL is called as Gaussian

beam width, which is given by [94]

wL ≈ w0

√
1 + Θ0(λFL/πw2

0)
2, Θ0 = 1 +

2w2
0

ϱ20(L)
, ϱ0(L) = (0.55C2

n k
2
fL)

−3/5,

(4.13)

where λF is the FSO wavelength, w0 is the beam width at L = 0, kf is the wave

number, and C2
n represents the refractive index structure parameter of the FSO

link. It is to be noted that the special case of zero boresight pointing errors can be

obtained by substituting mx = my = 0 and δx = δy = δ. Further, we get ε = 1,

Seq = S0, and δeq = δ as well as (4.10) comes in agreement with the PDF of zero

boresight pointing errors in Chapter 3, eq. (3.10).

4.3.2 Combined FSO Channel Statistics

Considering the effects of atmospheric turbulence, pointing errors, and path loss,

the combined FSO channel state can be written as IF = Ia Ie Il. The unified expres-

sions for instantaneous SNR and the average electrical SNR of the combined FSO

link, which account for both HD and IM/DD techniques, are obtained, respectively,

as

γp = |IF |p
(PFηf )

p

σ2
p

, (4.14)

γp = [(y + Ω
′
)ξ SeqIl]

p (PFηf )
p

σ2
p

, (4.15)

where ξ = g2eq/(g
2
eq + 1) and p is the parameter for unifying HD and IM/DD tech-

niques. Further, by applying power transformation using (4.14) and (4.15), we get

γp =
γp|I|p

[(y+Ω′ ) ξ SeqIl]
p . Thus, the unified PDF of instantaneous SNR of the FSO link

can be written as [174, eq. (1)]

fγp(γ)=
g2eqD

2pγ

β∑
d=1

bdG 3 0
1 3

B1

(
γ

γp

) 1
p

∣∣∣∣∣∣∣
g2eq + 1

g2eq, α, d

 , (4.16)
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where

D =
2αα/2

y1+α/2Γ(α)

(
yβ

yβ + Ω′

)β+α/2

, (4.17)

bd =

(
β − 1

d− 1

)
(yβ + Ω

′
)1−α/2

(d− 1)!

(
Ω

′

y

)d−1

α−(α/2)β−d, (4.18)

Gm n
p q (·) denotes Meijer G function [187, eq. (07.34.02.0001.01)], B1 is given in

Table 4.1 and the remaining parameters in (4.16) are defined in Chapter 3, Table

3.1. Further, the unified expression for CDF of instantaneous SNR of the FSO link

γp is obtained as [174, eq. (2)]

Fγp(x) =

∫ x

0

fγp(γ) dγ = C1

β∑
d=1

tdG
3p 1
p+1 3p+1

B2x

∣∣∣∣∣∣∣
1,K1

K2, 0

 , (4.19)

where K1 =
g2eq+1

p
...

g2eq+p

p
having p terms, K2 =

g2eq
p
...

g2eq+p−1

p
, α

p
...α+p−1

p
, d
p
...d+p−1

p

having 3p terms, C1, td, and B2 are defined in Table 4.1.

4.3.3 RF Channel Model

The RF fading channel hR follows the α-η-κ-µ distribution for which the mod-

eling and PDF is given in Chapter 3, Section 3.3.2. The instantaneous SNR of the

RF link considering the atmospheric path loss component is given by

γRF =
|hR|2γRF

GR

, (4.20)

where γRF = GR
PR

σ2
RF

denotes the average SNR of RF link. Further, by applying the

power transformation of random variable, the PDF of γRF is given by [174, eq. (3)]

fγRF
(γ) = α̃

∞∑
l=0

l∑
m=0

cl(−l)mγα̃(µ+m)−1exp
(
− γα̃

2γα̃
RF

)
m!Γ(µ+m)2µ−mγ

α̃(µ+m)
RF

, (4.21)
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Table 4.1: List of notations

C1 =
g2eqD

22p−1πp−1 C2 =
α̃g2eqD

22p−1πp−1 C3 =
Aα̃g2eqD

22pπp− 1
2

td = bd p
α+d−1

M1,m = (−l)mcl
m!Γ(µ+m)2µ−m M2,m = (−l)mcl4

m

m!Γ(µ+m)
M3,n = 2(−1)nB2n+1

n!(2n+1)
B2 =

Bp
1

p2pγp

Q1,i =
(−1)iΓ(τ1)

i!2iγ
τ1
RF

Q2,n = (−1)n

n!τ22(τ2/α̃)γ
τ2
RF

Q3,i =
(−1)i

i!2iγ
τ1
RF

τ1 = α̃(µ+m+ i)

B1 =
αβ ξ(y+Ω

′
)

yβ+Ω′ B3 =
Bp

1

K2p2pγp
ξ = g2eq/(g

2
eq + 1) τ2 = α̃(µ+m+ n)

where α̃, η, κ, µ, and other parameters are given in Chapter 3, Section 3.3.2, Table

3.2. Further, the CDF of γRF is determined as [174, eq. (4)]

FγRF
(x)=

∫ x

0

fγRF
(t)dt=

∞∑
l=0

l∑
m=0

M1,m

2−µ−m
γ

(
µ+m,

xα̃

2γα̃RF

)
, (4.22)

where γ(:, :) denotes the lower incomplete gamma function [186, eq.(8.350.1)] and

M1,m is given in Table 4.1. It is to be noted that the PDF and CDF expressions in

(4.21) and (4.22) consist of an infinite series. Hence, a convergence test for (4.21)

is presented in Appendix (sub-section A) and convergence of (4.22) is shown in Fig.

4.3 (a), which confirm that (4.21) and (4.22) are absolutely convergent.

4.4 Outage Probability Analysis

This section investigates the outage probability of MRC and adaptive combining

schemes individually over the generalized fading channels.

4.4.1 Hybrid FSO/RF with MRC Scheme

The MRC scheme is said to be in an outage when the instantaneous SNR γMRC

is below a threshold value γOT and the outage probability of the MRC scheme for

hybrid FSO/RF system can be expressed as

P out
MRC = FγMRC

(γOT ) =

∫ γOT

0

fγMRC
(γ)dγ , (4.23)
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where FγMRC
(·) and fγMRC

(·) represent the CDF and the PDF of the γMRC , respec-

tively. Since the FSO and RF links are statistically independent, the integral to

evaluate the PDF of γMRC = γp + γRF can be written as

fγMRC
(γ) =

∫ γ

0

fγp(t)fγRF
(γ − t)dt (4.24)

By substituting (4.16) and (4.21) in (4.24), we obtain fγMRC
(γ) by expanding exp

(
− (γ−t)α̃

2γα̃
RF

)
term and using [187, eq.(07.34.21.0084.01)] as

fγMRC
(γ) = C2

β∑
d=1

td

∞∑
l=0

l∑
m=0

M1,m

∞∑
i=0

Q1,iγ
τ1−1G 3p 1

p+1 3p+1

B2γ

∣∣∣∣∣∣∣
1,K1

K2, 1− τ1

 ,

(4.25)

where C2, τ1,M1,m, and Q1,i are defined in Table 4.1. Further, by substituting (4.25)

in (4.23) and by using [187, eq. (07.34.21.0084.01)], the CDF of γMRC is derived as

FγMRC
(x) = C2

β∑
d=1

td

∞∑
l=0

l∑
m=0

M1,m

∞∑
i=0

Q1,ix
τ1G 3p 2

p+2 3p+2

B2x

∣∣∣∣∣∣∣
1− τ1, 1,K1

K2, 1− τ1,−τ1


(4.26)

Thus, the outage probability for a given threshold SNR value γOT can be calculated

by replacing x with γOT in (4.26).

It is to be noted that the PDF and CDF expressions in (4.25) and (4.26) consist

of two infinite series. Thus, a convergence test for (4.25) is presented in Appendix

B.2 and convergence of (4.26) is shown in Fig. 4.3 (b). From these convergence

tests, it is evident that (4.25) and (4.26) are absolutely convergent.

4.4.2 Hybrid FSO/RF with Adaptive Combining Scheme

In case of hybrid FSO/RF system based on the adaptive combining scheme, if

the instantaneous SNR γc, which is given by (4.7), is lesser than the outage threshold
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γOT , then the system will be declared to be in the outage. The outage probability

for the same can be expressed as [155]

P out
AC = Fγc(γOT ) (4.27)

where Fγc(x) is the CDF of γc and is given by [155, eq. (7)]

Fγc(x) = P (γp > γT , γp < x) + P (γp ≤ γT , γMRC < x) (4.28)

In the adaptive-combining-based hybrid system, for the case when γOT ≤ γT , the

instantaneous SNR of the FSO link should be lesser than the outage threshold

SNR (i.e. γp < γOT ), as instantaneous SNR of the MRC of both FSO and RF

links is below the outage threshold SNR (i.e. γMRC = γp + γRF < γOT ). Thus,

the outage probability is obtained as the probability that γMRC is lesser than the

outage threshold SNR (i.e. Pr(γMRC < γOT )). For the second case, when γOT >

γT , the outage probability is calculated as the sum of two probabilities. In first

part, the probability is calculated for FSO link under the conditions γp > γT and

γp < γOT . Further, in the second part, the probability is determined such that

γMRC = γp + γRF < γOT , provided the instantaneous SNR of FSO is below the

threshold SNR, i.e. γp < γT . Therefore, the CDF expression given in (4.28) can be

re-written as

Fγc(x) =


FγMRC

(x), x ≤ γT .

F1(x) + Fγp(x)− Fγp(γT ), x > γT .

(4.29)

where

F1(x) =

∫ γT

0

fγp(γ)FγRF
(x− γ)dγ (4.30)

By substituting (4.16) and (4.22) in (4.30), then expanding γ
(
µ+m, xα̃

2 γα̃
RF

)
by using

[186, eq. (8.354.1)], and after applying [187, eq. (07.34.21.0084.01)], F1(x) is given
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by

F1(x) = C2

β∑
d=1

td

∞∑
l=0

l∑
m=0

M2,m

∞∑
n=0

Q2,n

τ2∑
j=0

(
τ2
j

)
(−γT )jxτ2−j

×G 3p 1
p+1 3p+1

B2γT

∣∣∣∣∣∣∣
1− j,K1

K2,−j

 , (4.31)

where τ2, Q2,n, and M2,m are mentioned in Table 4.1. Now in order to derive the

PDF of γc, we differentiate (4.29) to get

fγc(γ) =


fγMRC

(γ), γ ≤ γT .

fγp(γ) + gc(γ), γ > γT .

(4.32)

where

gc(γ) =

∫ γT

0

fγp(x)fγRF
(γ − x)dx (4.33)

By substituting (4.16) and (4.21) in (4.33), then using the series expansion of

exp
(
− (γ−x)α̃

2γα̃
RF

)
term, and after utilizing [187, eq. (07.34.21.0084.01)], the above

integral is evaluated as

gc(γ) =C2

β∑
d=1

td

∞∑
l=0

l∑
m=0

M1,m

∞∑
i=0

Q3,i

τ1−1∑
j=0

(
τ1 − 1

j

)
(−γT )jγτ1−j−1

×G 3p 1
p+1 3p+1

B2γT

∣∣∣∣∣∣∣
1− j,K1

K2,−j

 , (4.34)

where Q3,i is given in Table 4.1.

4.5 Average SER Analysis

The average SER for an MPSK modulated system is calculated by averaging the

conditional SER over the PDF of the instantaneous SNR of the given scheme (i.e.

MRC or adaptive combining) [147]. In this section, the average SER of the hybrid
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FSO/RF system is derived for both MRC and adaptive combining schemes.

4.5.1 Hybrid FSO/RF with MRC Scheme

The average SER of the MRC scheme can be obtained as

P
MRC

e =

∫ ∞

0

p(e|γ)fγMRC
(γ)dγ , (4.35)

where p(e|γ) is the conditional SER and for MPSK signalling, it is expressed as

p(e|γ) = A

2
erfc(K

√
γ), (4.36)

where A = 1 for M = 2, A = 2 for M > 2, K = sin(π/M), M represents the

modulation order, and erfc(·) denotes the complementary error function. Addition-

ally, erfc(·) can be expressed in the form of Meijer G-function by using [187, eq.

(07.34.03.0619.01)] and p(e|γ) can be re-written as

p(e|γ) = A

2
√
π
G 2 0

1 2

K2γ

∣∣∣∣∣∣∣
1

0, 1
2

 . (4.37)

Substituting (4.25) and (4.37) in (4.35) and applying [187, eq. (07.34.21.0013.01)],

the average SER of the MRC scheme is given by

P
MRC

e = C3

β∑
d=1

td

∞∑
l=0

l∑
m=0

M1,m

∞∑
i=0

Q1,i

K2τ1
G 3p 3

p+3 3p+2

B3

∣∣∣∣∣∣∣
1, 1− τ1, 0.5− τ1,K1

K2,−τ1, 1− τ1

 ,

(4.38)

where B3 is given in Table 4.1.
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4.5.2 Hybrid FSO/RF with Adaptive Combining Scheme

The average SER of adaptive combining scheme is given by

P
AC

e =

∫ ∞

0

p(e|γ)fγc(γ)dγ, (4.39)

where fγc(γ) is replaced by (4.32) and P
AC

e can be rewritten as

P
AC

e =

∫ γT

0

p(e|γ)fγMRC
(γ)dγ︸ ︷︷ ︸

I1

+

∫ ∞

γT

p(e|γ)fγp(γ)dγ︸ ︷︷ ︸
I2

+

∫ ∞

γT

p(e|γ)gc(γ)dγ︸ ︷︷ ︸
I3

(4.40)

To evaluate I1, the conditional SER p(e|γ) is expanded using Maclaurin series [186,

eq. (3.321.1)] and is given by

p(e|γ) = A

2

[
1− 2√

π

∞∑
n=0

(−1)nK2n+1γn+
1
2

n!(2n+ 1)

]
. (4.41)

By substituting (4.41) in I1 and after utilizing [187, eq. (07.34.21.0084.01)], the

term I1 is given by

I1 = I11 − I12 , (4.42)

where

I11 =
A

2
FγMRC

(γT ), (4.43)

I12 = C3

β∑
d=1

td

∞∑
l=0

l∑
m=0

M1,m

∞∑
n=0

M3,n

∞∑
i=0

Q1,iγ
τ1+n+ 1

2
T

×G 3p 2
p+2 3p+2

B2γT

∣∣∣∣∣∣∣
0.5− τ1− n, 1,K1

K2, 1− τ1,−τ1− n− 0.5

 , (4.44)

C3 and M3,n are given in Table 4.1. Since direct evaluation of I2 by using [187, eq.

(07.34.21.0085.01)] results in the divergence issue, we derive I2 by splitting into two
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parts (i.e. I21 and I22) and is given as

I2 =

∫ ∞

0

p(e|γ)fγp(γ)dγ︸ ︷︷ ︸
I21

−
∫ γT

0

p(e|γ)fγp(γ)dγ︸ ︷︷ ︸
I22

. (4.45)

To evaluate I21, we replace fγp(γ) and p(e|γ) by (4.16) and (4.37), respectively, and

then by utilizing [187, eq. (07.34.21.0013.01)], we obtain as

I21 =
C3

α̃

β∑
d=1

tdG
3p 2
p+2 3p+1

B3

∣∣∣∣∣∣∣
1, 0.5,K1

K2, 0

 . (4.46)

By substituting (4.16) and (4.41) in I22 and with the aid of [187, eq. (07.34.21.0084.01)],

I22 is calculated as

I22 =
A

2
C1

β∑
d=1

tdG
3p 1
p+1 3p+1

(
B2γT

∣∣ 1,K1

K2,0

)
− C3

α̃

β∑
d=1

td

∞∑
n=0

M3,nγ
n+ 1

2
T

×G 3p 1
p+1 3p+1

(
B2γT

∣∣ −n+0.5,K1

K2,−n−0.5

)
. (4.47)

Similarly, by substituting (4.37) and (4.34) in I3 and using [187, eq. (07.34.21.0085.01)],

the integral I3 is evaluated as

I3 = C3

β∑
d=1

td

∞∑
l=0

l∑
m=0

M1,m

∞∑
i=0

Q3,i

τ1−1∑
j=0

(
τ1 − 1

j

)
(−1)jγτ1T G

3 0
2 3

(
K2γT

∣∣ 1,1−τ1+j
−τ1+j,0,0.5

)
×G 3p 1

p+1 3p+1

(
B2γT

∣∣ 1−j,K1

K2,−j

)
. (4.48)

4.6 Asymptotic Analysis and Optimization

Since the exact closed-form expressions for outage and average SER are very

complex to comprehend, computationally efficient asymptotic expressions need to

be derived for the performance parameters by assuming average SNR values tending

to infinity. Further, the asymptotic expressions can be used to derive the diversity
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gain of the system.

4.6.1 Outage Probability

In this section, the asymptotic expression for the outage probability is derived

under the condition that the average SNR of the FSO link tends to infinity and

the average SNR of the RF link is considered as a constant. Since γp → ∞, the

input argument of the Meijer G-function will tend to zero. By using [187, eq.

(07.34.06.0040.01)], Meijer G-function can be expanded into the Taylor series form

as
∑∞

i=0 Ti(γp)
−i, where the minimum value of i is given as the diversity gain of the

system for non-zero values of Ti.

4.6.1.1 Hybrid FSO/RF with MRC Scheme

The asymptotic outage expression for the MRC scheme is derived by assuming

γp → ∞, which leads to B2 → 0 in (4.26), and by using [187, eq. (07.34.06.0040.01)],

the asymptotic outage expression is written as

F∞
γMRC

(x) = C2

β∑
d=1

td

∞∑
l=0

l∑
m=0

M1,m

∞∑
i=0

Q1,ix
τ1

3p∑
u=1

Λ1Γ(K2,u)B4

Γ(1 + τ1 +K2,u)

(
x

γp

)K2,u

,

(4.49)

where Λ1 =
∏3p

s=1; s ̸=u Γ(K2,s−K2,u)∏p
s=1 Γ(K1,s−K2,u)

, B4 =
(

Bp
1

p2p

)K2,u

, and Ki,j represents the j
th term of

Ki.
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4.6.1.2 Hybrid FSO/RF with Adaptive Combining Scheme

Similar to the MRC scheme, the asymptotic outage probability expression for

the adaptive combining scheme is expressed as

F∞
γc (x) =


F∞
γMRC

(x), x ≤ γT .

F∞
1 (x) + F∞

γp (x)− F∞
γp (γT ), x > γT .

(4.50)

The asymptotic outage expression when γOT ≤ γT is given by (4.49). Further, the

asymptotic expressions for the case when γOT >γT can be obtained by applying [187,

eq. (07.34.06.0040.01)] in both (4.31) and (4.19). After simplifying the expressions,

F∞
1 (x) and F∞

γp (x) can be, respectively, obtained as

F∞
1 (x) = C2

β∑
d=1

td

∞∑
l=0

l∑
m=0

M2,m

∞∑
n=0

Q2,n

τ2∑
j=0

(
τ2
j

)
(−γT )jxτ2−j

3p∑
u=1

Λ1B4

(j +K2,u)

(
γT
γp

)K2,u

(4.51)

and F∞
γp (x) = C1

β∑
d=1

td

3p∑
u=1

Λ1B4

K2,u

(
x

γp

)K2,u

(4.52)

4.6.2 Average SER

The asymptotic expressions for average SER of MRC and adaptive combining

schemes are derived in the same manner as done for the outage probability in the

previous subsections.
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4.6.2.1 Hybrid FSO/RF with MRC Scheme

By assuming B3 → 0 in (4.38) and utilizing [187, eq. (07.34.06.0040.01)], the

asymptotic SER expression for the MRC system is obtained as

P
MRC∞

e =C3

β∑
d=1

td

∞∑
l=0

l∑
m=0

M1,m

∞∑
i=0

Q1,i

K2τ1

3p∑
u=1

Λ1B5
Γ(K2,u)Γ(0.5 + τ1 +K2,u)

Γ(1 + τ1 +K2,u)

(
1

γp

)K2,u

(4.53)

where B5 =
(

Bp
1

K2p2p

)K2,u

.

4.6.2.2 Hybrid FSO/RF with Adaptive Combining Scheme

In case of the adaptive combining scheme, the asymptotic average SER expres-

sion is the sum of the individual asymptotic terms, which can be written as

P
AC∞

e = I∞11 − I∞12 + I∞21 − I∞22 + I∞3 , (4.54)

where the asymptotic expression for each integral can be calculated by using the

limiting form of Meijer G-function [187, eq. (07.34.06.0040.01)] in (4.43), (4.44),

(4.46), (4.47), and (4.48). After simplification, the following asymptotic expressions

for each integral is obtained as

I∞11 =
A

2
F∞
γMRC

(γT ), (4.55)

I∞12 = C3

β∑
d=1

td

∞∑
l=0

l∑
m=0

M1,m

∞∑
n=0

M3,n

∞∑
i=0

Q1,iγ
τ1+n+ 1

2
T

×
3p∑
u=1

Λ1B4Γ(K2,u)

(0.5+ τ1+ n+K2,u)Γ(τ1+K2,u)

(
γT
γp

)K2,u

, (4.56)
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I∞21 =
C3

α̃

β∑
d=1

td

3p∑
u=1

Λ1B5Γ
(
K2,u +

1
2

)
K2,u

(
1

γp

)K2,u

, (4.57)

I∞22 =
A

2
C1

β∑
d=1

td

3p∑
u=1

Λ1B4

K2,u

(
γT
γp

)K2,u

− C3

α̃

β∑
d=1

td

∞∑
n=0

M3,nγ
n+ 1

2
T

×
3p∑
u=1

Λ1B4

K2,u + n+ 1
2

(
γT
γp

)K2,u

, (4.58)

I∞3 = C3

β∑
d=1

td

∞∑
l=0

l∑
m=0

M1,m

∞∑
i=0

Q3,i

τ1−1∑
j=0

(
τ1 − 1

j

)
(−1)jγτ1T G

3 0
2 3

(
K2γT

∣∣ 1,1−τ1+j
−τ1+j,0,0.5

)
×

3p∑
u=1

Λ1B4

(j +K2,u)

(
γT
γp

)K2,u

. (4.59)

4.6.3 Diversity Gain Analysis

In this subsection, the diversity gain for MRC and adaptive combining schemes

is presented, which are based on different conditions with respect to γp, γRF , and

γT . Also, the conditions for obtaining the full diversity gain from both FSO and RF

links in case of MRC and adaptive combining schemes are also discussed.

4.6.3.1 Hybrid FSO/RF with MRC Scheme

The diversity gain of the MRC scheme is derived for two cases as given in The-

orem 1 and 2. The asymptotic expression for the average SER of a system can be

approximated in terms of average SNR γp, diversity gain Gd, and coding gain Gc as

P∞
e ≈ (Gcγp)

−Gd (4.60)

Theorem 4.1. For an MRC scheme assuming γp → ∞ and considering that the

average SNR of RF link γRF is a constant, the diversity gain of hybrid FSO/RF
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system is given by

GM(1)

d = min(g2eq/p, α/p, 1/p) (4.61)

Proof. From (4.53), it can be clearly seen that the dominating terms in the asymp-

totic SER expansion, which depends on γp, is given by K̂2,u = min (K2,u ) =

min(g2eq/p, α/p, 1/p). Therefore, the diversity gain of the MRC scheme is given

by (4.61), which is also equal to the diversity gain of an FSO system.

Theorem 4.2. For an MRC scheme assuming γp → ∞ and considering that the

average SNR of RF link is also varying and is equal to the average SNR of FSO link

(i.e. γRF = γp = γ), the diversity gain of MRC-based hybrid FSO/RF system is

given by

GM(2)

d = min

(
g2eq
p

+ α̃µ,
α

p
+ α̃µ,

1

p
+ α̃µ

)
(4.62)

Proof. Since it is assumed that γRF = γp → ∞, the dominating terms in (4.53)

will be obtained by substituting m = 0 and i = 0 into the inner summations [166].

This is because, m > 0 and i > 0 contribute for higher powers of 1/γ, which can be

ignored. After simplifications, the asymptotic SER of MRC scheme can be obtained

as

P
MRC∞

e =
C3

Kαrµ

β∑
d=1

td

∞∑
l=0

clΓ(α̃µ)

Γ(µ)2µ

3p∑
u=1

Λ1B5

(
1

γ

)K2,u+α̃µ
Γ(K2,u)Γ(0.5 + α̃µ+K2,u)

Γ(1 + α̃µ+K2,u)
.

(4.63)

Further, by comparing the dominant terms in (4.63) with (4.60), the diversity gain

is given by (4.62). It is to be noted that in this case, full diversity gain is achieved

from both RF and FSO links using the MRC scheme.

4.6.3.2 Hybrid FSO/RF with Adaptive Combining Scheme

The diversity gain values of adaptive combining scheme for three different cases

are obtained using Theorem 4.3, 4.4 and 4.5.
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P
AC∞

e =

β∑
d=1

td

3p∑
u=1

Λ1

(
1

γp

)K2,u
{
B4γ

K2,u

T

∞∑
l=0

l∑
m=0

M1,mγ
τ1
T

[
A

2
C2

∞∑
i=0

Q1,i
Γ(K2,u)

Γ(1 + τ1 +K2,u)

− C3

∞∑
n=0

M3,n

∞∑
i=0

Q1,i γ
n+ 1

2
T

Γ(K2,u)

(0.5 + τ1 + n+K2,u)Γ(τ1 +K2,u)
+ C3

∞∑
i=0

Q3,i

×
τ1−1∑
j=0

(
τ1 − 1

j

)
(−1)jG 3 0

2 3

(
K2γT

∣∣ 1,1−τ1+j
−τ1+j,0,0.5

) 1

(j +K2,u)

]
+
C3B5Γ

(
K2,u +

1
2

)
α̃K2,u

− A

2
C1
B4γ

K2,u

T

K2,u

+
C3

α̃

∞∑
n=0

M3,n
B4γ

K2,u+n+ 1
2

T

K2,u + n+ 1
2

}
(4.65)

Theorem 4.3. For an adaptive combining scheme assuming γp → ∞, fixing γT =

γoptT , where γoptT is the optimum switching threshold SNR value, and considering a

constant γRF , the diversity gain of the system is given by

GAC(1)

d = min(g2eq/p, α/p, 1/p) (4.64)

Proof. By substituting (4.55), (4.56), (4.57), (4.58), and (4.59) in (4.54) and after

some manipulations, P
AC∞

e can be written in terms of γp as given by (4.65). Assum-

ing γRF as a constant, the dominating terms in (4.65) is given by K̂2,u = min(K2,u).

Therefore, the diversity gain of the adaptive combining scheme turns out to be same

as given for the MRC scheme in (4.64).

Theorem 4.4. For an adaptive combining scheme assuming γRF = γp = γ → ∞

and a constant switching threshold value γT , the diversity gain of such a hybrid

system is given by

GAC(2)

d = min(g2eq/p, α/p, 1/p) (4.66)

Proof. From (4.65), which is given on the top of the next page, it is inferred that

assuming γRF = γp → ∞ and a constant γT , the terms involving the powers of γT
γpγRF

will be negligible against the terms containing powers of 1
γp
. Thus, the dominating

expression will include only the terms with powers of 1
γp

and by neglecting other

terms in (4.65), we obtain
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P
AC∞

e =

β∑
d=1

td

3p∑
u=1

Λ1

(
1

γp

)K2,u
[
C3B5Γ

(
K2,u +

1
2

)
α̃K2,u

− A

2
C1
B4γ

K2,u

T

K2,u

+
C3

α̃

∞∑
n=0

M3,n
B4γ

K2,u+n+ 1
2

T

K2,u + n+ 1
2

]
(4.67)

From (4.60) and (4.67), the diversity gain in this case is obtained as (4.66), which

is same as given by (4.64) and is equal to the diversity gain of an FSO system.

Theorem 4.5. For an adaptive combining scheme assuming γRF = γp = γ → ∞

and fixing γT = γoptT , the diversity gain of the hybrid system is given by

GAC(3)

d = min

(
g2eq
p

+ α̃µ,
α

p
+ α̃µ,

1

p
+ α̃µ

)
(4.68)

Proof. As the average SNR of RF link varies, we have obtained different values of

optimum threshold SNR γoptT corresponding to each value of γRF . It is to be noted

that γoptT values are generally non-decreasing. In such scenario, if γRF = γp → ∞

and the values of γoptT are also varying, then the terms involving the powers of γT
γpγRF

will be comparable to the terms containing the powers of 1
γ
and cannot be ignored.

Further, by substituting m = 0 and i = 0 in (4.65), as given in Theorem 2, the

dominant terms corresponding to γRF → ∞ is obtained and by considering the

terms having the powers of γT
γ
, P

AC∞

e can be simplified as given by (4.69). By

comparing the dominating terms in (4.69) with (4.60), the diversity gain is given

by (4.68). Thus, in this case, full (or the highest) diversity gain of the adaptive

combining scheme is achieved due to the contribution of RF link, unlike the previous

two cases.
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P
AC∞

e =
1

Γ(µ)2µ

β∑
d=1

td

3p∑
u=1

Λ1B4

(
γT
γ

)K2,u+α̃µ ∞∑
l=0

cl

[
A

2
C2

Γ(α̃µ)Γ(K2,u)

Γ(1 + α̃µ+K2,u)

− C3

∞∑
n=0

M3,nγ
n+ 1

2
T

Γ(α̃µ)Γ(K2,u)

(0.5 + α̃µ+ n+K2,u)Γ(α̃µ+K2,u)

+ C3

α̃µ−1∑
j=0

(
α̃µ− 1

j

)
(−1)jG 3 0

2 3

(
K2γT

∣∣ 1,1−α̃µ+j
−α̃µ+j,0,0.5

) 1

(j +K2,u)

]
(4.69)

4.6.4 beam width Optimization

In this subsection, we present the optimization of transmit beam width. It is

important to note that the severity of pointing errors decreases with an increase

in the coefficient geq. As the value of geq increases, the average SER of the system

decreases. Further, the parameter geq depends on the beam width w0. Therefore,

the geq can be maximized to determine the optimum value of beam width, i.e. wopt
0 ,

which gives the best SER performance. It is also to be noted that the optimum beam

width values depend on the pointing error coefficient values. Further, the optimum

beam width values are obtained by differentiating the pointing error coefficient geq

and its equation for generalized non-zero boresight case is different compared to

zero boresight pointing errors case. From (4.12), (4.13) and after performing some

manipulations, we can write g2eq in terms of w0 as

g2eq =
1

4δ2eq

∞∑
n=0

anr
2n
0

[
w2

0 +
λ2FL

2

π2w2
0

+
2λ2FL

2

π2ϱ20(L)

]1−n

(4.70)

where an is a constant. Further, by differentiating g2eq in (4.70) with respect to w0,

we obtain

geq
dgeq
dw0

=
1

4δ2eq

∞∑
n=0

anr
2n
0 (1− n)

[
w2

0 +
λ2FL

2

π2w2
0

+
2λ2FL

2

π2ϱ20(L)

]−n(
w0 −

λ2FL
2

π2w3
0

)
(4.71)
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Now, by equating (4.71) to zero, the optimum beam width wopt
0 is given by

wopt
0 =

√
λFL

π
(4.72)

4.7 Numerical Results and discussion

In this section, the analytical and simulation results of the performance metrics

are presented under different system configurations. The values of the key param-

eters and weather dependent parameters used in the simulation results are given

in Table 4.2 [41], [48], [170], unless and otherwise specified. We generate 107 bits

to execute the Monte-Carlo simulations for plotting the simulation results. Fur-

ther, a detailed flowchart describing the approach to compute average SER using

the Monte-Carlo simulations is given in Fig. 4.2. The analytical results are match-

ing with the Monte-Carlo simulations, which validates the accuracy of our derived

expressions. Unless and otherwise stated, the average SNR of RF link is fixed to

γRF = 5 dB and few other parameters are assumed as mx/r0 = 3, my/r0 = 3,

δx/r0 = 3.5, δy/r0 = 3.5, Ω = 1.3265, ρ = 0.595, b0 = 0.2158/2, and ϕA − ϕB = π/2.

The accuracy of truncation limits used for the terms involving infinite summa-

tions in equations (4.22), (4.26), (4.31), (4.38), (4.44), (4.47), and (4.48) are given

in the last column of Table 4.3. Further, it is inferred from the given values of the

above-mentioned equations in Table 4.3 that if the values higher than the upper

limits are used, then there will be no effect on the fifth decimal figure of the fi-

nal calculated values. All the given upper limit values are also applicable to their

asymptotic counterparts.

Additionally, in Fig. 4.3, the convergence of the CDFs FγRF
(x) and FγMRC

(x),

which are given by (4.22) and (4.26), is verified. The values of the outage threshold

and the switching threshold are assumed as γOT = 6 dB and γT = 8 dB, respectively.

In Fig. 4.3 (a), FγRF
(γOT ) is plotted against the upper limit of the truncation value

of summation limit l for different values of γp. From the plots, it is observed that
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Fig. 4.2: Flowchart for computing average SER using Monte-Carlo simulations
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Fig. 4.3: Convergence test for CDF expressions in (4.22) and (4.26)
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Table 4.2: FSO/RF parameters used in the simulations

FSO Parameter Symbol Value

Wavelength FSO λF 1550 nm

Noise variance FSO σ2
p 10−14

Responsivity ηf 0.5 A/W

RF bandwidth BR 250 MHz

RF wavelength λR 5 mm

RF transmit power PR 10 mW

Transmit antenna
gain

Gt 44 dBi

Receive antenna gain Gr 44 dBi

Attenuation oxygen ζox 15.1 dB/km

Noise power spectral
density

N0 -114 dBm/MHz

Receiver noise figure NF 5 dB

Weather
condition

ζw (dB/km) ζrn (dB/km) ζfog (dB/km) C2
n(m

−2/3)

Rain 5.8 5.6 0 5× 10−15

Light fog 4.2 0 0 1.7× 10−14

Clear air 0.43 0 0 5× 10−14

Heavy fog 125 0 3.2 1× 10−15

for l ≥ 5, FγRF
(γOT ) remains almost constant, which is also evident from row-1 of

Table 4.3. Similarly, in Fig. 4.3 (b), FγMRC
(γOT ) is plotted against the upper limit

of the truncation values of summation limits l and i for different values of γp. It is

inferred from the Fig. 4.3 (b) that for l ≥ 4 and i ≥ 4, FγMRC
(γOT ) remains almost

unaltered, which is also confirmed from row-2 of Table 4.3.

In Fig. 4.4(a), we have plotted the average SER against the beam width values

to obtain the optimum beam width values. The average SER plots are given for dif-

ferent values of link distance, average SNR of FSO link, and receiver aperture radius.

The optimum values of beam width wopt
0 obtained using the numerical technique are

approximately equal to the values of wopt
0 obtained from theoretical optimization as

shown in Table 4.4. From (4.72), it is clear that the optimum values of beam width

depend only on the link distance and FSO wavelength and it does not depend on

other parameters, which is also observed from Fig. 4.4 (a). In Fig. 4.4(b), the
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Table 4.3: Truncation accuracy of summation limits

Eq. Expressions Truncation values
Final values Chosen
γp = 10 γp = 20 upper limit

(4.22) FγRF (x)
l = 7 0.285557 0.029899

l = 8l = 8 0.285601 0.029885
l = 10 0.285604 0.029880

(4.26) FγMRC (x)
l = 7, i = 7 0.361433 0.190509

l = 8, i = 8l = 8, i = 8 0.361427 0.190506
l = 10, i = 10 0.361425 0.190505

(4.31) F1(x)
l = 5, n = 5 0.349639 0.181830

l = 6, n = 6l = 6, n = 6 0.349583 0.181804
l = 8, n = 8 0.349585 0.181805

(4.38) P
MRC
e

l = 4, i = 4 0.020838 0.010080
l = 5, i = 5l = 5, i = 5 0.020834 0.010078

l = 7, i = 7 0.020832 0.010077

(4.44) I12

l = 12, n = 12, i = 12 0.160027 0.085264
l = 13, n = 13,

l = 13, n = 13, i = 13 0.160018 0.085258
i = 13

l = 15, n = 15, i = 15 0.160018 0.085258

(4.47) I22

n = 13 0.000061 0.000049
n = 15n = 15 0.000058 0.000046

n = 18 0.000058 0.000046

(4.48) I3

l = 3, i = 3 0.000148 0.000073
l = 5, i = 5l = 5, i = 5 0.000127 0.000074

l = 6, i = 6 0.000127 0.000074

average SER is plotted with respect to switching threshold SNR values to obtain

the optimum threshold SNR for different values of average SNR of RF link γRF and

FSO link γp. It is observed from the plots that the average SER decreases with an

increase in switching threshold SNR γT and remains approximately constant after

a particular value of γT . The optimum threshold SNR γoptT is achieved when the

average SER reaches to a certain level and becomes less sensitive to changes in the

threshold SNR value. This particular threshold value is considered as the optimum

value of switching threshold SNR. Further, the optimum values of threshold SNR

are obtained as γoptT = 7 dB, 9 dB, and 10 dB as shown in Table 4.4. Since the

average SER decreases with an increase in switching threshold SNR γT and remains

approximately constant after a particular value of γT , a global optimum value does

not exist as observed in the figure. It is also inferred from 4.4(b) that the opti-

mum switching threshold is increasing with respect to the average SNR of the RF

link and it remains the same irrespective of change in the average SNR of the FSO

link. This is mainly due to the fact that an increase in the value of the average
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Fig. 4.4: Average SER versus switching threshold SNR γT and beam width w0

SNR of RF link should increase the optimum switching threshold for achieving the

minimum SER value. Further, the FSO subsystem will enter more frequently into

outage with an increase in optimum switching threshold SNR value and there will be

a higher probability of usage of the RF link. Consequently, the performance of the

overall system is improved by counteracting the FSO channel distortions. Hence,

the optimum threshold depends on the RF link condition and not on the FSO link

condition.

Fig. 4.5 illustrates the average SER of adaptive combining scheme for a vari-

ety of distributions which are derived as the special cases of Malaga and α-η-κ-µ
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Table 4.4: The optimum values of w0 and γT

Distance L
wopt

0 (in cm)

Theoretical Numerical

1000 m 2.22 cm 2.20 cm

2000 m 3.14 cm 3.15 cm

3000 m 3.85 cm 3.85 cm

γRF (dB) γp (dB) γoptT (dB)

10 25 7

10 35 7

15 35 9

20 35 10
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Fig. 4.5: Average SER of adaptive combining for various distributions

distributions. The parameter values of Malaga and α-η-κ-µ distributions required

to obtain other distributions as special cases are given in Table 4.5. In addition,

the performance comparison of IM/DD and HD techniques is depicted for Gamma-

Gamma and Nakagami-m distributions. As expected, it is observed that the HD

technique, due to its coherent detection nature, performs better than the IM/DD

technique. Additionally, we have shown the impact of erroneous feedback link on

the performance of adaptive-combining system assuming the case of Malaga and α-

η-κ-µ distributions. Here, the probability that the feedback bits are in error, which

is denoted as PeFB, is assumed to be PeFB = 0.05 and 0.1. From the plots, it can be

noticed that there is a degradation in the performance of the system with erroneous

feedback link and the SNR gains obtained by the non-erroneous feedback link over

the erroneous link are 3 dB and 5 dB for PeFB = 0.05 and 0.1, respectively, to attain

the average SER of 10−2.
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Table 4.5: List of channel models and parameters assumed to obtain Fig. 4.6

FSO models C2
n(m

−2/3) r0 (cm) ρ 2b0 Ω γopt
T (dB)

Malaga 2× 10−13 35 0.596 0.2185 1.3265 5

Gamma-Gamma 2× 10−14 20 1 0 1 6

K distribution 4× 10−13 20 0 0.2185 0 6

Log-normal 5× 10−15 15 0 0 1.3265 7

RF models αR η κ µ

α-η-κ-µ 2 1.5 0.5 1

Nakagami-m 2 1 0 2

Rice 2 1 2 1

κ-µ 2 1 5 3
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Fig. 4.6: Average SER comparison for different hybrid FSO/RF schemes

Fig. 4.6 shows the performance comparison of single-link FSO system with

various hybrid systems based on single-threshold-based hard-switching scheme [190],

MRC scheme, and adaptive combining scheme. Additionally, we have compared the

FSO-based SSC scheme [127] with the above-mentioned hybrid schemes by assuming

two receive apertures and one transmit aperture. The FSO link parameters assumed

are given as follows: C2
n = 4 × 10−13, L = 2000 m, r0 = 32 cm, and w0 = 3 cm.

Similarly, the RF link parameters assumed are given as follows: αr = 2, η = 0.4,

κ = 2, µ = 1, p = 1, and q = 0.1. The upper limits used for truncating the terms

involving infinite summations in order to plot the theoretical average SER curves

of MRC and adaptive combining systems are given in the last column of Table 4.3.
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It is observed that the MRC-based and adaptive-combining-based hybrid systems

outperform the single-link FSO, FSO-based SSC, and hard-switching-based hybrid

systems.

Fig. 4.6 also unveils that the adaptive-combining-based hybrid system operating

at γoptT = 5 dB achieves the same SER performance as that of the MRC-based hybrid

system. It can also be noticed that the SER performance of adaptive-combining-

based hybrid system operating at optimum switching threshold SNR value with

γoptT = 5 dB performs better than the system operating at non-optimum switching

threshold SNR value with γT = 1 dB, as expected. However, still the non-optimal

SER performance of the adaptive-combining-based hybrid system is better than

the hard-switching-based hybrid system which is operating in its optimal threshold

value with γoptT(hard)
= 1 dB. It is to be noted that in case of the single-threshold-based

hard-switching scheme, only FSO or RF link will be active at a given time instant,

whereas in case of MRC or adaptive combining scheme both the FSO and RF links

can be active simultaneously and the superior performance is mainly due to diversity

combining of FSO and RF links. Note that the SNR gain of MRC-based and opti-

mal adaptive-combining-based hybrid systems over the hard-switching-based hybrid

system to attain the average SER of 10−2 is found to be 5 dB. Further, the non-

optimal adaptive-combining-based hybrid system achieves the SNR gain of 4 dB

over the hard-switching-based hybrid system to attain the average SER of 10−2. It

is also to be noted that even though the adaptive combining and MRC schemes

attain the same SER performance, the adaptive combining scheme achieves power

saving by effectively utilizing the RF subsystem than the MRC scheme. This is

because, the RF link is continuously active in the MRC scheme. However, in the

adaptive combining scheme, MRC of FSO and RF links will be employed only when

the instantaneous SNR of FSO link drops below a threshold SNR value. Further,

the main advantage of MRC over adaptive combining is that the feedback bit from

receiver to transmitter for switching between FSO link and MRC of FSO and RF

links is not required.
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Fig. 4.7: Outage performance for strong and weak turbulence conditions

Fig. 4.7 depicts the outage performance comparison of single-link FSO, single-

link RF, MRC-based hybrid, and adaptive-combining-based hybrid systems under

strong and weak turbulence conditions assuming C2
n = 1×10−13 and C2

n = 6×10−15,

respectively, with outage threshold γOT = 6 dB and γT = 3 and 8 dB. The upper

limits used for truncating the terms involving infinite summations in order to plot

the theoretical outage probability curves of MRC system are given in the last column

of Table 4.3. It is to be noted that the FSO link is highly susceptible to variations

in temperature and pressure in the atmosphere, which causes atmospheric turbu-

lence along the propagation path. This atmospheric turbulence leads to random

fluctuations in the received signal strength. As the severity of turbulence increases,

the performance of FSO system deteriorates. Hence, strong turbulence condition

limits the performance of the FSO system to a greater extent compared to weak

turbulence condition. Further, the values of Rytov variance for strong turbulence

are generally greater than one and for weak turbulence conditions, it is lesser than

one [88]. It is observed from the plots that the adaptive combining scheme while

operating at γT = 8 dB, such that γOT < γT , achieves the same performance as that

of the MRC scheme, which is also evident from (4.29). Further, the outage perfor-

mance of the adaptive combining scheme deteriorates while operating at γT = 3 dB

(i.e. γOT > γT ) compared to the outage performance for the case when γOT < γT .
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Fig. 4.8: Asymptotic SER performance of MRC and adaptive combining schemes

However, still the adaptive combining scheme achieves better performance than the

single-link FSO system. Additionally, the SNR gain values of about 7 dB and 4 dB

are obtained using the adaptive combining scheme with γOT < γT over the single-

link FSO system to achieve an outage of 10−1 under strong and weak turbulence

conditions, respectively. As it can be seen from Fig. 4.7 that the outage performance

of both adaptive combining and MRC schemes are better as compared to the single-

link FSO system in all conditions due to the back-up RF link and high SNR gains are

achieved under strong turbulence condition. In addition, we have given the outage

performances of the single-link RF system and the adaptive combining system with

γRF = γp. It can be observed that the single-link RF system performs better than

the single-link FSO system, as FSO link suffers from atmospheric turbulence and

pointing errors, whereas the RF link experiences only small scale fading. Further,

the adaptive combining system with γRF = γp under weak turbulence outperforms

the other hybrid and RF systems due to the availability of better quality RF link.

In Fig. 4.8, the average SER and asymptotic performances of MRC-based and

adaptive-combining-based hybrid FSO/RF systems are illustrated for different cases

as discussed in Theorem 1 to 5 in Section V. Firstly, it is observed from the plots

that the asymptotic SER curves well agree with the exact SER curves in the high-

SNR region, which validates the derived asymptotic SER expressions. When the
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average SNR of RF link is set to γRF = 5 dB and γoptT = 6 dB, the diversity gain

of MRC and adaptive-combining-based hybrid systems is equal, which is given by

min(g2eq/p, α/p, 1/p), as mentioned in Theorem 1 and 3. In such a scenario, the

diversity gain of the system solely depends on the FSO link and the contribution

of the RF link is only with respect to the SNR gain and not with respect to the

diversity gain. It is also noticed that the performance of the adaptive combining

scheme improves when the average SNR of RF link is varying and is equal to the

average SNR of FSO link (i.e. γRF = γp). The improvement in the performance

is due to the availability of better quality RF link with high values of γRF . From

the slope of the SER plot, it can be observed that the diversity gain in this case is

also equal to min(g2eq/p, α/p, 1/p) as given in Theorem 4. This is because of the fact

that the switching threshold SNR value is assumed to be a constant (i.e. γT = 6

dB) irrespective of the average SNR of FSO and RF links. Therefore, as the average

SNR of FSO link γp varies and γp >> γT , the probability of the usage of FSO

link will be very high compared to the usage of RF link. Thus, the FSO link will

only contribute to the diversity gain of the adaptive-combining-based hybrid system

under fixed switching threshold SNR condition.

From the asymptotic SER curves under the conditions γT = γoptT and γRF = γp, it

is evident that full diversity gain, which is equal to min
(

g2eq
p
+ α̃µ, α

p
+ α̃µ, 1

p
+ α̃µ

)
,

can be obtained from both the hybrid systems as given in Theorem 2 and 5. The

main reason for the adaptive-combining-based hybrid system to achieve full diversity

gain is explained as follows: When the average SNR of RF link varies equally with

the average SNR of FSO link, the optimum switching threshold SNR also varies as

observed in Fig. 4.4(b). In such a scenario, it is highly likely that the FSO link in

the adaptive-combining-based hybrid system will be in outage more frequently and

the hybrid system will switch to the MRC of FSO and RF links at high-SNR region

with high probability. Since the probability of usage of the backup RF link is higher

compared to the fixed switching threshold SNR case, especially in the high-SNR

region, full diversity gain due to both FSO and RF links will be obtained.

120



0 5 10 15 20 25 30 35 40

Average SNR of FSO link (dB)

10-4

10-3

10-2

10-1

A
v
e
ra

g
e
 S

E
R

 Simulations

FSO (g
eq

=1.1, L=3000 m)

MRC (g
eq

=1.1, L=3000 m)

FSO (g
eq

=5.8, L=3000 m)

MRC (g
eq

=5.8, L=3000 m)

FSO (g
eq

=5.8, L=2000 m)

MRC (g
eq

=5.8, L=2000 m)

Fig. 4.9: Average SER of single-link FSO and MRC systems under varying link distance and
pointing errors

The impact of pointing errors and varying link distance on the average SER

performance of the MRC system is depicted in Fig. 4.9. We assume the FSO

link parameters as r0 = 27 cm, w0 = 4 cm, mx/r0 = 3, my/r0 = 3, δx/r0 = 3.5,

δy/r0 = 3.5, geq = 1.1 for high pointing errors case, and mx = 0, my = 0, δx/r0 =

0.75, δy/r0 = 0.75, geq = 5.8 for low pointing errors case, where it reduces to zero

boresight pointing error case. Further, the link distances are assumed as L = 2000

m and L = 3000 m. The effect of pointing errors can be seen by varying the pointing

error coefficient geq. It is important to note that the severity of the pointing errors

increases with decreasing value of geq and with an increase in link distance L. As the

value of geq increases, improvement in the performance of single-link FSO and MRC-

based hybrid systems has been observed. Further, as the link distance increases,

deterioration in the performance of both the systems has been observed. It can also

be inferred that the SNR gains of 25 dB and 20 dB are obtained by the MRC-based

hybrid system over the single-link FSO system to attain the average SER of 10−2 for

geq = 1.1 and geq = 5.8 dB, respectively. Moreover, we noticed that the SNR gains

achieved by the MRC-based hybrid system over the single-link FSO system to attain

the average SER of 10−2 for L = 2000 m and L = 3000 m are 20 dB and 16 dB,

respectively. It is clear from the plots that the MRC system achieves high SNR gain

for the scenarios with high pointing errors severity and large link distance. This is
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Fig. 4.10: Average SER of single-link FSO and adaptive combining for different weather conditions

due to the fact that high pointing errors, large link distance, and strong turbulence

conditions will result in frequent FSO link failure and the contribution from the

FSO link in MRC will be less (in terms of instantaneous SNR). Hence, relatively

high SNR gains are obtained due to the contribution from the RF link in such cases.

In Fig. 4.10, the average SER against the FSO transmit power is plotted for

the adaptive combining scheme under different weather conditions. We have as-

sumed moderate foggy and rainy conditions [41] for comparing the performances

of single-link FSO and adaptive-combining-based hybrid systems. The turbulence

and weather parameters used in the simulations are given in Table 4.2. From Fig.

4.10, it can be inferred that the performance of single-link FSO system degrades

under foggy condition compared to rainy condition, as the FSO link undergoes high

attenuation under foggy weather condition. It is noticed that when the transmit

power is less than -19 dBm, the SER of adaptive combining scheme is higher under

rainy condition compared to foggy condition. This is because, if the FSO transmit

power is less, then the RF link will be utilized more frequently to backup the FSO

link and since the RF link is more prone to the rainy condition, overall degradation

in the system performance of the adaptive combining scheme is observed. Further,

the performance improves drastically after -19 dBm under rainy condition and this

is due to the fact that at higher values of transmit power, the FSO link is utilized
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more frequently with higher probability compared to MRC of FSO and RF links.

Since the FSO link is less prone to the rainy condition, improvement in overall per-

formance of the system is observed. From Fig. 4.10, we can also notice that the

adaptive-combining-based hybrid system offers more SNR gain over the single-link

FSO system under foggy weather condition. This is because, the probability of

adaptive combining scheme switching to MRC of FSO and RF links according to

(4.7) is very high under foggy condition compared to rainy condition.

In Fig. 4.11, the average SER is plotted with respect to the FSO transmit

power under different background noise conditions and heavy fog condition. We

have assumed fog attenuation factor values of RF link as ζfog = 0 and 3.2 dB/km

for comparing the performances of single-link FSO and adaptive-combining-based

hybrid systems. The turbulence and weather parameters used in the simulations

are given in Table 4.2. It is inferred from the plots that the performance of the

adaptive combining system degrades with transmit power loss of about 4 dBm for

the case when ζfog = 3.2 dB/Km compared to the case when ζfog = 0 to achieve

an average SER of 10−3 due to fog attenuation encountered by RF link. Further,

in Fig. 4.11, the effect of background noise on the performance of single-link FSO

and adaptive-combining systems has been shown by varying Kb, which signifies the

fraction of the background noise. It can be clearly seen from the plots that there
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is a slight deterioration in the performance of both single-link FSO and adaptive

combining systems with an increase in the value of Kb from Kb = 1 to 3. Note that

increase in Kb indicates that the background noise level is increasing. Further, due

to the usage of the backup RF link, the adaptive combining system performs better

compared to a single-link FSO system under both heavy fog and background noise

conditions.

4.8 Chapter Summary

In this chapter, the novel closed-form expressions for the PDF and CDF of the

MRC of FSO and RF links are derived. With the aid of the obtained statistical

functions, the unified closed-form expressions for the performance metrics such as

outage probability and average SER for MRC-based and adaptive-combining-based

hybrid FSO/RF systems were derived considering non-zero boresight pointing er-

rors. From the simpler asymptotic expressions, diversity gains of MRC-based and

adaptive-combining-based hybrid systems were determined for various cases and the

conditions to obtain full diversity gain from both the hybrid systems were also re-

ported. We also obtained the optimal performance of adaptive combining scheme by

determining the optimum switching threshold SNR and beam width values. All the

derived expressions were validated using the Monte-Carlo simulations. Further, it

was inferred that the average SER of adaptive-combining-based hybrid system op-

erating at the optimum switching threshold SNR value γoptT was equal to the average

SER of the MRC-based hybrid system. From the numerical analysis, it was also ob-

served that the hybrid system with MRC and adaptive combining schemes perform

better than the single-link FSO system and hybrid system with single-threshold-

based hard-switching scheme.
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Chapter 5

On the Capacity Analysis of

Hybrid FSO/RF System with

Adaptive Combining over

Generalized Distributions

5.1 Introduction

The effects of atmospheric turbulence-induced fading and pointing errors in the

FSO channel were minimized by employing cooperative diversity schemes and spatial

diversity techniques such as SC and MRC [126, 194, 195]. In addition to spatial

diversity techniques, hybrid FSO/RF systems based on switching schemes were also

promising solution to counteract FSO channel distortions [25, 41, 39, 171, 190].

However, the hybrid FSO /RF system based on hard-switching scheme suffers from

frequent hardware switching between FSO and RF sub-systems and it also requires

the CSI at the transmitter. To alleviate these issues, the FSO and RF links of the

hybrid FSO/RF system were combined using SC and MRC techniques in [48, 49].

However, to facilitate effective diversity combining, the transmission rate of the

FSO link should be decreased to match the transmission rate of the RF link and
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hence, the achievable capacity decreases in case of hybrid systems based on SC and

MRC. To address the capacity degradation issue in diversity combining schemes,

the adaptive combining scheme, which is a variant of MRC, has been proposed as

explained in the previous chapter.

The earlier works on adaptive combining-based hybrid FSO/RF system were re-

stricted to outage and average SER analysis [155, 158, 159, 157, 156] and the ergodic

capacity analysis was unexplored. This chapter investigates the ergodic capacity

performance of hybrid FSO/RF system by employing an adaptive-combining-based

switching scheme. It is assumed that the FSO link experiences the atmospheric

turbulence and non-zero boresight misalignment or pointing errors. In particular,

the PDF of the instantaneous SNR of the adaptive combining scheme is derived

over the generalized Malaga distribution (FSO link) and κ–µ distribution (RF link).

Capitalizing on the SNR statistics, the unified exact closed-form ergodic capacity

expressions including their asymptotic form are derived for the adaptive-combining-

based hybrid FSO/RF system.

5.2 Organization of the Chapter

This chapter is organized as follows: In Section 5.3, we introduce the system

model of the adaptive-combining-based hybrid FSO/RF system as well as the chan-

nel models of FSO and RF links. Further, we obtain the PDF of the output in-

stantaneous SNR of the adaptive combining scheme. In Section 5.4, the closed-form

expressions for the ergodic capacity are derived. Section 5.5 deals with the asymp-

totic analysis of ergodic capacity at the high-SNR regime and provides the analytical

beamwidth optimization. In Section 5.6, numerical results with detailed discussions

are provided followed by concluding remarks in Section 5.7.
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5.3 System and Channel Models

We consider a hybrid FSO/RF communication system model based on the adaptive-

combining-based switching scheme as discussed in Chapter 4. In the adaptive com-

bining scheme, the FSO link is always active and the RF link is in standby mode

provided the instantaneous SNR of the FSO link is above a predefined threshold

SNR level, denoted by γT . When the instantaneous SNR is below γT , then the

RF link will be activated and MRC of FSO and RF links will be performed at the

receiver.

In this chapter, the generalized Malaga distribution is assumed to character-

ize the atmospheric turbulence-induced fading of the FSO link, which is denoted

as Ia, and its PDF is given in Chapter 3, eq. (3.5). In addition, the non-zero

boresight pointing errors Ie and atmospheric path loss Il are also considered in the

FSO channel model, which are already explained in detail in Chapter 4, Section

4.3.1. Furthermore, the combined FSO channel, IF = IaIeIl and its PDF statistics

considered in this chapter are given in Chapter 4, Section 4.3.2.

5.3.1 FSO Channel Statistics

The instantaneous SNR and average electrical SNR of the FSO link are, respec-

tively, given by

γp = |IF |p
(PFηf )

p

σ2
p

, (5.1)

γp =

[
(y + Ω

′
)g2eqSeqIl

g2eq + 1

]p
(PFηf )

p

σ2
p

, (5.2)

From (5.1) and (5.2), the γp can be rewritten as

γp = γp

[
(g2eq + 1)|IF |

(y + Ω′) g2eq SeqIl

]p
(5.3)
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Further, by utilizing the random variable transformation technique, the unified PDF

of the instantaneous SNR γp is obtained as

fγp(γ)=
g2eqD

2pγ

β∑
d=1

bdG 3 0
1 3

B1

(
γ

γp

) 1
p

∣∣∣∣∣∣∣
g2eq + 1

g2eq, α, d

 , (5.4)

where the parameters and constants are given in Chapter 4, Section 4.3.2. Note

that the expressions for calculating α and β are given in Appendix A.

5.3.2 RF Channel Model

The small-scale fading of the RF channel is modeled using the generalized κ–µ

distribution, which includes Nakagami-m, Rice, and Rayleigh distributions as special

cases [196]. The PDF of RF fading channel coefficient hRF , which follows the κ–µ

distribution, is given by [196, eq. (11)]

fhRF
(h) =

2µ(1 + κ)
µ+1
2 hµ

κ
µ−1
2 exp(µκ)

exp
(
−µ(1 + κ)h2

)
Iµ−1

(
2µ
√
κ(1 + κ)h

)
, (5.5)

where κ > 0 is the ratio of powers of the dominant component to the scattered

component and µ > 0 represents the number of multi-path clusters, and Iv(·) is the

modified Bessel function of first kind of order v [186, eq. (8.445)]

.

The instantaneous SNR and average SNR of the RF link are, respectively, given

by

γRF =
|hRF |2γRF

GR

and γRF = GR
PR

σ2
RF

, (5.6)

where PR, σ
2
RF , and GR are defined in Chapter 4, Section 4.3. Further, using random

variable transformation, the PDF of γRF is written as

fγRF
(γ) =

µ(1 + κ)
µ+1
2 γ

µ−1
2

κ
µ−1
2 exp(µκ) γ

µ+1
2

RF

exp

(
−µ(1 + κ)γ

γRF

)
Iµ−1

(
2µ

√
κ(1 + κ)γ

γRF

)
. (5.7)
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By using the series expansion of Iv(·) [186, eq. (8.445)], the PDF of γRF can be

re-written as

fγRF
(γ) =

∞∑
j=0

M1,jγ
µ+j−1 exp (−Fγ) , (5.8)

where M1,j and F are defined in Table 5.1.

5.3.3 SNR Statistics of Adaptive Combining Scheme

The output SNR of the adaptive-combining-based hybrid FSO/RF system, which

is denoted as γAC , is given by

γAC =


γp, γp > γT

γp + γRF , γp ≤ γT ,

(5.9)

where γT denotes the predefined switching threshold SNR value. Further, the PDF

of γAC can be defined as [156, eq. (9)]

fγAC
(γ) =


fγp+γRF

(γ), γ ≤ γT

fγp(γ) + J(γ), γ > γT ,

(5.10)

where

fγp+γRF
(γ) =

∫ γ

0

fγp(t)fγRF
(γ − t)dt (5.11)

and J(γ) =

∫ γT

0

fγp(t)fγRF
(γ − t)dt. (5.12)

By substituting (5.4) and (5.8) in (5.11), followed by the expansion of exp(·) in

terms of its infinite series and after using [187, eq. (07.34.21.0084.01)], the closed-

form expression for fγp+γRF
(γ) is given by

fγp+γRF
(γ) = C1

β∑
d=1

td

∞∑
j=0

M1,j

∞∑
i=0

M2,iγ
τ1−1G 3p 1

p+1 3p+1

 Bp
1γ

p2pγp

∣∣∣∣∣∣∣
1,K1

K2, 1− τ1

 ,

(5.13)
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Table 5.1: List of notations

M1,j=
Fµ+j(κµ)j

Γ(µ+j)j! exp(κµ)
M2,i=

(−F )iΓ(τ1)
i!

F = µ(1+κ)
γRF

td = bdm
α+d−1

C1 =
g2eqD

22p−1πp−1 C2 =
g2eqD exp

(
F
εp

)
22p−1πp−1 τ1 = µ+ i+ j τ2 = µ+ j − 1

B1 =
αβ g2eq(y+Ω

′
)

(g2eq+1)(yβ+Ω′ )
B2 =

Bp
1γT

p2pγp
B3 =

Bp
1

p2pεpγp
B4=B1

(
γT
γp

) 1
p

where C1, td, M2,i, τ1 are defined in Table 5.1, K1 =
g2eq+1

p
, ...,

g2eq+p

p
has p terms, and

K2 =
g2eq
p
, ...,

g2eq+p−1

p
, α
p
, ..., α+m−1

p
, d
p
, ..., d+p−1

p
has 3p terms. Similarly, the integral in

(5.12) is evaluated using [187, eq. (07.34.21.0084.01)] and J(γ) is expressed as

J(γ)=C1 exp(−Fγ)
β∑

d=1

td

∞∑
j=0

M1,j

∞∑
i=0

F i

i!

τ2∑
l=0

(
τ2
l

)
(−1)lγi+l

T γτ2−l

×G 3p 1
p+1 3p+1

B2

∣∣∣∣∣∣∣
1− (i+ l),K1

K2,−(i+ l)

 , (5.14)

where τ2 and B2 are defined in Table 5.1.

5.4 Ergodic Capacity Analysis

The ergodic capacity of the adaptive-combining-based hybrid FSO/RF system

can be written as

C̄AC =
1

ln(2)

{
WR

∫ γT

0

ln (1 + εpx) fγp+γRF
(x)dx︸ ︷︷ ︸

I1

+WF

∫ ∞

γT

ln (1 + εpx)fγp(x)dx︸ ︷︷ ︸
I2

+WR

∫ ∞

γT

ln (1 + εpx)J(x)dx︸ ︷︷ ︸
I3

}
. (5.15)

where εp is a constant such that ε1 = 1 for HD technique (i.e. p = 1) and ε2 =

e/(2π) for IM/DD technique (i.e. p = 2). Note that the expression in (5.15) is an

exact solution for HD, while it is a lower bound for IM/DD [197, eq. (26)]. To

evaluate integral I1, ln (1 + εpx) is re-written by its Meijer G-form using [187, eq.
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(07.34.03.0456.01)]. After that by substituting (5.13) and making some changes in

variable and limits, the integral I1 can be written as

I1 = C1

β∑
d=1

td

∞∑
j=0

M1,j

∞∑
i=0

M2,iγ
τ1
T

∫ ∞

0

U(z − 1)zτ1−1G 1 2
2 2

γT εpz
∣∣∣∣∣∣∣
1, 1

1, 0


×G 3p 1

p+1 3p+1

B2z

∣∣∣∣∣∣∣
1,K1

K2, 1− τ1

 dz, (5.16)

where U(·) is the unit step function. By replacing U(·) by its Meijer G-form using

[187, eq. (07.34.03.0050.01)] and after utilizing [187, eq. (07.34.21.0081.01)], integral

I1 is given by (5.17).

I1=C1

β∑
d=1

td

∞∑
j=0

M1,j

∞∑
i=0

M2,iγ
τ1
T

×G 0,1:
1,1:

1,2:
2,2:

3p,
p+1,

1
3p+1

 1− τ1

−τ1

∣∣∣∣∣∣∣
1, 1

1, 0

∣∣∣∣∣∣∣
1,K1

K2, 1− τ1

∣∣∣∣∣∣∣γT εp, B2

 (5.17)

where G.,.:.,.:.,.
.,.:.,.:.,. [ ·, ·] is the extended generalized bivariate Meijer G-function (EGB-

MGF) [198, eq. (1.8)].

The integral I2, due to divergence issue, cannot be evaluated directly over the

limits from γT to∞ by using [187, eq. (07.34.21.0085.01)]. Therefore, I2 is evaluated

by splitting it into two parts as

I2 =

∫ ∞

0

ln(1+εpx)fγp(x)dx︸ ︷︷ ︸
I21

−
∫ γT

0

ln(1+εpx)fγp(x)dx︸ ︷︷ ︸
I22

. (5.18)

By substituting ln(1 + x) using its Meijer G-form [187, eq. (07.34.03.0456.01)] and
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after employing [187, eq. (07.34.21.0013.01)], the integral I21 is given by

I21 = C1

β∑
d=1

tdG
3p+2 1
p+2 3p+2

B3

∣∣∣∣∣∣∣
0, 1,K1

K2, 0, 0

 , (5.19)

where B3 is given in Table 5.1. Similar to I1, integral I22 can be evaluated by using

the change of variable followed by modifying the limits and with the aid of [199, eq.

(2.3)], I22 is given by

I22 =
g2eqD

2p

β∑
d=1

bdH
0,1:
1,1:

1,2:
2,2:

3,0
1,3

1; 1, 1p
0; 1, 1

p

∣∣∣∣∣∣∣
(1, 1), (1, 1)

(1, 1), (0, 1)

∣∣∣∣∣∣∣
(g2eq + 1, 1)

(g2eq, 1), (α, 1), (β, 1)

∣∣∣∣∣∣∣γT εp, B4


(5.20)

whereH .,.:.,.:.,.
.,.:.,.:.,. [ ·, ·] is the bivariate Fox’s H function [199, eq. (1.1)]

Finally, the integral I3 is solved by using a variable change z = 1+ εpx, followed

by the binomial expansion of (z−1)τ2−l and after using [186, eq. (2.33.10), (2.33.11)],

I3 is expressed as

I3= C2

β∑
d=1

td

∞∑
j=0

M1,j

∞∑
i=0

F i

i!

τ2∑
l=0

(
τ2
l

)
γi+l
T

τ2−l∑
n=0

(
τ2 − l

n

)
(−1)τ2−n

ετ2−l+1
p

I(n)

×G 3p 1
p+1 3p+1

B2

∣∣∣∣∣∣∣
1− (i+ l),K1

K2,−(i+ l)

, (5.21)

where C2 is defined in Table 5.1 and I(n) is given by

I(n) = ln(Lt)

(F/εp)n+1
Γ

(
n+ 1,

F

εp
Lt

)
+

n!

(F/εp)n+1

 n∑
p=1

Γ
(
p, F

εp
Lt

)
p!

− Ei

(
−F

εp
Lt

) ,
(5.22)

where Lt = εpγT +1, and Ei(·) is the exponential integral function [186, eq. (8.21)].
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5.5 Asymptotic Ergodic Capacity Analysis

The derived closed-form expressions for the ergodic capacity are very compli-

cated, which are given in terms of extended generalized bivariate Meijer G-function

and bivariate Fox’s H-function. These functions are quite complex and reveal the

limited physical insights of the system. Therefore, we present the less-complicated

asymptotic analysis for the ergodic capacity of the adaptive-combining-based hybrid

FSO/RF system in the high-SNR region. The asymptotic expression for the ergodic

capacity of the adaptive combining system is given by

C̄∞
AC = I∞1 + I∞21 − I∞22 + I∞3 , (5.23)

where I∞1 , I∞21 , I
∞
22 , and I∞3 are the asymptotic expressions for the corresponding

terms I1, I21, I22, and I3, respectively. First, we calculate I∞1 by substituting the

definition of EGBMGF [198, eq. (1.8)] in (5.17) and then utilizing Mellin-Barnes

type of contour integral [198, eq. (1.3)]. After using the procedure given in [37], I1

can be written as

I1= C1

β∑
d=1

td

∞∑
j=0

M1,j

∞∑
i=0

M2,iγ
τ1
T

[
1

2πi

∮
C

Γ(1+s) (Γ(−s))2

Γ(1− s)
(γT εp)

−s

×G 3p 2
p+2 3p+2

B2

∣∣∣∣∣∣∣
1− τ1 + s, 1, K1

K2, 1− τ1,−τ1 + s

 ds

]
. (5.24)

Further, for high values of γp ≫ 1, the Meijer G-function in (5.24) can be approxi-

mated by utilizing [187, eq. (07.34.06.0040.01)]. After applying [198, eq. (1.3)] with

some manipulations, we get the asymptotic expression for I1 as

I∞1 = C1

β∑
d=1

td

∞∑
j=0

M1,j

∞∑
i=0

M2,iγ
τ1
T

3m∑
u=1

Λ1B
K2,u

2 Γ(K2,u)

Γ(τ1 +K2,u)
G 1 3

3 3

εpγT
∣∣∣∣∣∣∣
1− (τ1 +K2,u), 1, 1

1, 0,−(τ1 +K2,u)

 ,

(5.25)
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where Λ1=
∏3m

t=1; t̸=u Γ(K2,t−K2,u)∏p
t=1 Γ(K1,t−K2,u)

.

Using the asymptotic form of Meijer G-function [187, eq. (07.34.06.0040.01)] in

(5.19), I∞21 is given by

I∞21 = C1

β∑
d=1

td

3m+2∑
u=1

Γ(1 +K3,u)

Γ(1−K3,u)
Λ2B

K3,u

3 , (5.26)

where Λ2 =
∏3m+2

t=1; t̸=u Γ(K3,t−K3,u)∏p
t=1 Γ(K1,t−K3,u)

and K3 = [K2, 0, 0]. Now, similar to the evaluation

of I∞1 , using [199, eq. (1.1)], [200, eq. (1.1.1)] in (5.20) and after applying the

approximation for Fox’s H-function [200, eq. (1.8.4)], I∞22 can be expressed as

I∞22 =
g2eqD

2p

β∑
d=1

bd

3∑
u=1

B
K4,u

4

∏3
t=1;t̸=u Γ(K4,t −K4,u)

Γ(g2eq + 1−K4,u)
G 1 3

3 3

εpγT
∣∣∣∣∣∣∣
1−K4,u/m, 1, 1

1, 0,−K4,u/m

 ,

(5.27)

where K4 =
[
g2eq, α, d

]
. Finally, by employing [187, eq. (07.34.06.0040.01)] in (5.21),

the asymptotic expression for I3 can be written as

I∞3 = C2

β∑
d=1

td

∞∑
j=0

M1,j

∞∑
i=0

F i

i!

τ2∑
l=0

(
τ2
l

)
γi+l
T

3m∑
u=1

Λ1B
K2,u

2

i+ l +K2,u

τ2−l∑
n=0

(
τ2 − l

n

)
(−1)τ2−n

ετ2−l+1
p

I(n).

(5.28)

It is important to note that to obtain the asymptotic expression, we have assumed

γp tending to infinity and the value of γRF is kept as a constant in (5.25)-(5.28).

Further, by assuming both γp and γRF tending to infinity, the dominant terms will

be obtained by substituting i, j = 0 in (5.25) and (5.28). Therefore, the asymptotic

expressions I∞1 and I∞3 , by assuming both γp and γRF tending to infinity, are given

by

I∞1 = C1

β∑
d=1

td
F µγµT

exp(κµ)

3m∑
u=1

Λ1B
K2,u

2

Γ(K2,u)

Γ(µ+K2,u)
G 1 3

3 3

εpγT
∣∣∣∣∣∣∣
1− (µ+K2,u), 1, 1

1, 0,−(µ+K2,u)


(5.29)
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Table 5.2: Execution time for exact and asymptotic expressions

Parameters Execution time (in s)

α β geq Exact Asymptotic

2.1 2 1 118 97

5.1 5 2.6 276 144

10.1 10 6.6 627 216

I∞3 =
C2F

µ

Γ(µ) exp(κµ)

β∑
d=1

td

µ−1∑
l=0

(
µ− 1

l

)
γlT

3m∑
u=1

Λ1B
K2,u

2

l +K2,u

×
µ−1−l∑
n=0

(
µ− 1− l

n

)
(−1)µ−1−n

εµ−l
p

I(n). (5.30)

Further, from (5.26) and (5.27), it is clear that there will be no change in the asymp-

totic expressions I∞21 and I∞22 , when γRF tends to infinity. The derived asymptotic

capacity expressions are computationally very less intensive as compared to the exact

capacity expressions. Moreover, we have compared the execution time of the exact

and asymptotic expressions under various turbulence parameter values in Table 5.2.

5.6 Numerical Results and Discussions

In this section, the numerical results for ergodic capacity performance are pre-

sented. The parameters assumed in our simulations are given in Chapter 4, Table

4.2. In addition, the weather dependent parameter values assumed are given in Table

5.3, unless and otherwise stated. The few other parameters are assumed as γRF = 5

dB, γT = 7 dB, m = 2, mx/r0 = 3, my/r0 = 3, δx/r0 = 3.5, δy/r0 = 3.5, Ω = 1.3265,

b0 = 0.1092, ρ = 0.596, and ϕA−ϕB = π/2, unless and otherwise stated. It is impor-

tant to note that normalized ergodic capacity in bits/second/hertz (bits/sec/Hz) is

illustrated in Fig. 5.1, 5.2, 5.3, 5.4, and 5.5, under the assumption that WF = 1 Hz

and WR = 1 Hz. Additionally, the ergodic capacity in Gigabits/second (Gbps) are

plotted in Fig. 5.5, assuming the bandwidths of FSO and RF links as WF = 1 GHz

and WR = 250 MHz. It is worth noting that the normalized ergodic capacity (in
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Table 5.3: Weather parameters used in the simulations

Weather condition ζw (dB/km) ζrn (dB/km) C2
n(m

−2/3)

Clear air 0.43 0 5× 10−14

Haze 4.2 0 1.7× 10−14

Heavy fog 125 0 1× 10−15

Moderate rain 5.8 5.6 5× 10−15

Heavy rain 9.2 10.2 4× 10−15

Table 5.4: Truncation accuracy of summation limits

Expressions
Truncation Final values Upper

values γp=10 dB γp=20 dB limit

I1

j = 10, i = 10 0.373809 0.290195
j = 12,

j = 12, i = 12 0.373781 0.290189
i = 12

j = 14, i = 14 0.373780 0.290188

I3

j = 8, i = 8 0.478791 0.381022
j = 10,

j = 10, i = 10 0.478813 0.381042
i = 10

j = 12, i = 12 0.478814 0.381043

bits/sec/Hz) is required to calculate the spectral efficiency of the hybrid FSO/RF

systems.

The truncation accuracy for the infinite summations, which are involved in the

ergodic capacity expressions, are given in Table 5.4. Note that if the values greater

than the upper limits that are mentioned in the last column of the table are used,

then there will be no effect on the fifth decimal figure of the final ergodic capacity

values as illustrated in Table 5.4.

Fig. 5.1 shows the normalized ergodic capacity with respect to switching thresh-

old SNR and beamwidth. We assume C2
n = 3 × 10−13, r0 = 5 cm, w0 = 4 cm,

κ = 2, and µ = 2. The optimum switching threshold SNR γoptT for the adaptive-

combining-based hybrid FSO/RF system is determined in Fig. 5.1 (a) by plotting

the normalized ergodic capacity against switching threshold SNR for different values

of γp and γRF . From Fig. 5.1 (a), it has been observed that the normalized ergodic
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Fig. 5.1: Normalized ergodic capacity versus switching threshold SNR γT and beamwidth w0

capacity is increasing as the threshold SNR increases, specifically less than 10 dB

region. However, beyond this region, capacity begins to saturate without much

improvement. The optimum threshold SNR γoptT is obtained when the normalized

capacity reaches to a certain level and becomes less sensitive to changes in the thresh-

old SNR value. This particular threshold value is considered as the optimum value

of switching threshold SNR. It is also noticed that γoptT values change by varying γp

and γRF and the optimum values of γT obtained from Fig. 5.1 (a) are given in Table

5.5. Since the normalized capacity increases with increase in switching threshold

SNR γT and its improvement becomes negligible after a certain value of γT , a global

maximum value does not exist as seen in Fig. 5.1 (a). Further, we have determined

γoptT values for Fig. 5.2 using the same numerical optimization technique. In Fig. 5.1

(b), the optimum values of aperture radius ropt0 and beamwidth wopt
0 are obtained

by plotting the ergodic capacity against w0 under various r0 values. The optimum

value wopt
0 is chosen corresponding to the maximum capacity value for a particular

r0 and the optimum ropt0 is determined when there is no further improvement in the

maximum capacity even after increasing the values of r0 > ropt0 .

From (4.70) it can be seen that g2eq is directly proportional to
∑∞

k=0 r
2k
0 . There-

fore, increasing the values of r0 will result in an exponential rise in the values of geq

and eventually, the capacity will be reaching to a maximum threshold value (i.e. 6
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Table 5.5: The optimum values of γT and w0

γp (dB) γRF (dB) γoptT (dB)

10 5 14

10 10 17

15 10 19

Distance L
wopt

0 (in cm)

Numerical Theoretical

1000 m 2.0 cm 2.22 cm

2000 m 3.0 cm 3.14 cm

3000 m 3.8 cm 3.85 cm

bits/sec/Hz) for certain values of r0 and w0. After that there will be no further im-

provement in the maximum capacity, which is also evident from Fig. 5.1 (b). This is

because, for very high values of geq, the pointing errors will be negligible and it will

not have any effect on the system performance. For the case when r0 ≥ ropt0 , there

are more than one w0 values correspond to higher values of geq (i.e. negligible point-

ing errors), which eventually lead to the maximum capacity value of 6 bits/sec/Hz.

Hence, the curves appear as a horizontal line for the case when r0 ≥ ropt0 . However,

when r0 < ropt0 , only one value of w0 corresponds to the maximum value of geq,

which is less than the geq required to achieve the maximum capacity value. Hence,

no horizontal line is obtained for the plots when r0 < ropt0 . It is seen from Fig. 5.1

(b) that the values of wopt
0 and ropt0 are obtained as 2 and 23 cm, respectively, for

L = 1000 m. Further, the values of optimum beamwidth wopt
0 obtained using nu-

merical optimization technique are very close to the values of wopt
0 determined from

theoretical optimization (from Chapter 4, Section 4.6.4) and is shown in Table 5.5.

Similarly, we have also determined ropt0 for L = 2000 m and 3000 m as 60 cm and

110 cm, respectively.

In Fig. 5.2, the performances of the single-link FSO system, adaptive-combining-

based hybrid FSO/RF system with and without optimum switching threshold γoptT

for different values of γRF are compared. The normalized capacity of the adaptive-

combining-based hybrid system operating with γoptT value is better than the adaptive

combining system operating with non-optimum switching threshold SNR value as-

suming γT = 5 dB. It is also observed that there is a significant improvement in

the performance when γRF is increased from 5 dB to 10 dB. Further, the adaptive-
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Fig. 5.2: Normalized ergodic capacity performance of the adaptive combining system with and
without γopt

T under different γRF
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Fig. 5.3: Normalized ergodic capacity performance of the adaptive combining system for various
distributions

combining-based hybrid system with γRF = γp has superior performance compared

to the case with fixed γRF due to the availability of better quality RF link. However,

it is also noticed that the adaptive-combining-based hybrid system with γRF = γp

has lesser capacity compared to the case with fixed γRF (i.e. γRF = 5 or 10 dB ) when

γp < 5 or 10 dB. This is because, in these scenarios, the adaptive-combining-based

hybrid system operating with fixed RF average SNR values will have higher values of

γRF compared to the case with γRF = γp. Moreover, all three configurations of the

adaptive-combining-based hybrid system have achieved better normalized ergodic

capacity performance than the single-link FSO system due to the backup RF link.
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Table 5.6: Example of FSO and RF distributions which are derived as special cases of Malaga and
κ–µ distributions

FSO distribution Parameter value

Log-normal ρ = 0, y → 0

Gamma–Gamma ρ = 1, Ω
′
= 1, y = 0

RF distribution κ µ

Rice K 1

Nakagami-m 0 p̂
Table 5.7: List of distribution models with their parameters values to plot Fig. 5.3

FSO models C2
n(m

−2/3) r0 (cm) ρ b0 Ω RF models κ µ

Malaga 1× 10−13 53 0.596 0.1092 1.3265 κ–µ 0.5 1

Gamma–Gamma 7× 10−15 15 1 0 1 Nakagami-m 0 2

Log-normal 4× 10−15 17.5 0 0 1.5 Rice 2 1

Fig. 5.3 illustrates the normalized ergodic capacity of the adaptive-combining-

based hybrid FSO/RF system for different FSO and RF channel distributions, which

are obtained as the special cases of the generalized Malaga and κ–µ distributions.

The parameters values used to obtain the special cases of Malaga and κ–µ distribu-

tions are shown in Table 5.6. Further, the turbulence and other parameter values

used in the plots are given in Table 5.7. It can be noticed from the plots that

the Monte-Carlo simulation results are tightly matching with the analytical results,

which validates the accuracy of our derived capacity expressions. Moreover, in Fig.

5.3, we have also shown the performance of the adaptive-combining-based hybrid

system for varying γRF along with asymptotic curve assuming Gamma–Gamma and

Nakagami-m distributions. It is observed that the asymptotic capacity curves com-

ply with the exact curves at the high-SNR region. Additionally, we have compared

the performances of IM/DD and HD techniques for lognormal and Rice distribu-

tions. As expected, the HD technique performs better than the IM/DD technique

due to its coherent detection nature.

The effects of pointing errors and different turbulence conditions on the ergodic

capacity performance are shown in Fig. 5.4. The RF link parameters are assumed

as κ = 1, µ = 1, and γRF = 10 dB. The FSO link parameters are assumed as

L = 3000 m, r0 = 13 cm, w0 = 4 cm, C2
n = 1 × 10−13 (α = 2.18, β = 1) for strong

turbulence, and C2
n = 3.5× 10−15 (α = 10, β = 10) for weak turbulence conditions.

The parameter values for high pointing error scenario are assumed as mx/r0 = 3,
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Fig. 5.4: Normalized ergodic capacity performance for different pointing errors and turbulence
conditions

my/r0 = 3, δx/r0 = 3.5, δy/r0 = 3.5, and geq = 0.92. For low pointing error scenario,

we assume mx = 0, my = 0, δx/r0 = 1.5, δy/r0 = 1.5, and geq = 2.66, where it

reduces to zero boresight pointing error case. It can be seen from the plots that as

the value of pointing error coefficient geq increases, the severity of pointing errors

decreases and the performances of both single-link FSO and adaptive-combining-

based hybrid FSO/RF systems improve significantly. Similarly, the performance of

both the systems are better under weak turbulence conditions compared to strong

turbulence conditions. From Fig. 5.4, it is also observed that the performance

of the adaptive combining system is better than the single-link FSO system in all

three scenarios, especially in the low-SNR region. The SNR gain values of the

adaptive-combining-based hybrid system over the single-link FSO system to achieve

the normalized ergodic capacity of 3 bits/sec/Hz under strong and weak turbulence

conditions are observed as 2.5 dB and 1.5 dB, respectively. Similarly, the SNR

gain values of 1.5 dB and 0.8 dB are obtained due to adaptive combining scheme

for pointing errors cases geq = 0.9 and geq = 2.5, respectively. Thus, it is inferred

that the adaptive-combining-based hybrid system achieves high SNR gains over the

single-link FSO system under strong turbulence conditions and high pointing errors

scenario. It is due to the fact that the adaptive combining system will switch more

frequently to the MRC of FSO and RF links with a high probability, when the
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Fig. 5.5: Normalized ergodic capacity performance under various weather conditions

quality of FSO link is not acceptable.

In Fig. 5.5, the normalized ergodic capacity has been plotted with respect to the

FSO transmit power under clear air, moderate and heavy rain, haze, and heavy fog

conditions. The turbulence and weather parameters assumed in the plots are given

in Table 5.3. It is known that the FSO link is more prone to haze weather condition

compared to clear air and moderate rain conditions, which is also evident from

Fig. 5.5. Therefore, the performance of the single-link FSO system deteriorates

in haze weather condition and better performances are obtained in clear air and

moderate rain conditions. However, the performance of the adaptive-combining-

based hybrid FSO/RF system degrades in moderate rain and heavy rain weather

conditions compared to the haze and heavy fog conditions, respectively, especially

for lower values of the FSO transmit power (i.e. PF < −17 dBm for moderate

rain versus haze and PF < −13 dBm for heavy rain versus heavy fog). This is

because, the RF link is utilized more frequently when the FSO transmit power is

very low and also the RF link is more sensitive to the rainy condition than hazy

and foggy conditions. Further, for very low values of the FSO transmit power, the

quality of the FSO link is weak, since the values of the average SNR of the FSO

link are very less. In this case, a high quality RF link, which is assumed to have a

transmit power of 10 dBm, is utilized more often. Hence, considerable improvement

in the ergodic capacity performance of adaptive-combining-based hybrid system is
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noticed compared to single-link FSO scenario. Now when there is an increase in

the FSO transmit power, the usage of RF link decreases and the FSO link is used

more frequently, which is weaker than the RF link in terms of transmit power. So

there is a slight degradation in performance of the adaptive combining system for

low transmit power values, specifically under hazy and foggy conditions. However,

when the FSO transmit power increases, the average SNR of the FSO link improves

and significant improvement in the performance of the adaptive system is noticed.

Further, it can be seen that the performance of the adaptive-combining-based hybrid

system degrades when the weather conditions are more severe like heavy rain and

heavy fog.

From Fig. 5.5, it is clear that the capacity performance of the adaptive-combining-

based hybrid system is better than the single-link FSO system in all the weather

conditions. Further, the SNR gains achieved by the adaptive combining scheme

over the single-link FSO system are relatively higher in haze condition than the

moderate rain and clear air weather conditions due to the usage of the backup RF

link with high probability. Moreover, the probability of usage of the backup RF

link is very less under clear air and moderate rain weather conditions, even for low

values of FSO transmit power. Consequently, the adaptive combining system will

not switch more frequently to the MRC mode of operation, since the quality of the

FSO link will be acceptable. Thus, the performances of the single-link FSO system

and the adaptive-combining-based hybrid system are nearly equal under clear air

and moderate rain weather conditions and the curves for both the systems coincide

each other.

In Fig. 5.6, the ergodic capacity performance of the single-link FSO, adaptive-

combining-based hybrid FSO/RF, hard-switching-based hybrid FSO/RF, and MRC-

based hybrid FSO/RF systems are compared in terms of Gbps. The simulation

parameters are assumed asWF = 1 GHz, WR = 250 MHz, C2
n = 2×10−14, L = 2000

m, r0 = 15 cm, w0 = 4 cm, κ = 0.5, µ = 1, and m = 1 (i.e. HD technique). It

is observed that the single-link FSO system achieves the highest ergodic capacity
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Fig. 5.6: Comparison of ergodic capacity (in Gbps) for different system models

due to its large bandwidth. The capacity performances of the adaptive combining

and hard-switching-based hybrid systems are better than the MRC-based hybrid

system, but they perform inferior compared to single-link FSO system. Moreover,

the capacity performances of both adaptive combining and hard-switching schemes

are nearly identical and the capacity values are equal to the single-link FSO system,

especially in the high-SNR region. However, both the hybrid systems achieve better

reliability in terms of outage and average SER with high SNR gains compared to

the single-link FSO system as discussed in Chapter 3 and 4. The reason for the

inferior performance of adaptive combining and hard-switching hybrid systems is

that the probability of usage of the RF link is high in the low-SNR region and also,

the bandwidth of the RF link is lesser than the FSO link.

In addition, the performance of the adaptive combining scheme is slightly better

than the hard-switching scheme, especially in the low SNR region. This is because,

in adaptive combining scheme, MRC of FSO and RF links is utilized when the

quality of FSO link is below the predefined threshold SNR value. However, in

case of hard-switching scheme, only single RF backup link is used when the data

transmission is not supportive over FSO link. Therefore, due to diversity combining

benefit, adaptive combining scheme achieves improved performance compared to

hard-switching scheme, especially in the low SNR region. For the same reason, it

can also be noticed that the MRC-based hybrid system performs slightly better
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than the hard-switching-based hybrid system at very low SNR values. It is also to

be noted that the MRC-based hybrid system achieves the lowest ergodic capacity

among all the systems. This is because, in the MRC-based hybrid system, the

overall data rate of the system needs to be scaled down to the data rate of RF link

to enable efficient diversity combining. In a nutshell, from the capacity plots, it

can be concluded that the ergodic capacity performance (in Gbps) of the adaptive-

combining-based hybrid system is far superior compared to the MRC-based hybrid

system and is slightly better than the hard-switching-based hybrid system.

5.7 Chapter Summary

In this chapter, the ergodic capacity performance of the hybrid FSO/RF system

was analyzed by utilizing the adaptive-combining-based switching scheme over the

generalized Malaga and κ–µ distributions. Apart from modeling atmospheric tur-

bulence using the generalized Malaga distribution, the non-zero boresight pointing

errors and path loss have been taken into consideration for modeling the combined

FSO channel. Further, the optimum switching threshold SNR and beamwidth val-

ues, which are required to obtain the best ergodic capacity performance of the adap-

tive combining system, were determined. From numerical results, it was observed

that the ergodic capacity performance (in terms of Gbps) of the adaptive-combining-

based hybrid FSO/RF system is better than the MRC-based and hard-switching-

based hybrid FSO/RF systems. Thus, it can be concluded that the adaptive com-

bining scheme, a variant of the MRC scheme, can provide higher capacity compared

to the hard-switching and MRC schemes for hybrid FSO/RF systems.
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Chapter 6

Performance Analysis of Optical

Reflecting Surface-Assisted

Optical Space Shift Keying-based

MIMO-FSO system

6.1 Introduction

Recently, the utilization of reconfigurable intelligent surfaces (RIS) has become

increasingly popular as a promising technique to deliver improved SNR, link relia-

bility, and enhanced coverage area. The RIS is also termed as intelligent reflecting

surfaces (IRS), large intelligent surfaces (LIS), passive intelligent mirrors, etc. IRS

comprises low-cost passive reflecting elements that are made up of meta-surfaces.

These elements can adjust the properties like frequency, phase, and polarization of

the incident electromagnetic wave. In literature, there is one more low complexity

modulation scheme to improve the performance of the wireless communication sys-

tem in terms of spectral efficiency known as spatial modulation (SM) technique. In

SM technique, the information can be conveyed over both antenna and signal spaces

[128, 129]. The optical spatial modulation (OSM) is the optical counter-part of SM.
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Further, a special case of OSM is termed as optical space shift keying (OSSK), where

only one transmitting aperture is active at a given time instant and the data is de-

coded as the index of the activated transmitting aperture [54]. In [55] and [131], the

performance of an FSO system based on the OSSK scheme was analyzed in terms

of average BER and ergodic capacity, respectively..

In FSO communication, there are different obstacles in the LOS path, which are

unsuitable for transmitting FSO signals and significantly affect the FSO performance

[52]. In such situations, the use of optical RIS with the FSO communication can

provide an alternate path for its data transmission [26, 50]. Further, the optical RIS,

which is nearly passive in nature, has an advantage over the dual-hop relay-assisted

systems in terms of lower hardware cost and power requirements [180]. Moreover,

in the existing works on optical RIS [50, 181, 27, 183, 184], a single RIS or cascaded

multiple RISs were considered for the FSO systems with a single transmitting and

receiving apertures without any diversity combining techniques.

To overcome the limitations of the FSO-based systems, an optical reflecting sur-

face (ORS)-assisted OSSK-based FSO system is proposed in this chapter. Further,

the closed-form expression for PDF of the ORS-assisted FSO channel is derived over

Malaga turbulence model. Moreover, the moment generating function (MGF) of the

instantaneous SNR of the overall OSSK-based MIMO-FSO system is obtained. Us-

ing the derived channel statistics, an upper bound expression for the average bit error

rate (BER) and a lower bound for the ergodic capacity are derived. Additionally,

the asymptotic BER is utilized to calculate the diversity gain of the system.

6.2 Organization of the Chapter

The remainder of this Chapter is structured as follows: Section 6.3 outlines the

system and channel models for ORS-assisted FSO system with end-to-end channel

PDF. In Section 6.4, the average BER and ergodic capacity of the proposed system

with the asymptotic analysis are investigated. In addition, a ratio test is also per-
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formed to test the convergence of the derived expressions. Section 6.5 presents the

numerical results with related inferences and technical insights. Finally, the Chapter

is concluded in Section 6.6.

6.3 System and Channel Models

6.3.1 System Model

We consider a Nt × Nr MIMO-FSO system assisted by an ORS based on the

OSSK technique. Here, it is assumed that the ORS is adjusted such that the angle

of incidence of the incoming optical signal is equal to the angle of reflection and

the phase shift due to ORS is perfectly compensated using the phase-shift profile

in [26]. In such a special case, the ORS is equivalent to a simple reflecting mirror,

which redirects the incident optical signal to the receiver at the destination. The

MIMO-FSO system comprises Nt number of LASER transmitters (i.e. source S) and

Nr number of photo-detectors (i.e. destination D), which receives the FSO signals

reflected by the ORS element as shown in Fig. 6.1. For simplicity and without

the loss of generality, it is assumed that the perfect CSI is available at the receiver.

Additionally, it is assumed that there is no direct line-of-sight (LoS) path between

the transmitting apertures and the receiving apertures, as the LoS link is blocked

due to buildings, trees, and other obstacles in a dense urban environment. At the

OSSK encoder, the message bits are split into τb = log2Nt bits. Depending upon the

τb bits, one of the transmitting aperture is activated by the OSSK encoder and the

rest of the optical transmitters will be in an idle state. Therefore, the OSSK-FSO

system assists in achieving a spectral efficiency of τb = log2Nt. The received signal

can be written as

Y =
ηfPt

Nr

HX+ E, (6.1)

where Y ∈ RNr×1 denotes the received signal vector, ηf denotes the responsivity of

the photo-detector, Pt is the FSO transmit power, X ∈ {xi}, 1 ≤ i ≤ Nt, xi is the i
th
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Fig. 6.1: The ORS-assisted OSSK-based MIMO-FSO system model

column of an identity matrix INt , and H ∈ RNr×Nt represents the combined channel

gain matrix. InHmatrix, an element hki represents the combined channel coefficient

between kth receiver and ith transmitter, and E is the AWGN vector having zero-

mean and co-variance matrix σ2
nINr , where σ

2
n represents the noise variance.

In case of an OSSK-based scheme [54], the maximum likelihood (ML) detec-

tor is considered to decode the active transmitting aperture index at the receiver.

Therefore, an estimate of the activated transmitting aperture index is given by

î=argmax
i
fY(Y|xi,H)=argmin

i

Nr∑
k=1

|Yk− ηfPthki|2, (6.2)

where î is the estimated index of the transmitting aperture and fY(Y|xi,H) is the

PDF of output Y conditioned on xi and H. Further, the estimated aperture index

î is decoded back into the corresponding τb bits.

6.3.2 Channel Model

The FSO channel from S to D is mainly affected by atmospheric turbulence,

atmospheric attenuation, and pointing errors. The cascaded FSO channel gain hki

by considering the effects of all the impairments is given by [52], [50]

hki = ha1ha2hℓhp, (6.3)
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where ha1 and ha2 denote the atmospheric turbulence between S to ORS and ORS

to D FSO links, respectively, hp denotes the end-to-end pointing error impairments,

and hℓ represents the atmospheric attenuation between S and D.

6.3.2.1 Pointing Errors Model

The pointing errors in the ORS-assisted FSO system are mainly due to beam

jitter and ORS jitter, which are caused by mechanical vibrations at the transmitter

and reflecting surface elements. The fading due to pointing errors in the ORS-

assisted FSO system can be expressed as [52]

hp ≈ A0 exp(−2d2/W 2
zeq), (6.4)

where A0 = [erf(v)]2,W 2
zeq =

W 2
z

√
πerf(v)

2v exp(−v2)
, and v =

√
πra√
2Wz

. Here, ra denotes the aperture

radius,Wz = ϕdL represents the beam width, ϕd denotes the beam divergence angle,

and L = L1 + L2, where L1 and L2 are the distances between S to ORS and ORS

to D, respectively. Further, in (6.4), d = tan(θs)L2 ≈ θsL2 is the instantaneous

displacement between the center of the receiver and the actual receiving point of

the beam, where θs denotes the superimposed pointing error angle, which is formed

by the actual incident point at the receiver, reflection point at ORS, and the receiver

center [52, Fig. 2]. In addition, θs is calculated as θs =
√
θ2sx + θ2sy, where θsx ≈

θx(1+
L1

L2
)+ 2φx is the horizontal component of θs and θsy ≈ θy(1+

L1

L2
)+ 2φy is the

vertical component of θs. Moreover, θx and θy are the random variables and they

follow Gaussian distribution with zero-mean and variance σ2
θ . Similarly, φx and

φy are the deflection angles in horizontal and vertical planes, respectively, and are

modeled as the Gaussian distribution with zero-mean and variance σ2
φ. Therefore,

the PDF of θs can be expressed as [181, eq. (3)]

fθs(θ)=
θ

σ2
θ(1 +

L1

L2
)2 + 4σ2

φ

e
− θ2

2σ2
θ(1+

L1
L2
)
2
+8σ2

φ. (6.5)
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Applying the random variable transformation by using (6.4) and (6.5), the PDF of

the pointing errors is obtained as

fhp(h) =
ζ

Aζ
0

hζ−1, 0 ≤ h ≤ A0, (6.6)

where ζ =
W 2

zeq

4L2σ2
θ+16L2

2σ
2
φ
.

6.3.2.2 Atmospheric Turbulence Model

The Malaga distribution is assumed to model the atmospheric turbulence. It

is a generalized fading distribution, which unifies most of the existing turbulence

distribution models in the literature, and provides a great compliance with the

published simulation data over all atmospheric turbulence regimes from weak to

strong [96]. The unified PDF of ha1 and ha2 following the Malaga distribution is

given by [95, eq. (24)]

fhal
(h) = Al

βl∑
p=1

a(l)p h
αl+p

2
−1Kαl−p

(
2
√
Blh
)
, (6.7)

where l = {1, 2}, Bl =
αlβl

ylβl+Ω′
l
, and Al and a

(l)
p are the constants, which are, respec-

tively, given by

Al =
2α

αl/2
l

y
1+αl/2
l Γ(αl)

(
ylβl

ylβl + Ω
′
l

)βl+αl/2

, (6.8)

a(l)p =

(
βl − 1

p− 1

)
(ylβl + Ω

′

l)
1− p

2

(p− 1)!

(
Ω

′

l

yl

)p−1(
αl

βl

)p/2

. (6.9)

In (6.7), the modified Bessel function Ka(·) can be written in terms of Meijer G-

function [187, eq. (07.34.03.0605.01)] and after some manipulations, we get the PDF

of hal as

fhal
(h) =

Alh
−1

2

βl∑
p=1

b(l)p G
2 0
0 2

Blh

∣∣∣∣∣∣∣
−

αl, p

 , (6.10)
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Table 6.1: List of major parameters and notations

Parameter Description

αl > 0 Large-scale atmospheric turbulence
parameter [31, eq. (9)]

βl > 0 Small-scale atmospheric turbulence
parameter [31, eq. (9)]

Ω
′

l Ω
′

l = Ωl + Plρl +

2
√
PlρlΩl cos

(
ϕ
(l)
A − ϕ

(l)
B

)
Ωl Average power of Line of sight

(LOS) component

Pl Total power of scattered components

0 < ρl < 1 Factor specifying the amount of
scattered power coupled to the LOS
component

yl yl = Pl(1− ρl), average power of the
off-axis scattered component

ϕ
(l)
A Deterministic phase of LOS compo-

nent

ϕ
(l)
B Deterministic phase of coupled-to-

LOS scattered component

erf(·) Error function [201, eq. (3.1.1)]

Ka(·) Modified Bessel function of second
kind of order a

Gm n
p q (·) Meijer G-function [186, eq. (9.301)]

where b
(l)
p = a

(l)
p B

−(αl+p)/2
l . Note that other key notation and parameters are given

in Table 6.1. Additionally, the atmospheric attenuation is modeled using Beers-

Lambert law as hℓ = exp(−αwL), where αw represents the weather dependent at-

tenuation coefficient.

6.3.2.3 PDF of End-to-End FSO Channel

Firstly, the PDF of the end-to-end turbulence of the FSO channel is derived,

which is the product of the turbulence of S to ORS and ORS to D links, i.e. heqa =

ha1ha2 . Using the product of random variables, the PDF of heqa can be written as

fheq
a
(x) =

∫ ∞

0

1

t
fha1

(t)fha2

(x
t

)
dt. (6.11)
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By substituting fha1
(t) and fha2

(x) from (6.10) and using [187, eq. (07.34.21.0013.01)],

fheq
a
(x) is given by

fheq
a
(x) =

A1A2

4x

β1∑
p=1

β2∑
q=1

b(1)p b(2)q G 4 0
0 4

B1B2x

∣∣∣∣∣∣∣
−

N1

 , (6.12)

where N1 = [α2, q, α1, p]. Further, the end-to-end FSO channel coefficient is given

by the product of turbulence and pointing errors, i.e. hki = heqa hphℓ. Similar to heqa ,

the PDF of hki is expressed as

fhki
(x) =

∫ ∞

x
hℓA0

1

hℓt
fheq

a
(t)fhp

(
x

hℓt

)
dt (6.13)

By substituting fheq
a
(·) and fhp(·) from (6.12) and (6.6), respectively, in (6.13) and

after applying [187, eq. (07.34.21.0085.01)], fhki
(x) is calculated as

fhki
(x)=

A1A2B1B2ζ

4A0hℓ

β1∑
p=1

β2∑
q=1

b(1)p b(2)q G 5 0
1 5

B1B2x

A0hℓ

∣∣∣∣∣∣∣
ζ

N2

, (6.14)

where N2 = [ζ − 1, α2 − 1, q − 1, α1 − 1, p− 1].

6.4 Performance Analysis

In this section, the upper bound on average BER and lower bound on ergodic

capacity of the ORS-assisted OSSK-based MIMO-FSO system are derived. The

diversity gain of the system is obtained by applying the high-SNR approximations.

6.4.1 Average Bit Error Rate

A tight upper bound on BER of an OSSK system is given by [132, eq. (10)]

BER ≤ 1

Nt log2Nt

Nt∑
i=1

Nt∑
j=1

dH(sj, si)PEP
j→i , (6.15)

155



where dH(sj, si) is the Hamming distance between symbols sj and si, PEP
j→i de-

notes the pairwise error probability between sj and si and it is expressed as

PEPj→i=Q

 1

Nr

√√√√γFSO log2Nt

2

Nr∑
k=1

|hki − hkj|2

 , (6.16)

where γFSO =
η2fP

2
t

σ2
n log2 Nt

is the average SNR of the FSO link and Q(·) is the Gaussian

Q-function. In addition, if i = j, then dH(sj, si) is equal to zero, which represents

the error-free decoding and its corresponding terms does not contribute to the BER.

It is to be noted that the total number of mathematical operations required to

calculate the upper bound on average BER for OSSK scheme is Nt(3Nr−1) [132]. In

contrast, the computation complexities for calculating the upper bound on average

BER of the OSM-based system and repetition coding (RC)-based pulse amplitude

modulation (PAM) system are given by MNt(3Nr − 1) and M(2NtNr + Nr − 1),

respectively, where M is the modulation order [129]. Therefore, the OSSK-based

FSO MIMO system is computationally less expensive in average BER calculations

than the above-mentioned OSM and RC-PAM systems.

Theorem 6.1. The PDF of magnitude of difference between two independent cas-

caded FSO channels (i.e. Ukij = |hki − hkj|), with PDF of each channel following

(6.14), is given by

fUkij
(u) =

(A1A2ζ)
2B1B2

8A0hℓ

β1∑
p=1

β2∑
q=1

β1∑
r=1

β2∑
s=1

b(1)p b(2)q b(1)r b(2)s

∞∑
n=0

(
−B1B2

A0hℓ

)n
un

n!

×G 5 6
7 7

1

∣∣∣∣∣∣∣
N3

N4

 , (6.17)

Proof. See Appendix C.1.

Theorem 6.2. The PDF of instantaneous SNR of the ORS-assisted OSSK-based

MIMO-FSO system is given by
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fγij(γ) =
∞∑
n=0

Dn
γ

n+Nr−2
2

Γ(Nr+n
2

)
(6.18)

Proof. See Appendix C.2.

It is important to note that the obtained PDF of the instantaneous SNR has

a single power series with a power exponent of γ. Now, it is easier to evaluate

the integrals based on this power series to calculate the average BER and ergodic

capacity expressions for ORS-assisted OSSK-based MIMO FSO system.

Therefore, the average PEP of the MIMO-OSSK is determined by averaging PEP

over instantaneous SNR γij as

APEPj→i =

∫ ∞

0

Q

(
1

Nr

√
log2Nt

2
γ

)
fγij(γ)dγ. (6.19)

Using the relationship Q(x) = 1
2
erfc

(
x√
2

)
and after utilizing [201, eq. 4.1.18], the

average PEP is given by

APEPj→i=
∞∑
n=0

DnΓ
(
n+Nr+1

2

)
√
π(n+Nr)Γ

(
n+Nr

2

)( 2Nr√
log2Nt

)Nr+n

(6.20)

The upper bound on the average BER of the OSSK-based MIMO-FSO system

can be written as

ABER ≤ 1

Nt log2Nt

Nt∑
i=1

Nt∑
j=1

dH(sj, si)× APEPj→i (6.21)

Since the channel random variables hki and hkj are independent and identically

distributed (i.i.d.), the double summation term
Nt∑
i=1

Nt∑
j=1

dH(sj, si) in (6.21) can be

simplified as
N2

t log2 Nt

2
[54, eq. (11)]. Finally, by substituting (6.20) in (6.21), the

upper bound expression for the average BER of ORS-assisted MIMO-FSO system

is given by

ABER ≤ Nt

2
√
π

∞∑
n=0

DnΓ
(
n+Nr+1

2

)
(n+Nr)Γ

(
n+Nr

2

)( 2Nr√
log2Nt

)Nr+n

(6.22)

It can be observed from (6.22) that the derived upper bound will increase by
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increasing the transmitting apertures Nt, keeping other parameters constant. Con-

sequently, the average BER performance will degrade. However, the spectral effi-

ciency of the OSSK-based FSO system, which is given by τb = log2Nt bits/s/Hz,

will improve by increasing Nt. Therefore, a trade-off exists between the average

BER and spectral efficiency of the proposed ORS-assisted OSSK-based MIMO FSO

system. Further, the upper bound expression in (6.22) is obtained as an infinite sum-

mation containing a converging power series, which can be verified by performing a

convergence test (i.e. Cauchy ratio test).

Remark 6.1. The average BER of an ORS-assisted MIMO-FSO system for a special

case when Nt = 2 and Nr = 1 can be reduced as

ABER ≤ 1√
π

∞∑
n=0

DnΓ
(
n+2
2

)
Γ
(
n+3
2

) 2n (6.23)

6.4.2 Ergodic Capacity Analysis

For an OSSK-based MIMO-FSO system, a more practical capacity can be defined

in terms of discrete-input continuous-output memoryless channel (DCMC) capacity

as [54]

CD ≈ 2 log2Nt − log2

(
Nt +

Nt∑
i=1

Nt∑
j=1
j ̸=i

exp
(
− γFSO

2N2
r

× log2Nt

Nr∑
k=1

(hki − hkj)
2
))

.

(6.24)

Further, by utilizing the Jensen’s inequality [132, eq. (21)], a lower bound expression

for the DCMC capacity can be determined as

Cavg
D ≥ 2 log2Nt − log2

(
Nt +

Nt∑
i=1

Nt∑
j=1
j ̸=i

E
[
exp

(
− γFSO

2N2
r

× log2Nt

Nr∑
k=1

(hki − hkj)
2
)])

(6.25)
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where E[·] represents the expectation operator. The maximum achievable capacity

can be obtained as γFSO → ∞ in (6.25). Since exp(·) function in (6.25) will be

equal to zero as γFSO → ∞, the maximum achievable capacity is given by

Cavg
D(max) = log2Nt. (6.26)

The expectation term on the right hand side of (6.25) can be simplified as

E

[
exp

(
− log2Nt

2N2
r

Nr∑
k=1

γkij

)]
=

Nr∏
k=1

E
[
exp

(
−γkij log2Nt

2N2
r

)]
(6.27)

where γkij is given in Appendix C.2. Furthermore, the above expression can be given

in terms of MGF as

Nr∏
k=1

E
[
exp

(
−γkij log2Nt

2N2
r

)]
=

Nr∏
k=1

Ψγkij

(
− log2Nt

2N2
r

)
= Ψγij

(
− log2Nt

2N2
r

)
(6.28)

where the MGF functions Ψγkij(·) and Ψγij(·) are given by (C.7) and (C.8), re-

spectively. Further, using (6.28), the lower bound on the capacity in (6.25) can be

rewritten as

Cavg
D ≥2 log2Nt− log2

Nt+
Nt∑
i=1

Nt∑
j=1
j ̸=i

Ψγij

(
− log2Nt

2N2
r

) (6.29)

Proposition 6.1. The expression for lower bound on the ergodic capacity of an

OSSK-based MIMO-FSO system is given as

Cavg
D ≥ 2 log2Nt − log2

(
Nt + (N2

t −Nt)×
∞∑
n=0

Dn

(
2N2

r

log2Nt

)n+Nr
2

)
(6.30)

Proof. By putting t = log2 Nt

2N2
r

in (C.8) and substituting its value in (6.29), we get the

final expression for Cavg
D as (6.30).

Further, in (6.30), if γFSO → ∞, then the maximum value of ergodic capacity is
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obtained as Cavg
D = log2Nt, which validates the correctness of the derived ergodic

capacity expression. 1

Remark 6.2. For a special case, when Nt = 2 amd Nr = 1, the bound on the ergodic

capacity can be simplified as

Cavg
D ≥ 1− log2

(
1 +

∞∑
n=0

Dn2
n+Nr

2

)
(6.31)

6.4.3 High Average SNR Analysis and Diversity Gain

Here, a less complicated expression for the upper bound on average BER is

derived using high-SNR approximations. In (6.22), by assuming γFSO → ∞, the

dominant term will be obtained by taking n = 0 and the asymptotic average BER

expression is simplified as

ABER∞ ≤
(

1

γFSO

)Nr
2 NtΓ

(
Nr+1

2

)
2
√
πNrΓ

(
Nr

2

)[Nr(A1A2ζ)
2B1B2

8A0hℓ
√
log2Nt

√
π

×
β1∑
p=1

β2∑
q=1

β1∑
r=1

β2∑
s=1

b(1)p b(2)q b(1)r b(2)s G 5 6
7 7

1

∣∣∣∣∣∣∣
N5

N6

]Nr

, (6.32)

whereN5 = [0, 1−ζ, 1−α2, 1−q, 1−α1, 1−p, ζ] andN6 = [ζ−1, α2−1, s−1, α1−1, r−

1,−ζ, 0]. From the above expression, it can be seen that ABER∞ ∝ (1/γFSO)
Nr
2

and the diversity gain is given by Nr/2. It is observed that the diversity gain

is independent of the factors like turbulence and pointing error parameters unlike

the general M -ary modulation-scheme-based FSO system without OSSK scheme

[31], [50]. This is because, the pair-wise error probability (PEP), which is used for

calculating the average BER of OSSK system, depends on the difference between

the channel gains and does not depend on the individual FSO channel gain. In

addition, the fluctuations in the atmospheric turbulence or pointing errors do not

1It is to be noted that γFSO is inside the term Dn, which is given in Appendix C.2.
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greatly contribute to the difference in the channel gains. Hence, the diversity gain of

the OSSK system is independent of the turbulence and pointing error parameters.

Similarly, the less-complicated asymptotic expression for the given capacity bound

can be determined by assuming high value of γFSO in (6.30) and the final expression

is given as

C∞
D ≥ 2 log2Nt − log2

[
Nt + (N2

t −Nt)

(
2N2

rC
2
0

log2Nt

)Nr
2

]
, (6.33)

where

C0 =
Γ
(
1
2

)
(γFSO)

1
2

[
(A1A2ζ)

2B1B2

16A0hℓ

β1∑
p=1

β2∑
q=1

β1∑
r=1

β2∑
s=1

×b(1)p b(2)q b(1)r b(2)s G 5 6
7 7

1

∣∣∣∣∣∣∣
N7

N8

].
(6.34)

It can be seen from (6.33) and (6.34) that by increasing the value of Nr, the factor

CNR
0 will decrease significantly with increase in γFSO. Consequently, there will be an

improvement in the ergodic capacity value and the average SNR required to achieve

the maximum capacity will be reduced. However, the maximum capacity value will

be always equal to log2Nt as given by (6.26), which is independent of Nr.

6.4.4 Convergence Test

To test the convergence of the average BER and capacity expressions in (6.22)

and (6.30), respectively, a Cauchy ratio test is performed on the power series of

MGF of γkij(−t) in (C.7), which is used to calculate the average BER and ergodic

capacity bounds. Further, if the infinite series in γkij(−t) is convergent, then the

Ψγij(−t) is also convergent and consequently, we can say that the derived average

BER and ergodic capacity expressions will be absolutely convergent. For a given
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series
∞∑
n=0

un, if the following condition is satisfied, i.e.

lim
n→∞

∣∣∣∣un+1

un

∣∣∣∣ < 1, (6.35)

then the given series is said to be absolutely convergent. From (C.7), let us assume

the series coefficient un = Cnt
−n+1

2 and the ratio of series coefficient is defined as

∣∣∣∣un+1

un

∣∣∣∣ =
∣∣∣∣∣∣∣∣∣∣∣∣∣∣

(
−B1B2

A0hℓ

)n+1 t−
n+2
2 Γ(n+2

2 )

(n+1)!γ
n+2
2

FSO

G 5 6
7 7

1

∣∣∣∣∣∣∣
N7

N8


(

−B1B2

A0hℓ

)n t−
n+1
2 Γ(n+1

2 )

n!γ
n+1
2

FSO

G 5 6
7 7

1

∣∣∣∣∣∣∣
N3

N4



∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(6.36)

where N7 = 0, n − ζ + 2, n − α2 + 2, n − q + 2, n − α1 + 2, n − p + 2, ζ and N8 =

ζ − 1, α2 − 1, s− 1, α1 − 1, r − 1, n− ζ + 1, n+ 1. After simplification, we get

∣∣∣∣un+1

un

∣∣∣∣ =
[

Γ
(
n+2
2

)
(n+ 1)Γ

(
n+1
2

)]F (6.37)

where F =

∣∣∣∣ −B1B2G 5 6
7 7

(
1
∣∣∣N7
N8

)
A0hℓ(tγFSO)1/2G 5 6

7 7

(
1
∣∣∣N3
N4

)
∣∣∣∣. Here, the constant F will always give a positive

real number for all n and t. From (6.37), it can be clearly observed that the powers of

n in denominator is one higher than numerator and after applying the limit n→ ∞,

the expression will tend to zero. Therefore, the obtained average BER and ergodic

capacity expressions are absolutely convergent.

6.5 Numerical and Simulation Results

This section presents the analytical and simulation results of the proposed system

model for average BER and ergodic capacity. The theoretical results are verified by

performing the Monte-Carlo simulations for 106 data bits. In the proposed ORS-

assisted FSO system, the link distances are assumed as L1 = L2 = 250 m. In

addition, the other system parameters are assumed as follows: FSO wavelength
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Fig. 6.2: Convergence test for average BER and ergodic capacity expressions

Table 6.2: Truncation accuracy of summation limits for BER

γFSO

Final values of BER for truncation limit n Upper

5 8 11 12 limit

15 0.200909 0.759853 0.755896 0.755896 n = 11

20 0.628429 0.633963 0.633950 0.633950 n = 11

25 0.699009 0.699009 0.699009 0.699009 n = 11

30 0.298805 0.298805 0.298805 0.298805 n = 11

λF = 1550 nm, σθ = 1 mrad, σφ = 0.5 mrad, ra = 0.1 m, ϕd = 8 mrad, ρl = 0.999,

ϕ
(l)
A − ϕ

(l)
B = π/2, Ωl = 1.3265, and Pl = 0.2158, unless and otherwise stated [132],

[181]. It is to be noted that the values of turbulence and other parameters for S to

ORS and ORS to D links are assumed as α1 = α2 = α and β1 = β2 = β.

The upper limits used for truncating the infinite series in average BER expres-

sion, which is given by (6.22), are shown in Table 6.2 and if values higher than the

upper limits are used, then the final average BER values will not change up to the

sixth decimal place. Further, the upper limits used for truncating the infinite series

of ergodic capacity bound in (6.30) are given in Table 6.3, and in the case of values

greater than the upper limits, the final capacity values will remain unchanged until

the sixth decimal place.

The convergence test of the derived average BER expression given by (6.22),
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Table 6.3: Truncation accuracy of summation limits for capacity

γFSO

Final values of capacity for truncation limit n Upper

3 5 11 12 limit

25 1.689138 1.689459 0.350584 0.350584 n=11

30 1.816396 1.816400 1.785124 1.785124 n=11

40 1.935630 1.935631 1.935627 1.935627 n=11
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which comprises an infinite series, is performed in Fig. 6.2(a). The average BER is

plotted against the upper limit values of n for truncating the infinite series under

different turbulence conditions and average SNR values. From the plots, it is clearly

noticed that the value of average BER is constant for n ≥ 8 under different average

SNR values, which is also validated from Table 6.2. Therefore, it can be inferred that

the infinite series in the average BER expression convergences for n ≥ 8. Similarly,

the convergence test of the ergodic capacity expression given by (6.30) is performed

in Fig. 6.2(b). The ergodic capacity bound is plotted against the upper limit values

of n for truncating the infinite series under different average SNR values. The

plots indicate that the ergodic capacity for n ≥ 10 remains constant under different

average SNR values, which is also evident from Table 6.3.

Fig. 6.3 shows the average BER performance of the proposed system under

different turbulence conditions. It can be seen from the plots that the performance

improves with a decrease in turbulence severity. However, all the plots for different

turbulence conditions have the same slope. This is because, the diversity gain of the

164



10 20 30 40 50 60

Average SNR of FSO link (dB)

10-3

10-2

10-1

A
v
e

ra
g

e
 B

E
R

N
t
=2

N
t
=4

N
t
=8

N
t
=16

Simulations

N
r
=1

(a)

20 25 30 35 40 45 50 55 60

Average SNR of FSO link (dB)

10-6

10-5

10-4

10-3

10-2

10-1

A
v
e

ra
g

e
 B

E
R

N
t
=2, N

r
=1

N
t
=2, N

r
=2

N
t
=2, N

r
=3

N
t
=2, N

r
=4

(b)

Fig. 6.5: Average BER performance for different Nt and Nr

OSSK-based MIMO-FSO system does not depend on the atmospheric turbulence

conditions, which is also evident from (6.32). On the contrary, this inference is

different as compared to the general PSK-based modulation techniques, where the

diversity gain of the FSO-based system depends on the turbulence and pointing error

parameters [31]–[202]. It is also to be noted that an SNR gain of around 4 dB is

achieved to attain a BER of 10−2, as the turbulence strength decreases from strong

to weak. Further, the simulation plots almost coincide well with the theoretical

upper bounds. This validates the correctness of our theoretical analysis.

In Fig. 6.4, the effect of pointing errors on the performance of the proposed

system has been depicted. The turbulence parameters are assumed as α = 2.95

and β = 3 for all pointing error conditions. From the plots, it is inferred that the

performance is better for higher values of ζ. Because lower values of ζ imply higher

pointing error severity, which deteriorates the system performance. The SNR gain of

around 5 dB is achieved to attain the BER of 10−2 for high pointing errors scenario

(i.e. ζ = 0.8) over low pointing errors scenario (i.e. ζ = 12.8). Here, it can also be

seen that the slope is same for all plots and the diversity gain is independent of the

channel parameters, as mentioned in Fig. 6.3. It also indicates that the effect of

pointing errors is less on the OSSK-based FSO system.

In Fig. 6.5, we investigate the average BER performance of the proposed system

model for different values of Nt and Nr by assuming α = 2.4, β = 2, and ζ = 12.8.
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It is observed in Fig. 6.5(a) that the performance of Nt × 1 system degrades with

increasing Nt. However, the spectral efficiency, which is given by log2Nt bits/s/Hz,

increases with increasing Nt. Therefore, there is a trade-off between spectral effi-

ciency and average BER in the case of an OSSK-based FSO system. This is because,

the probability of error in detecting the index of the transmitting antenna increases

as Nt increases. By substituting
Nt∑
i=1

Nt∑
j=1

dH(sj, si) =
N2

t log2 Nt

2
in (6.15) and assuming

low SNR condition (i.e. γFSO → 0), the upper bound on BER after simplification

can be written as BER ≤ Nt/4. Since the BER is linearly varying with Nt, the

average BER is not significantly tight, especially at low SNR values. However, the

upper bound on average BER is tightly matching with the simulation results as the

SNR increases, which is observed in Fig. 6.5(a) for Nt = 8 and 16.

In Fig. 6.5(b), the average BER is shown for different Nr assuming Nt = 2. It

can be clearly seen that the average BER of the Nt×Nr system drastically improves

with the increasing number of receiving apertures Nr, especially in the high-SNR

regime. It is also evident from Fig. 6.5(b) that the diversity gain of the proposed

system depends on the value of Nr, since the slope of the BER curves increases with

an increase in Nr. Further, the SNR gain obtained by Nr = 2 over Nr = 1 is 20 dB

to achieve a BER value of 10−3. Similarly, the SNR gain achieved by Nr = 3 and

Nr = 4 over Nr = 2 and Nr = 3 are 5 dB and 2 dB, respectively. Thus, it can be

inferred that the SNR gain decreases with increasing Nr. Note that the diversity

gain is calculated in Section 6.4.3 as Nr/2 and the same is also justified in Fig.

6.5(b).

In Fig. 6.6, the performance of the proposed system is given for different weather

conditions by plotting the average BER against the transmit power. The values of

the parameters are assumed as α = 2.62, β = 2, and αw (in dB/km) = 0.43, 20, and

5.8 for clear air, foggy, and rainy weather conditions, respectively. From the plots, it

can be observed that the proposed system performs better in clear air compared to

rainy and foggy weather conditions due to less atmospheric attenuation. Since the

FSO system is more prone to foggy weather condition compared to rainy condition,

166



0 5 10 15 20 25 30

Trasmit power of FSO link (dBm)

10-4

10-3

10-2

10-1

A
ve

ra
g
e
 B

E
R

Simulations

Clear Air

Fog

Rain

N
t
=4, N

r
=1

Fig. 6.6: Average BER performance for different weather conditions

20 25 30 35 40 45 50 55 60

Average SNR of FSO link (dB)

10-5

10-4

10-3

10-2

A
v
e

ra
g

e
 B

E
R

2 1 MIMO-OSSK w/o ORS

2 1 MIMO-OSSK with ORS

2 2 MIMO-OSSK w/o ORS

2 2 MIMO-OSSK with ORS

2 1 MIMO-OSSK DF Relay

Single FSO system w/o ORS

Fig. 6.7: Performance comparison of different FSO systems

the performance deteriorates more under foggy condition. It is clear from the plots

that foggy condition requires 12 dBm of transmit power to attain an average BER

value of 10−2. However, clear air and rainy conditions require only 8 dBm and 9

dBm of transmit power values to attain the same BER, respectively.

Fig. 6.7 shows the performance comparison of the ORS-assisted OSSK-based

MIMO-FSO system in terms of average BER with the following conventional FSO

systems: (a) Single-link FSO system without ORS, (b) OSSK-based MIMO-FSO

system without ORS and (c) OSSK-based dual-hop (DH) DF relaying system. The

parameter values are assumed as α = 2.95 and β = 3. It can be clearly seen that

the proposed system achieves almost similar or slightly better performance than the

OSSK system without ORS. As expected, the performance of a conventional single-
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link FSO system without ORS is the worst among all the FSO-based systems and

the proposed ORS-assisted FSO system achieves an SNR gain of 7 dB at a BER of

10−2. In addition, the OSSK-based DF relaying system performs better than the

single-link FSO system. However, the OSSK-based DF relaying system performs

inferior compared to the proposed system, with an SNR loss of 5 dB to attain the

BER of 10−2. This is mainly due to the fact that the impact of decoding errors in a

relaying system is far more severe than the impact of cascaded channel turbulence in

the ORS-based FSO system. It is also to be noted that the OSSK-based FSO system

without ORS requires the presence of a direct LOS link for message transmission.

Therefore, it is inferred that in the absence of a direct link, the proposed ORS-

assisted system can create a virtual direct LOS link with equal or slightly better

BER performance than the existing OSSK-based MIMO system without ORS [132].

Fig. 6.8 shows the ergodic capacity performance under different turbulence and

pointing error conditions. It can be observed that the performance of the proposed

system declines as the turbulence severity increases. However, the difference in the

performance after reaching 90% of the maximum achievable capacity Cavg
D(max) is very

less. Similarly, as the pointing error severity increases (i.e. value of ζ decreases), the

performance of the system degrades and there is around 5 dB SNR improvement

from ζ = 0.98 to ζ = 12.8 under the strong turbulence condition to attain 90% of

Cavg
D(max) value.

In Fig. 6.9, the ergodic capacity is given for different number of transmitting

apertures Nt = 2, 4, 8, and 16. The plots show that the proposed system performs

much better with an increase in Nt as expected. It is also confirmed from the plots

that the maximum capacity for different Nt is obtained as Cavg
D(max) = log2Nt, which

validates the derived expression for Cavg
D(max) in (6.26). Further, from Fig. 6.10, it is

observed that there is a significant improvement in the capacity performance with

an increase in Nr. It can also be noticed that there is a 7 dB SNR gain when

Nt = 4 for Nr = 2 over Nr = 1 to achieve 90% of Cavg
D(max). Similarly, around 10

dB SNR gain is noticed by increasing Nr for the case when Nt = 16. From Fig.
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6.10, it is clear that the SNR values required to achieve the maximum capacity is

reduced by increasing Nr, as mentioned in Section 6.4.3 after (6.34). Furthermore,

in Fig. 6.8, 6.9, and 6.10, Monte-Carlo simulations are closely matching with the

theoretical lower bound results as evident from the figure, especially after the system

achieves 90% of Cavg
D(max), which establishes the correctness of our derived lower bound

expressions.

In Fig. 6.11, the proposed ORS-based OSSK system is compared with the OSSK-

based MIMO-FSO system without ORS [132] and DF relaying-based OSSK system

in terms of ergodic capacity. It can be clearly observed from the plots that the pro-

posed ORS system achieves similar capacity performance equivalent to the OSSK

system without ORS. However, as already mentioned, the ORS-assisted OSSK sys-
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tem does not require the presence of LOS link compared to the OSSK system without

ORS. Thus, similar to BER performance in Fig. 6.7, it is inferred that a virtual

LOS path is created using ORS without any significant degradation in the capacity

performance. Further, the DF relaying-based system performs inferior compared to

OSSK-based systems with ORS due to the fact that the impact of the worst channel

among S to R (relay) and R to D links in a relaying system is far more severe than

the effect of cascaded channel gain in the ORS-assisted system.

In summary, six significant technical findings or insights in this chapter are given

as follows:

• For the proposed ORS-assisted OSSK-based FSO system, statistical functions

of absolute difference between two cascaded FSO channels and instantaneous

SNR are obtained. Further, from the statistical functions, closed-form ex-

pressions for two different performance metrics are derived for analysing the

end-to-end system performance.

• The proposed ORS-assisted FSO system is highly beneficial, in case if a direct

LOS path is not available between the source and the destination. This is

because, it performs almost similar or slightly better than the FSO system

without ORS, which alleviates the requirement of LOS path in FSO commu-

nication.
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• Asymptotic analysis shows that the diversity gain of the proposed system is

equal to Nr/2. Thus, the performance of the system improves with increasing

number of receiving apertures Nr.

• Since the diversity gain does not depend on the channel parameters, high

diversity gain shall be retained even under strong turbulence and high pointing

error severity conditions.

• In addition, when turbulence fluctuates among weak, moderate, and strong

turbulence conditions, the average BER of ORS-assisted OSSK-based MIMO-

FSO is not changing significantly unlike conventional FSO systems.

• The proposed system performs better than a DF relaying-based OSSK system

in terms of average BER and ergodic capacity without any additional signal

processing or energy requirements. Hence, ORS-assisted FSO system can be

proposed as an alternative to DF-relaying-based FSO system.

6.6 Chapter Summary

In this chapter, an ORS-assisted OSSK-based MIMO-FSO system was proposed

with an aim of mitigating the blockage in OSSK-based MIMO FSO systems. Specif-

ically, the closed-form expressions for PDF of the absolute difference between two

cascaded FSO channels, PDF of instantaneous SNR, and MGF of the instantaneous

SNR were derived. Further, with the help of the aforementioned expressions, the

average PEP, the upper bound on average BER, and lower bound on ergodic capac-

ity were evaluated over Malaga distributed turbulence along with pointing errors.

Further, asymptotic expressions for average BER and ergodic capacity were derived

and diversity gain of the proposed system was also obtained. The numerical results

showed that the average BER and ergodic capacity performances were significantly

improved as Nr increases and the maximum capacity achieved was log2Nt. It was

also confirmed from the analytical results that the effect of turbulence and pointing
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errors on the performance of the proposed system was not very significant, unlike

the conventional FSO system, due to the usage of the OSSK scheme.
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Chapter 7

Performance Analysis of Multiple

Optical Reflecting Surfaces

Assisted FSO Communication

7.1 Introduction

In the earlier works, the FSO systems were studied over a single optical IRS and

cascaded multiple IRS without employing any selection schemes [27], [50], and [52].

In [50], the FSO communication link was aided by a IRS module to relax the LOS

requirement, which helped to provide the coverage in remote areas and skip zones.

Furthermore, in [27], a complete performance of an FSO system empowered by single

IRS was presented over different FSO turbulence models. Acquiring precise channel

state information (CSI) in practical scenarios is challenging due to the presence of

channel estimation errors [203]. Obtaining perfect CSI directly is nearly impossible

because the wireless channel experiences rapid variations caused by fading and at-

mospheric attenuation [56]. Therefore, it is crucial to study the impact of channel

estimation errors on the performance of the system. In [109], performance analysis

of the FSO system was carried out by including the impact of imperfect CSI over

the Fisher-Snedecor (F) turbulence channel model. Further, the authors in [111]
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investigated the FSO system empowered by a single IRS by assuming imperfect CSI

over the F -distribution model.

To improve the performance of a FSO system assisted by a single ORS necessi-

tates the inclusion of multiple ORSs in a backhaul network scenario along the path

between the source and destination. However, the performance of optical reflect-

ing surfaces (ORSs)-assisted FSO communication system comprising multiple ORSs

in parallel has not been investigated in the existing works. Further, the effect of

imperfect CSI on multiple ORSs-assisted FSO system has not been studied in the

previous works.

In this chapter, a multiple ORSs-assisted FSO communication is proposed consid-

ering parallel data transmission between source and destination nodes. In addition,

the ORS selection scheme is implemented in which the best ORS is selected from

the multiple available ORSs to improve the performance of the existing single opti-

cal IRS-based FSO system. The closed-form expression for the end-to-end PDF of

the maximum instantaneous SNR among multiple ORSs-aided FSO links is derived

by including turbulence, pointing errors, and imperfect CSI. With the aid of the

above PDF expression, the exact outage probability and average SER expressions

are obtained for the proposed system with perfect CSI and imperfect CSI condi-

tions. Further, simpler asymptotic expressions are also derived, which give more

useful insights into the multiple ORSs system, along with performing diversity gain

analysis.

7.2 Organization of the Chapter

The remainder of this chapter is structured as follows: Section 7.3 presents the

system and channel models for multiple ORSs-assisted FSO system with end-to-

end channel PDF and SNR statistics for perfect and imperfect CSI conditions. In

Section 7.4, the outage probability and average SER of the proposed system are

investigated for both perfect and imperfect CSI cases. Section 7.5 presents the
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asymptotic analysis with diversity gain of the multiple ORSs-assisted FSO system.

Further, the numerical results with related inferences and technical insights are

provided in section 7.6. Finally, the chapter is concluded in Section 7.7.

7.3 System and Channel Models

7.3.1 System Model

We consider a multiple ORSs-assisted FSO communication between a single

source with multiple aperture arrays and a receiving aperture as shown in Fig.

7.1. The source has multiple laser transmitters which are oriented towards the re-

spective ORSs and these ORS redirects the incoming optical beam towards a single

receiving aperture. In this case, the ORS is assumed as a perfect mirror without

any amplitude gain or phase errors. In addition, the source communicates with the

receiver through the best possible ORS, which is selected amongM available parallel

ORSs to improve the performance of the system. Further, ORS-assisted FSO link

which is having the maximum end-to-end instantaneous SNR will be selected as the

best ORS to communicate with the receiver. It is assumed that there is no direct

path between the source S and the destination D. Thus, the signal is transmitted

from S to D through the best ORS to achieve performance gain. Furthermore, the

input-output relationship of the system can be expressed as

yk = RPthkxk + nk, (7.1)

where R is the responsivity of the photo-detector, Pt denotes the peak transmit

power, hk is the cascaded channel coefficient between kth transmitting aperture and

receiver assisted by kth ORS, yk denotes the output signal, xk is input signal, and

nk denotes the AWGN corresponding to the kth ORS-assisted FSO channel with

zero-mean and variance σ2
n.
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Fig. 7.1: The selection-based multiple ORSs-assisted FSO system model

7.3.2 Channel Model

The cascaded FSO channel from S to D, which includes both atmospheric tur-

bulence and pointing errors, can be written as

hk = ha1kha2khpkhℓk, (7.2)

where ha1k and ha2k represent the atmospheric turbulence from kth transmitting

aperture of S to kth ORS and kth ORS to D, respectively, hpk represents the end-

to-end pointing errors of the kth ORS-based FSO link, and hℓk is the end-to-end

atmospheric attenuation.

7.3.2.1 Atmospheric Turbulence Model

We assume the Gamma-Gamma distributed FSO turbulence for ha1k and ha2k ,

which incorporates moderate to strong turbulence regimes. Further, the PDF of

Gamma-Gamma distribution is given by [50, eq. (13)] and by using [187, eq.

(07.34.03.0605.01)], the unified PDF for ha1k and ha2k can be expressed as

fhaik
(h) =

h−1

Γ(αik)Γ(βik)
G 2 0

0 2

αikβikh

∣∣∣∣∣∣∣
−

αik, βik

 , (7.3)
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where i = {1, 2}, αik is the large-scale scattering coefficient, βik represents the small-

scale scattering coefficient of the FSO link [190, eq. (60)], andGm n
p q (·) denotes the

Meijer G-function [186, 9.301]. In addition, the atmospheric attenuation of the FSO

link in (7.1) is given by Beers-Lambert law and is expressed as hℓk = exp(−ΩlLk),

where Ωl is the weather dependent parameter and Lk = L1k + L2k, L1k and L2k are

the distances between S to kth ORS and kth ORS to D, respectively,.

7.3.2.2 Pointing Errors Model

The pointing error model for the ORS-assisted FSO system has already been

discussed in Chapter 6, Section 6.3.2.1. From (6.6), the PDF of the pointing error

coefficient hpk can be written as

fhpk
(h) =

ξk

Aξk
k

hξk−1, 0 ≤ h ≤ Ak, (7.4)

where ξk =
W 2

z
(k)
eq

(2Lkσθk
)2+(4L2kσφk

)2
is the pointing error parameter, W 2

z
(k)
eq

, σ2
θk
, and σ2

φk

are given in Chapter 6, Section 6.3.2.1.

7.3.2.3 PDF of End-to-End FSO Channel

The PDF of end-to-end turbulence of the FSO channel, i.e. heqak = ha1kha2k , can

be expressed as

fheq
ak
(t) =

∫ ∞

0

1

x
fha1k

(x)fha2k

(
t

x

)
dx. (7.5)

Replacing fha1k
(·) and fha2k

(·) by (7.3) and utilizing [187, eq. (07.34.21.0013.01)],

fheq
ak
(t) is written as

fheq
ak
(t) =

t−1

Γ(α1k)Γ(β1k)Γ(α2k)Γ(β2k)
G 4 0

0 4

α1kβ1kα2kβ2kt

∣∣∣∣∣∣∣
−

C1k

 , (7.6)
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where C1k = [α2k, β2k, α1k, β1k]. Similarly, the product of end-to-end turbulence and

pointing errors, i.e. hk = heqakhpkhℓk, results in the overall channel coefficient and

using [187, eq. (07.34.21.0085.01)], the PDF of hk is given by

fhk
(t)=Bkt

−1G 5 0
1 5

Dkt

∣∣∣∣∣∣∣
ξk + 1

C2k

 , (7.7)

where Bk, Dk, and C2k are given in Table 7.1.

7.3.2.4 PDF of Imperfect Channel

In practical scenarios, the perfect estimation of the FSO channel gain is not

possible, as there are errors associated with the channel estimation. Further, the

output signal of the proposed system with imperfect CSI can be expressed as [203,

eq. (3)]

ỹk = RPth̃kxk + nk, (7.8)

where h̃k is the imperfect channel gain of the FSO link and it is given as [109, eq.

(10)]

h̃k = δhk +
√
1− δ2ϵ , (7.9)

where δ ∈ [0, 1] represents the correlation coefficient and ϵ denotes the channel esti-

mation errors. Here, δ = 1 represents no errors in the channel estimation. Moreover,

ϵ is a random variable, which is independent of hk, following zero-mean Gaussian

distribution with variance equal to σ2
e . Note that the above channel modeling of the

imperfect CSI in (7.9) is well established in the literature [56, 57, 109, 111, 203].

Theorem 7.1. The PDF of ORS-assisted FSO channel with imperfect CSI over

Gamma-Gamma turbulence distribution and pointing errors is given by
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Table 7.1: List of notations

Dk = α1kβ1kα2kβ2k

hℓkAk
Bk=

ξk
Γ(α1k)Γ(β1k)Γ(α2k)Γ(β2k)

P1 = n+ α1k + α2k + β1k + β2k − 5

C2k = [ξk, α2k, β2k, α1k, β1k] G1k=G 1 10
10 3

 28K2δ
2

Dk

∣∣∣∣∣∣∣∣
X1k

X2k

 P2 = α1k + α2k + β1k + β2k − 5

X2k=
[
n
2 ,

−ξk
2 , 1−α2k

2

]
X1k=

[
1−ξk

2 , 2−ξk
2 , 1−α2k

2 , 2−α2k

2 , 1−β2k

2 , 2−β2k

2 , 1−α1k

2 , 2−α1k

2 , 1−β1k

2 , 2−β1k

2

]
C3i = [(ξi + 1, 1)] C4i = [(ξi, 1), (α2i, 1), (β2i, 1), (α1i, 1), (β1i, 1)]

C5j = [(1, 1), (ξi + 1, 1)] C6j = [(ξj , 1), (α2j , 1), (β2j , 1), (α1j , 1), (β1j , 1), (0, 1)]

fh̃k
(t) =


BkK1

π2 exp (−K2t
2)

∞∑
n=0

2P1K
n
2
2

n!
G1kt

n, t > 0

1− I
(k)
0 , t = 0.

(7.10)

where

I
(k)
0 =

BkK1

2π2

∞∑
n=0

2P1K
− 1

2
2

n!
G1kΓ

(
n+ 1

2

)
(7.11)

Note that P1 and G1k are listed in Table 7.1.

Proof. Please see Appendix D.

7.3.3 SNR Statistics

The instantaneous SNR with PDF and CDF expressions for both perfect and

imperfect CSI cases are presented in this section.

7.3.3.1 With Perfect CSI

The instantaneous SNR of the kth ORS-based FSO link is defined as γk = |hk|rγ,

where γ = Pt/σ
2
n is the average SNR of the ORS-assisted FSO link, r = 1 and

r = 2 represent HD and IM/DD techniques, respectively. Now, by applying the

transformation of random variable on (7.7), the unified PDF of γk can be calculated
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as

fγk(γ)=
Bk

r
γ−1G 5 0

1 5

Dk

(
γ

γ

) 1
r

∣∣∣∣∣∣∣
ξk + 1

C2k

 . (7.12)

Further, by integrating the above PDF using [187, eq. (07.34.21.0084.01)], the CDF

of the instantaneous SNR γk is given by

Fγk(γ)=BkG 5 1
2 6

Dk

(
γ

γ

) 1
r

∣∣∣∣∣∣∣
1, ξk + 1

C2k, 0

 . (7.13)

7.3.3.2 With Imperfect CSI

The unified instantaneous SNR of the end-to-end kth FSO link with imperfect

CSI is given by γ̃k = |h̃k|rγ.

Using the power transformations of random variable in (7.10), the PDF of γk is

expressed as

fγ̃k(x)=


BkK1

rπ2 e
−K2x

2/r

γ2/r
∞∑
n=0

2P1K
n
2
2

n!
G1k

x(
n−r+1

r )

γ
n+1
r

, x > 0

1− I
(k)
0 , x = 0.

(7.14)

Now the CDF of γ̃k can be evaluated as Fγ̃k(x) =
x∫
0

fγ̃k(t)dt. By employing [187,

07.34.03.0228.01] and [187, 07.34.21.0084.01], the final expression for the CDF is

given by

Fγ̃k(x) =
BkK1

rπ2

∞∑
n=0

2P1K
− 1

2
2

n!
G1kG 1 1

1 2

K2x
2
r

γ
2
r

∣∣∣∣∣∣∣
1

n+1
2
, 0

+ 1− I
(k)
0 (7.15)
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7.4 Performance Analysis

In this section, the expressions for the outage probability and average SER of

the proposed multiple ORSs-assisted FSO system are derived.

7.4.1 Outage Probability

In the proposed system model, if the instantaneous SNR of the best ORS-based

FSO link, which offers the highest instantaneous SNR, falls below a particular value

of threshold SNR γT , then outage will be declared. Further, the instantaneous SNR

of the best ORS link is given as γmax = max(γ1, γ2, ..., γM). The outage probability

of the selection-based multiple ORSs-assisted FSO system is given by

Pout=Pr(γmax < γT )=Pr(γ1 < γT , ..., γM < γT ) (7.16)

7.4.1.1 Outage Probability for Perfect CSI

Since each of the ORS-based FSO link is assumed to be independent of each

other, the outage expression for the considered system with perfect CSI can be

simplified as

Pout = Fγmax(γT ) =
M∏
k=1

Fγk(γT ), (7.17)

where Fγk(γT ) is the CDF of γk given by (7.13). By putting γ = γT in (7.13) and

by substituting its value in 7.17, the final expression for outage probability is given

by

Pout =
M∏
k=1

BkG 5 1
2 6

Dk

(
γT
γ

) 1
r

∣∣∣∣∣∣∣
1, ξk + 1

C2k, 0

 , (7.18)
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7.4.1.2 Outage Probability for Imperfect CSI

Similar to perfect CSI case, the outage probability for the proposed system with

imperfect CSI is given by

P
(I)
out = Fγ̃max(γT ) =

M∏
k=1

Fγ̃k(γT ) (7.19)

By replacing x with γT in (7.15), the final expression for outage probability in

closed-form is given by

P
(I)
out =

M∏
k=1

[
BkK1

rπ2

∞∑
n=0

2P1K
− 1

2
2

n!
G1kG 1 1

1 2

K2γ
2
r
T

γ
2
r

∣∣∣∣∣∣∣
1

n+1
2
, 0

+ 1− I
(k)
0

]
(7.20)

7.4.2 Average Symbol Error Rate

In this section, the average SER performance is presented for the proposed system

with perfect CSI and Imperfect CSI.

7.4.2.1 Average Symbol Error Rate for Perfect CSI

The expression for evaluating the average SER of the multiple ORSs-assisted

FSO system is given by

P e =

∫ ∞

0

p(e|γ)fγmax(γ)dγ, (7.21)

where p(e|γ) represents the conditional SER of M−ary phase-shift-keying (MPSK)

signalling conditioned on the given instantaneous SNR γ and it is expressed as [190,

eq. (25)] p(e|γ) = P
2
erfc(Q

√
γ), where P = 1 for modulation order M = 2, P = 2

for M > 2, Q = sin(π/M), and erfc(·) is the complementary error function [186, eq.

(8.250.4)]. Using [187, 07.34.26.0008.01], p(e|γ) can be rewritten in terms of Fox’s
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P e =
P

2r
√
π

M∏
k=1

Bk

{
H 0,2:

2,1:
5,0:
1,5:

5,1: ··· :
2,6: ··· :

5,1
2,6

(
D1

(Q2γ)
1
r
,··· , DM

(Q2γ)
1
r

∣∣∣∣ (1;{ 1
r
}M1 ),(0.5;{ 1

r
}M1 );C31;C52;··· ;C5M

(0;{ 1
r
}M1 );C41;C62;··· ;C6M

)
+H 0,2:

2,1:
5,1:
2,6:

5,0: ··· :
1,5: ··· :

5,1
2,6

(
D1

(Q2γ)
1
r
,··· , DM

(Q2γ)
1
r

∣∣∣∣ (1;{ 1
r
}M1 ),(0.5;{ 1

r
}M1 );C51;C32;··· ;C5M

(0;{ 1
r
}M1 );C61;C42;··· ;C6M

)
+ · · ·

· · ·+H 0,2:
2,1:

5,1:
2,6:

5,1: ··· ,:
2,6: ··· :

5,0
1,5

(
D1

(Q2γ)
1
r
,··· , DM

(Q2γ)
1
r

∣∣∣∣ (1;{ 1
r
}M1 ),(0.5;{ 1

r
}M1 );C51;C52;··· ;C3M

(0;{ 1
r
}M1 );C61;C62;··· ;C4M

)}
(7.25)

H-function as

p(e|γ) = P

2
√
π
H 2 0

1 2

(
Q2γ

∣∣∣ (1,1)
(0,1),(0.5,1)

)
. (7.22)

Furthermore, in (7.21), fγmax(γ) is the PDF of γmax and by differentiating (7.17), it

is calculated as

fγmax(γ) =
M∑
i=1

M∏
k=1,k ̸=i

fγi(γ)Fγk(γ), (7.23)

where fγi(γ) and Fγk(γ) are given by (7.12) and (7.13), respectively. Further, (7.12)

and (7.13) can be expressed in terms of Fox’s H-function using [187, 07.34.26.0008.01]

and by substituting these expressions in (7.21), the average SER integral can be

rewritten as

P e =
P

2r
√
π

M∏
k=1

Bk

M∑
i=1

∫ ∞

0

γ−1H 2 0
1 2

(
Q2γ

∣∣∣ (1,1)
(0,1),(0.5,1)

)
H 5 0

1 5

(
Di

(
γ

γ

) 1
r

∣∣∣∣∣ C3iC4i

)

×
M∏
j=1
j ̸=i

H 5 1
2 6

(
Dj

(
γ

γ

) 1
r

∣∣∣∣∣ C5jC6j

)
dγ, (7.24)

where C3i, C4i, C5j, and C6j are given in Table 7.1. By applying the Mellin convolution

theorem [204, eq. (1.29)] and after employing the definition of multivariate Fox’s

H-function [189, eq. (A.1)], we obtain the average SER, which is given by (7.25).

Note that there are total M terms in (7.25) and {al}M1 denotes a1, a2, · · · , aM .
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7.4.2.2 Average Symbol Error Rate for Imperfect CSI

The average SER of the proposed system with imperfect CSI for MPSK signaling

is obtained by utilizing the derived CDF Fγ̃max(x) and is given by [175]

P
(I)

e =
A
√
D

2
√
2π

∫ ∞

0

x−1/2Fγ̃max(x)e
−Dx

2 dx, (7.26)

where A = 1, D = 2 for M=2 and A = 2, D = 2 sin2
(

π
M

)
for M >2. Since

the evaluation of the above integral is complicated, we have used a Gauss-Laguerre

quadrature approximation [205] to evaluate and the final average SER expression is

given by

P
(I)

e =
A
√
D

2
√
2π

m∑
j=1

Wj

M∏
k=1

Fγ̃k(ωj) (7.27)

where Wj denotes the weight coefficient and is expressed as

Wj =
ωjΓ(m+ 0.5)

m!(m+ 1)2(L
−1/2
m+1 (ωj))2

(7.28)

In (7.27), ωj is the jth zero of the Laguerre polynomial L
−1/2
m (·), which is given as

[186, eq. (8.970.1)]

L−1/2
m (y) =

m∑
l=0

(
m− 1

2

m− l

)
(−y)l

l!
(7.29)

7.5 Asymptotic Analysis and Diversity Gain

In this section, more tractable asymptotic expressions for both outage and aver-

age SER, which are calculated at a high average SNR regime, are derived to deduce

valuable insights and to determine the diversity gain.
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7.5.1 Asymptotic Outage Probability

7.5.1.1 Asymptotic Outage Probability for Perfect CSI

The expression for the asymptotic outage probability is evaluated by assuming

γ → ∞. Further, by using [187, eq. (07.34.06.0040.01)], the Meijer G-function in

(7.13) is asymptotically expanded at (1/γ) → 0 and after substituting its values in

(7.18), the asymptotic outage probability for the proposed system with perfect CSI

is given by

P∞
out =

M∏
k=1

Bk

5∑
l=1

5∏
m=1
m̸=l

Γ(C2k,m − C2k,l)

C2k,lΓ(ξk + 1− C2k,l)
D

C2k,l
k

(
γT
γ

)C2k,l/r

, (7.30)

where C2k,i is the ith term of C2k.

7.5.1.2 Asymptotic Outage Probability for Imperfect CSI

In order to calculate the asymptotic outage probability for imperfect CSI case,

we assume γ → ∞ in (7.20) and by using [187, eq. (07.34.06.0040.01)], we obtain

the asymptotic outage probability as

P
(I)∞

out =
M∏
k=1

[
BkK1

π2

∞∑
n=0

2P1Kn
2

(n+ 1)!
G1k

(
γ

n+1
r

T

γ
n+1
r

)
+ 1− I

(k)
0

]
. (7.31)

By assuming n = 0, which is the dominant term in (7.31), a more simplified expres-

sion is obtained and is given by

P
(I)∞

out =
M∏
k=1

[
BkK1

π2
2P1G1k

(
γ

1
r
T

γ
1
r

)
︸ ︷︷ ︸

TP
1

+
(
1− I

(k)
0

)
︸ ︷︷ ︸

TP
2

]
. (7.32)

It is important to note that (7.32) contains two terms, where the first term T P
1

depends on γ and the second term T P
2 is a constant independent of γ. As a result,
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T P
2 ≫ T P

1 in the high-SNR region and the outage probability will attain a floor

value, which is given by

P
(I)fixed

out =
M∏
k=1

(
1− I

(k)
0

)
. (7.33)

7.5.2 Asymptotic Average SER

7.5.2.1 For Perfect CSI

The asymptotic average SER can be obtained by calculating the residues of

multiple Mellin-Barnes contour integrals of multivariate Fox’s H-function at the

dominant poles [27]. By assuming γ → ∞ in the average SER expression (7.25),

the poles are determined as Pk = min{ξk, α2k, β2k, α1k, β1k}, where k = 1, 2, · · · ,M .

It is to be noted that there are M poles for each multivariate Fox’s H-function term

in (7.25). Therefore, by calculating the residues at the poles, we obtain asymptotic

average SER as

P
∞
e =

P

2
√
π

(
1

Q2γ

) 1
r

M∑
s=1

Ps
[Γ(1

2
+ 1

r

M∑
s=1

Ps

)
∑M

s=1 Ps

M∑
i=1

1∏M
j=1
j ̸=i

Pj

×
M∏
k=1

5∏
m=1

C2k,m ̸=Pk

Γ(C2k,m − Pk)

Γ(ξk + 1− Pk)
BkD

Pk
k

]
. (7.34)

Further, by comparing (7.34) with a general asymptotic SER form, which is given

by P∞
e ≈ (Gcγ)

−Gd , where Gc and Gd are coding gain and diversity gain of the

system, it is clear that the diversity gain of the multiple ORSs-assisted FSO system

is obtained as Gd =
1
r

M∑
s=1

Ps, where Ps are the poles that are already determined for

(7.25).
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7.5.2.2 For Imperfect CSI

Similar to outage, the asymptotic expression for average SER after employing

[187, eq. (07.34.06.0040.01)] in (7.27) is given by

P
(I)∞

e =
A
√
D

2
√
2π

m∑
j=1

Wj

M∏
k=1

{
BkK1

π2

∞∑
n=0

2P1Kn
2

(n+ 1)!
G1k

ω
n+1
r

j

γ
n+1
r

+
(
1− I

(k)
0

)}
(7.35)

Using the dominant term in (7.35) by substituting n = 0, a more simpler average

SER expression is obtained, which is given by

P
(I)∞

e =
A
√
D

2
√
2π

m∑
j=1

Wj

M∏
k=1

{
BkK1

π2
2P2G1k

(
ωj

γ

) 1
r

︸ ︷︷ ︸
T s
1

+
(
1− I

(k)
0

)
︸ ︷︷ ︸

T s
2

}
(7.36)

Similar to outage probability, the first term T s
1 in (7.36) depends on γ and the

second term T s
2 is a constant. Since T s

2 ≫ T s
1 in the high-SNR region, average SER

will also approach to a floor value, which is equal to

P (I)
efixed

=
A
√
D

2
√
2π

m∑
j=1

Wj

M∏
k=1

(
1− I

(k)
0

)
. (7.37)

7.6 Numerical and Simulation Results

This section presents the simulation and analytical results for the outage proba-

bility and average SER of the proposed system. The multivariate Fox’s H-function

in (7.25) is evaluated by utilizing a Python code given in [206]. The system param-

eters assumed for perfect CSI condition are as follows: ϕdk = 8 mrad, λF = 1550

nm, ra = 0.1 m, M = 2, and L1k = L2k = 250 m. For imperfect CSI condition, the

parameters assumed in the simulations are ϕdk = 2 mrad, δ = 0.9, σθk = 0.0008,

σφk
= 0.0001, and M = 2. It is to be noted that we have assumed the same pa-

rameters for S to kth ORS and kth ORS to D links, i.e. ξk = ξ, α1k = α2k = α, and

β1k = β2k = β, unless and otherwise stated, for simplicity without loss of generality.
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Table 7.2: Truncation accuracy for the infinite summation in (7.27)

γ
Final values of average SER (7.27) for truncation limit n Upper

40 80 120 140 limit

20 0.022437 0.022430 0.022429 0.022429 n=120

30 0.015875 0.015869 0.015868 0.015868 n=120

40 0.014275 0.014270 0.014269 0.014269 n=120
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Fig. 7.2: Outage probability under perfect CSI for different number of ORSs

The number of bits to perform Monte-Carlo simulations are assumed as 106. The

truncation accuracy for infinite summation used in (7.27) is listed in Table 7.2. If

the values greater than the upper limits are applied, then it is inferred that the fifth

decimal figure of final average SER values is not altered.

Fig. 7.2 shows the outage probability of the multiple ORSs-assisted FSO system

with perfect CSI for different numbers of reflecting surfaces M . It is observed from

the plots that the outage performance is significantly improved by increasing the

reflecting surfaces from M = 1 to M = 8, as expected. In addition, the SNR gain

achieved by M = 2 over M = 1 (i.e. single ORS-assisted FSO system [50]) is 18

dB to attain an outage probability of 10−2. Similarly, the SNR gains achieved by

M = 4 and M = 8 over M = 2 and M = 4 are 12 and 8 dB, respectively, for an

outage value of 10−2.

In Fig. 7.3, the average SER is plotted against the average SNR for different

values ofM . The SER performance trends observed from the plots corresponding to
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Fig. 7.3: Average SER performance under perfect CSI for different number of ORSs

M = 1, 3, 5 are similar to Fig. 7.2. Further, the performance of a multiple parallel

relay FSO system with DF relaying protocol [135], which employs the opportunistic

relay selection scheme to select the best relay, is compared with the proposed mul-

tiple ORS-assisted FSO system. Here, we plot the performance curves by varying

the number of relays NR in accordance with M . It is noticed that the ORS-assisted

system is performing better than the DF relaying system, especially for the scenario

when average SNR γ < 20 dB for all three cases (i.e. NR = M = 1, 3, and 5) and

the SNR gain to achieve an SER value of 10−2 increases with increasing value of M

compared to increasing value of NR. However, for γ > 20 dB, the DF relaying sys-

tem outperforms the ORS-assisted system with a small SNR gain. This is because,

in the DF relaying system, the decoding errors are dominating in the SNR region

less than 20 dB compared to the ORS-assisted system, which limits the system per-

formance. Additionally, it can be seen from Fig. 7.2 and 7.3 that the simulation

results closely coincide with the analytical results, which validates the accuracy of

our derived outage and average SER expressions. Finally, the asymptotic results

are closely matching with the theoretical results at the high SNR values, which also

confirms the correctness of the asymptotic analysis as well as the obtained diversity

gain.

In Fig. 7.4, the average SER is plotted for different modulation techniques, i.e.

BPSK, QPSK, 8-PSK, and 16-PSK, by assuming M = 3. From the performance
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Fig. 7.4: Average SER performance under perfect CSI for different modulation techniques

plots, it is clear that the performance of the system degrades with the increasing

value of modulation order M, as expected. Additionally, for achieving the aver-

age SER value of 10−3, BPSK requires an average SNR value of 14 dB. Similarly,

QPSK, 8-PSK, and 16-PSK require average SNR values of 16 dB, 20 dB, and 24

dB, respectively.
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Fig. 7.5: Average SER performance under perfect CSI for various turbulence conditions

Fig. 7.5 presents the average SER performance of the proposed system with

perfect CSI under various turbulence conditions. The average SER of the considered

system under these turbulence conditions is also compared for both M = 2 and

M = 4 cases. As expected, the performance under strong turbulence condition

is poorer as compared to the moderate and weak turbulence conditions for both
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the cases. This is because, random fluctuations in the atmospheric channel under

strong turbulence condition are more pronounced compared to the moderate and

weak turbulence conditions. In addition, the SNR gain achieved to attain a SER

of 10−2 by the multiple ORSs system with M = 4 over the system with M = 2 is

approximately 15 dB under strong turbulence condition. Accordingly, the SNR gains

obtained forM = 4 overM = 2 under moderate and weak turbulence conditions are

10 dB and 6 dB, respectively. Therefore, asM increases, it is evident from the plots

that the SNR gains for strong turbulence condition are higher than the moderate

and weak turbulence conditions.

Fig. 7.6 illustrates the performance of the multiple ORSs system for clear and

foggy weather conditions. The average SER is plotted against the FSO transmit

power in dBm. The values of the weather coefficient for clear air and fog are assumed

as Ωl = 0.43 and Ωl = 20, respectively. It is noticed from the curves that the

average SER of the ORS-assisted FSO system increases for foggy weather condition

compared to clear air for both M = 2 and M = 4 cases. It is mainly because, the

FSO channel is more susceptible to foggy conditions and as a result, the performance

of the FSO system degrades in foggy conditions. Further, the SNR gain of 5 dB is

noticed to attain the SER of 10−3 for M = 4 over M = 2 under both clear air and

foggy conditions.
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Fig. 7.7: Outage probability under perfect CSI for different pointing errors conditions
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Fig. 7.8: Outage probability under imperfect CSI for various ORSs and different pointing errors

In Fig. 7.7, the outage probability of the proposed system with perfect CSI

is depicted for different pointing errors scenarios by assuming M = 2, 4, and 8.

The pointing errors parameters are assumed as σθk = 3 mrad, σφk
= 2 mrad, and

ξ = 1.23 for high pointing errors case and σθk = 1 mrad, σφk
= 0.5 mrad, and

ξ = 12.8 for low pointing errors case. In Fig. 7.7, as the value of ξ increases from

ξ = 1.23 to ξ = 12.8, the performance of the multiple ORSs system improves in

all three cases M = 2, 4, and 8. This is because, low values of ξ depict the higher

severity of pointing errors, which deteriorate the system performance. Moreover,

the SNR gains obtained by the multiple ORSs system for ξ = 1.23 and ξ = 12.8

are given in Table 7.3. It is clear from Table 7.3 that the SNR gains achieved for
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Table 7.3: SNR gain comparison in Fig. 7.7

Outage Probability 10−2 SNR gain

ξ = 1.23 ξ = 12.8

M = 4 over M = 2 14 dB 12 dB

M = 8 over M = 4 9 dB 8 dB

the high pointing errors case (i.e. ξ = 1.23) are higher than the low pointing errors

case (i.e. ξ = 12.8). Similar outage performance trends are observed for imperfect

CSI under different pointing error coefficients ξ = 1.7, 3.1, and 6.6 in Fig. 7.8. It is

also observed from the plots that increasing M considerably improves the outage of

the system, since the outage performance directly depends on M as given by (7.31).

For instance in Fig. 7.8, at γ = 32 dB, the outage probability value for M = 2

is 2.02 × 10−1. Similarly, the outage values for M = 4 and 8 are 4.09 × 10−2 and

1.67× 10−3, respectively.
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Fig. 7.9: Average SER performance under imperfect CSI for different number of ORSs

In Fig. 7.9, the average SER performance for imperfect CSI case is presented for

M = 2, 4, 6, and 8. It is evident that by increasing M , average SER performance of

the system also improves significantly. It is also noticed from the outage and average

SER performances in Fig. 7.8 and 7.9 that the curves are saturated at high-SNR

region and attain outage and average SER floor values equal to P
(I)fixed

out and P
(I)
efixed

as given by (7.33) and (7.37), respectively. In addition, the asymptotic results are

intently concur with the analytical results at the high-SNR region, which affirms the
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accuracy of the asymptotic analysis.

In Fig. 7.10, the average SER performance of the proposed system is shown for

imperfect CSI case with correlation coefficient δ = 0.7, 0.8, 0.9 and perfect channel

case with δ = 1. It is seen that the increasing values of correlation coefficient

enhances the average SER performance. For example, at γ = 22 dB, the average

SER values for δ = 0.7, 0.8, 0.9 are 8.6 × 10−3, 5.5 × 10−3, 2.3 × 10−3, respectively.

It is due to the fact that high value of δ implies less errors in channel estimation.

Furthermore, it is evident from Fig. 7.8, 7.9, and 7.10 that the simulation results

intently coincide with the analytical results, which approves our derived outage and

average SER expressions for imperfect CSI case.
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Fig. 7.10: Average SER performance under imperfect CSI for various correlation coefficients
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In Fig. 7.11, it is observed that the multiple ORS-assisted FSO system performs

better than the multiple parallel relay FSO system, which utilizes DF relaying pro-

tocol with maximum instantaneous SNR-based relay selection technique, especially

in the SNR region γ < 22 dB. Further, it can be seen that the relay-aided system

achieves an average SER of 1.6 × 10−3 for M = 8 at γ = 10 dB, whereas for the

same SNR, the ORS-assisted system attains the average SER values of 5.1 × 10−4

and 3.9× 10−4 under IM/DD and HD techniques, respectively. This is because, the

decoding errors effect in the DF relaying system dominate compared to the cascaded

channel effect in the ORS-assisted system, which is also observed in case of perfect

CSI in Fig. 7.3. As a result, the performance of the system degrades.

7.7 Chapter Summary

In this chapter, the performance of a multiple ORSs-aided FSO system was ex-

amined considering a selection scheme, which selects the best ORS for transmission,

assuming atmospheric turbulence, attenuation, pointing errors, and imperfect CSI

conditions. Moreover, the closed-form expressions for outage probability and aver-

age SER were obtained from the derived statistical functions for both perfect and

imperfect CSI cases. According to the analytical findings, it was inferred that the

errors due to imperfect CSI significantly impacts the system performance and the

performance of the proposed system improves with the usage of more number of re-

flecting surfaces. Finally, multiple ORSs-aided FSO system outperformed multiple

DF-relaying based FSO system under both perfect and imperfect CSI scenarios.
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Chapter 8

Conclusions and Future Work

8.1 Concluding Remarks

The purpose of this thesis is to investigate the techniques for improving the re-

liability and performance of FSO communication system. Several system models,

including hard-switching-based hybrid FSO/RF system, MRC-based and adaptive

combining-based hybrid FSO/RF systems, ORS-assisted OSSK-based MIMO-FSO

system, and multiple ORSs-aided FSO systems were studied to demonstrate substan-

tial performance enhancements over single-link FSO systems. The key concluding

remarks of the thesis are outlined as follows.

• In Chapter 3, a comprehensive performance analysis of hybrid FSO/RF system

was presented by assuming a single-threshold-based hard-switching scheme

over the most generalized fading channel models, i.e. Malaga distribution

for modeling FSO link and α-η-κ-µ distribution for modeling RF link. The

asymptotic expressions, which are easily tractable, were derived for outage

probability, average SER, and ergodic capacity and based on the asymptotic

expressions, the diversity gain and coding gain were determined for different

scenarios. In addition, the condition for obtaining full diversity gain from both

the FSO and RF links was also discussed. The performance plots of other well-

known FSO and RF distributions, which can be used in different applications/
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scenarios, were obtained as special cases of these generalized distributions. We

also obtained the optimum switching threshold SNR and beam waist values,

which minimize the average SER and outage probability as well as maximize

the ergodic capacity, using numerical optimization technique. Further, the im-

pact of zenith angle and wind velocity on the performance of hybrid FSO/RF

satellite communication system was also investigated. It is concluded that the

hybrid FSO/RF system performs better than the FSO-based SSC and single-

link FSO systems and better coding gain is obtained for the scenarios with

high pointing errors, strong turbulence, longer link distance, high attenuation,

high zenith angle, and high wind speed due to higher probability of usage of

backup RF link.

• In Chapter 4, the novel closed-form expressions for the PDF and CDF of the

MRC of FSO and RF links were derived over the generalized fading mod-

els, namely Malaga and α-η-κ-µ distributions, respectively. With the aid of

the obtained statistical functions, the unified closed-form expressions for the

performance metrics such as outage probability and average SER for MRC-

based and adaptive-combining-based hybrid FSO/RF systems were derived

considering non-zero boresight pointing errors. From the simpler asymptotic

expressions, diversity gains of MRC-based and adaptive-combining-based hy-

brid systems were determined for various cases and the conditions to obtain

full diversity gain from both the hybrid systems were also reported. We also

obtained the optimal performance of adaptive combining scheme by determin-

ing optimum switching threshold SNR and beam waist values. Further, it was

inferred that the average SER of adaptive-combining-based hybrid system op-

erating at the optimum switching threshold SNR value γoptT was equal to the

average SER of the MRC-based hybrid system. From the numerical analysis,

it was observed that the hybrid system with MRC and adaptive combining

schemes perform better than the single-link FSO system and hybrid system

with the single-threshold-based hard-switching scheme.
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• In Chapter 5, the ergodic capacity performance of the hybrid FSO/RF system

was analyzed by utilizing the adaptive-combining-based switching scheme over

the generalized Malaga and κ–µ distributions. Specifically, the unified closed-

form expression for the ergodic capacity was derived in terms of extended

generalized bivariate Meijer G-function and bivariate Fox’s H- function, which

embraces various FSO and RF channel distributions as well as two types of

FSO detection techniques (i.e. IM/DD and HD). Apart from modeling at-

mospheric turbulence using the generalized Malaga distribution, the non-zero

boresight pointing errors and path loss have been taken into consideration

for modeling the combined FSO channel. Moreover, the analytical expres-

sion for computing the optimum transmit beamwidth was derived and also

validated using numerical optimization technique. Numerical results revealed

that the adaptive-combining-based hybrid FSO/RF system performs better

in terms of normalized ergodic capacity than the single-link FSO system un-

der various channel conditions. In addition, it was also observed that the

ergodic capacity performance (in terms of Gbps) of the adaptive-combining-

based hybrid FSO/RF system is also better than the MRC-based and hard-

switching-based hybrid FSO/RF systems. Finally, it can be concluded that

the RF backup link in hybrid FSO/RF systems, i.e., hard-switching-based and

adaptive-combining-based helps in improving the reliability of FSO commu-

nication to a larger extent by compromising on the ergodic capacity in the

low-SNR region to a smaller extent.

• In Chapter 6, an ORS-assisted OSSK-based MIMO-FSO system was proposed

with an aim of mitigating the blockage in OSSK-based MIMO FSO systems.

Specifically, the average PEP, the upper bound on average BER, and lower

bound on ergodic capacity were evaluated over Malaga distributed turbulence

along with pointing errors. Further, the asymptotic expressions for average

BER and ergodic capacity were derived and diversity gain of the proposed

system was also obtained. The numerical results showed that the average
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BER and ergodic capacity performances were significantly improved as Nr

increases and the maximum capacity achieved was log2Nt. It was also con-

firmed from the analytical results that the effect of turbulence and pointing

errors on the performance of the proposed system was not very significant,

unlike the conventional FSO system, due to the usage of the OSSK scheme.

Since ORS is assumed to be equivalent to a reflecting mirror which redirects

the incident optical signal to the destination receiver with non-reconfigurable

surfaces, the performance is almost similar or slightly better than the sys-

tem without ORS. This alleviates the requirement of LoS transmission for the

OSSK-based MIMO-FSO system and the proposed system also emerged as a

better alternative to the DF relaying system.

• In Chapter 7, the performance of a multiple ORSs-assisted FSO system, which

is based on the selection of the best ORS from M number of available ORSs,

was investigated. The main purpose of introducing the selection of ORS in the

FSO system is to minimize the LOS blockage in the FSO channel as well as to

improve the performance compared to the existing single ORS-assisted FSO

system (i.e. M = 1). Firstly, the end-to-end channel statistics were obtained

for both perfect and imperfect CSI cases by including the factors such as atmo-

spheric turbulence, pointing errors, and atmospheric attenuation in the FSO

channel model. With the aid of the above-derived statistics, the unified ex-

act closed-form expressions for the outage probability and average SER were

obtained for two cases, i.e. perfect CSI and imperfect CSI. Furthermore, an

asymptotic analysis, which is mathematically more tractable, was presented

and the diversity gain of the multiple ORSs-assisted FSO system was deter-

mined. From the analytical results, it was clear that the performance of the

proposed system improves with increasing the number of reflecting surfacesM

and higher SNR gains were obtained under unfavourable conditions such as

strong turbulence, high pointing errors, and foggy weather.
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Fig. 8.1: Multiple ORSs-assisted FSO system model

8.2 Future Research Scope

There are several potential directions for expanding the scope of this thesis and

improving the reliability, performance, and applicability of FSO communication

systems. The following are some suggested avenues for further research on the

FSO systems:

• In this thesis, the multiple ORSs-assisted FSO system was analyzed by consid-

ering a single reflecting element in each ORS. Further, to improve the SNR of

the overall system, multiple elements can be included in each ORS. Therefore,

as a part of our future work, a multiple ORSs-assisted FSO system model will

be proposed with arbitrary number of reflecting elements in ORSs as depicted

in Fig. 8.1. Further, its performance will be analyzed by incorporating the

turbulence, pointing errors, and weather attenuation. In addition, the effects

of imperfect CSI and imperfect phase compensation of ORS on the multiple

ORSs-assisted FSO system will also be considered for more practical scenario.

• In prior works, the RIS-assisted hybrid FSO/RF system was studied based on

hard-switching scheme only. In this regard, the RIS-assisted hybrid FSO/RF

system can be explored with novel switching schemes such as SSC, SEC, and

adaptive combining, which can provide better performance. The spatial mod-

ulation techniques such as OSSK and OSM, which provide higher spectral
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Fig. 8.2: RIS-assisted Mixed FSO/THz system

efficiency, can also be considered for the proposed RIS-assisted hybrid system.

Moreover, the performance of the proposed RIS-assisted hybrid FSO/RF sys-

tem can be investigated in terms of various performance metrics.

• The combination of RIS-assisted FSO and RIS-assisted RF subsystems can be

further extended to various scenarios such as relay-based RIS-assisted mixed

FSO/RF system, SC-based hybrid FSO/RF, and MRC-based hybrid FSO/RF.

Additionally, different statistics based on the instantaneous SNRs of FSO and

RF links can be obtained to analyze the performance of the proposed system

models for the RIS-assisted FSO/RF system.

• The millimeter (mmWave) frequencies have been introduced in 5G commu-

nications with the aim of providing high data rates. However, the upcoming

6G technology will push the frequency band to the terahertz range, which

is between 0.1 THz and 10 THz, aiming to meet higher demands for band-

width and data rates. In this regard, Terahertz (THz) communication assisted

by FSO will be the new frontier for meeting the demands of next-generation

wireless communications. Therefore, a backhaul network enabled with hy-

brid FSO/THz communication will be considered assuming hard-switching

and adaptive combining switching schemes and its system performance will be

analyzed.

• Both FSO and THz communications experience significant interference when
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there are obstructions in the LOS path. In such situations, the use of RIS with

the FSO and THz communication can provide an alternate path for its data

transmission Therefore, a RIS-assisted mixed THz/FSO system as shown in

Fig. 8.2 will also be proposed to enhance the coverage and reliability, while

delivering high data rates and extensive bandwidth. In addition, the exact

and asymptotic bounds of the performance metrics, including outage, average

SER, and capacity, will be derived for the proposed mixed system.
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Appendix A

Expressions for α and β

The expressions for large scale and small scale turbulence parameters, α and β, in

case of terrestrial communication are, respectively, given by [168, eq. (2)]

α =
[
exp

(
0.49χ2

(
1 + 0.56χ12/5

)−7/6
)
− 1
]−1

,

β =
[
exp

(
0.51χ2

(
1 + 0.69χ12/5

)−5/6
)
− 1
]−1

, (A.1)

where χ2 = 0.5C2
nk

7/6
n L11/6 is the Rytov variance for terrestrial communication. For

satellite communication scenario, the parameters α and β depend on the satellite

height ‘H’, which is above the ground level [76]. Additionally, the refractive index

parameter C2
n(h) is defined in terms of altitude h and wind speed vS as [76, eq. (9)]

C2
n(h) = 0.00594(vs/27)

2(10−5h)10exp(−h/1000) + 2.7× 10−16exp(−h/1500)

+ 1.7× 10−14exp(−h/100). (A.2)

It is to be noted that the modeling of turbulence parameters α and β are different

for uplink and downlink scenarios. The large scale turbulence parameter α includes

the beam-wander-induced pointing errors for uplink case, as the turbulent eddy size

is larger than the transmitter beam size. The expressions for α and β for uplink
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case are, respectively, given by [76, eq. (7a, 7b)]

α =

5.95(H − h0)
2sec2(θZ)

(
2W0

r0

)5/3(
∆pe

Wp

)2

+ exp

 0.49σ2
UL(

1 + 0.56σ
12/5
UL

)−7/6

− 1


−1

,

β =

exp
 0.51σ2

UL(
1 + 0.69σ

12/5
UL

)−5/6

− 1


−1

, (A.3)

whereW0 is the laser beam size at the transmitter, h0 is the ground station aperture

height, θZ denotes the zenith angle, Wp = W0

√(
1− Ls

F0

)2
+ 4L2

s

k2nW
4
0
is the received

laser beam size. Here, F0 denotes the curvature radius of the phase front at the

transmitter. Further, r0 denotes the fried parameter and expression for the same is

given by

r0 =

[
0.42sec(θZ)k

2
n

∫ H

h0

C2
n(h)dh

]− 3
5

. (A.4)

In (A.3), ∆pe = σpe/Ls represents the beam-wander-induced pointing errors param-

eter, σ2
pe denotes the variance of beam-wander-induced pointing errors, Ls =

H−h0

cos(θZ)

is the propagation distance between satellite and ground station in meters, and σ2
UL

is the Rytov variance for uplink scenario. Moreover, the expressions for σ2
UL and σ2

pe

are, respectively, given by

σ2
UL = 2.25 k

7
6
n (H − h0)

5
6 sec

11
6 (θZ)

∫ H

h0

C2
n(h)

(
1− h− h0

H − h0

) 5
6
(
h− h0
H − h0

) 5
6

dh,

(A.5)

σ2
pe = 0.54(H − h0)

2sec2(θZ)

(
λf
2W0

)2(
2W0

r0

)5/3
[
1−

(
4π2(W0)

2/r20
1 + 4π2(W0)2/r20

) 1
6

]
.

(A.6)

The effect of beam-wander-induced pointing errors is neglected in case of down-

link scenario, as the beam size when reaches the atmosphere is much larger than the

turbulent eddy size. So the turbulence parameters, α and β, for downlink scenario
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are, respectively, expressed as [207, eq.(6, 7)]

α =

[
exp

(
0.49σ2

DL

(
1 + 1.11σ

12/5
DL

)−7/6
)
− 1

]−1

,

β =

[
exp

(
0.51σ2

DL

(
1 + 0.69σ

12/5
DL

)−5/6
)
− 1

]−1

, (A.7)

where σ2
DL denotes the Rytov variance for downlink scenario and is defined as

σ2
DL = 2.25k

7
6
n sec

11
6 (θZ)

∫ H

h0

C2
n(h)(h− h0)

5
6dh. (A.8)
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Appendix B

B.1 Convergence Test for fγRF
(γ)

In this section, a Cauchy ratio test is performed on the infinite series given in

(4.21), which is the PDF fγRF
(γ), to test its convergence. According to the Cauchy

ratio test,
∑∞

l=0 xl is said to be absolutely convergent, if it satisfies the condition

given below [186, eq. (0.222)]

lim
l→∞

∣∣∣∣xl+1

xl

∣∣∣∣ < 1, (B.1)

For the infinite series given in (4.21), the power series coefficient is obtained in the

form of a summation as

xl =
l∑

m=0

cl(−l)mγα̃(µ+m)−1exp
(
−γα̃/2γα̃RF

)
m!Γ(µ+m)2µ−mγ

α̃(µ+m)
RF

. (B.2)

Now, the series coefficient can be further simplified by assuming m = l, which is the

last term of the series, and is given by

x̂l =
cl(−1)lγα̃(µ+l)−1exp

(
− γα̃

2γα̃
RF

)
Γ(µ+ l)2µ−lγ

α̃(µ+l)
RF

(B.3)
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Further, by using (B.3) and (B.1), the ratio of series coefficients can be written as

∣∣∣∣ x̂l+1

x̂l

∣∣∣∣ =
∣∣∣∣∣∣∣∣∣
cl+1(−1)l+1γα̃(µ+l+1)−1exp

(
− γα̃

2γα̃
RF

)
Γ(µ+l+1)2µ−l−1γ

α̃(µ+l+1)
RF

cl(−1)lγα̃(µ+l)−1exp

(
− γα̃

2γα̃
RF

)
Γ(µ+l)2µ−lγ

α̃(µ+l)
RF

∣∣∣∣∣∣∣∣∣ (B.4)

∣∣∣∣ x̂l+1

x̂l

∣∣∣∣ = A1
2

µ+ l

(
γ

γRF

)α̃

(B.5)

where A1 = cl+1

cl
is a decreasing function with respect to l [165, eq. (15)], [165, eq.

(31)] and it tends to zero for l → ∞. It can be clearly seen that for a finite value

of γ and γRF , (B.5) will be tending to zero by applying the limit l → ∞. This

eventually shows that the condition given in (B.5) is satisfied. Therefore, it can be

inferred that the PDF fγRF
(γ), which is given by (4.21) with an infinite series is

absolutely convergent.

B.2 Convergence Test for fγMRC
(γ)

The convergence test for fγMRC
(γ) can be initiated similar to the Cauchy ratio

test performed for fγRF
(γ). From (4.25), the power series coefficient can be obtained

as

yl,i = C2
(−1)lcl(−1)iΓ(α̃(µ+ l + i))

l!Γ(µ+ l)2µ−l+ii!γ
α̃(µ+l+i)
RF

γα̃(µ+l+i)−1

×
β∑

d=1

tdG
3p 1
p+1 3p+1

B2γ

∣∣∣∣∣∣∣
1,K1

K2, 1− α̃(µ+ l + i)

 (B.6)

Since there are two infinite power series in (4.25), the coefficient in (B.6) depends

on two variables (i.e. l and i). The condition for the convergence of (4.25) is given
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by

lim
l→∞,i→∞

∣∣∣∣yl+1,i+1

yl,i

∣∣∣∣ < 1, (B.7)

Further, the ratio of the series coefficients is given by

∣∣∣∣ ŷl+1,i+1

ŷl,i

∣∣∣∣ =
∣∣∣∣∣A2

(
γ

γRF

)2α̃ [
α̃ + 1

l i
+

1

i
+

1

l

]∣∣∣∣∣ (B.8)

where A2 =
cl+1

∑β
d=1 tdG

3p 1
p+1 3p+1

(
B2γ

∣∣∣∣ 1,K1

K2,1−α̃(µ+l+i+2)

)
cl

∑β
d=1 tdG

3p 1
p+1 3p+1

(
B2γ

∣∣∣∣ 1,K1

K2,1−α̃(µ+l+i)

) is a constant for all l and i. By

applying the limits l → ∞ and i → ∞, the expression in (B.8) will be tending to

zero, which satisfies the condition given in (B.7). Hence, it is clear that the PDF

fγMRC
(γ), which is given by (4.25), is also absolutely convergent.

211



Appendix C

C.1 Proof of Theorem 6.1

We assume Ukij = |Zkij|, where Zkij = hki − hkj. Utilizing [132, eq. (9)], the

PDF of Zkij is given by

fZkij
(z) =

∫ ∞

0

fhki
(z + x)fhkj

(x)dx. (C.1)

Substituting fhki
(·) and fhkj

(·) from (6.14) in (C.1) and employing [208, eq. (2.24.1.3)],

we get the PDF fZkij
(z) as

fZkij
(z) =

(A1A2ζ)
2B1B2

16A0hℓ

β1∑
p=1

β2∑
q=1

β1∑
r=1

β2∑
s=1

b(1)p b(2)q b(1)r b(2)s

∞∑
n=0

(
−B1B2

A0hℓ

)n
zn

n!
G 5 6

7 7

1

∣∣∣∣∣∣∣
N3

N4

 ,

(C.2)

where N3 = [0, n − ζ + 1, n − α2 + 1, n − q + 1, n − α1 + 1, n − p + 1, ζ] and N4 =

[ζ−1, α2−1, s−1, α1−1, r−1, n− ζ, n]. Therefore, the PDF of Ukij can be written

as [132]

fUkij
(u) = 2fZkij

(u). (C.3)

Further, by substituting (C.2) in (C.3), the final expression for fUkij
(u) is obtained

as (6.17).
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C.2 Proof of Theorem 6.2

The PDF of the instantaneous SNR of kth FSO link γkij = U2
kijγFSO is written

in terms of PDF of Zkij as

fγkij(γ) =
1√

γγFSO

fZkij

(√
γ

γFSO

)
. (C.4)

Substituting fZkij
(·) from (C.2) in (C.4), we get the PDF of γkij as

fγkij(γ) =
(A1A2ζ)

2B1B2

16A0hℓ

β1∑
p=1

β2∑
q=1

β1∑
r=1

β2∑
s=1

b(1)p b(2)q b(1)r b(2)s

×
∞∑
n=0

(
−B1B2

A0hℓ

)n
γ

n−1
2

n!γ
n+1
2

FSO

G 5 6
7 7

1

∣∣∣∣∣∣∣
N3

N4

 (C.5)

Further, to calculate the PDF of overall instantaneous SNR, which is given as γij =

γFSO

Nr∑
k=1

U2
kij =

Nr∑
k=1

γkij, we use MGF-based approach. The MGF of the γij is given

by

Ψγij(−t) =
Nr∏
k=1

Ψγkij(−t), (C.6)

where Ψγkij(−t) is the MGF of γkij and is calculated as

Ψγkij(−t) =
∞∑
n=0

Cnt
−n+1

2 , (C.7)

where

Cn =
(A1A2ζ)

2B1B2

16A0hℓ

β1∑
p=1

β2∑
q=1

β1∑
r=1

β2∑
s=1

b(1)p b(2)q b(1)r b(2)s

(
−B1B2

A0hℓ

)n Γ
(
n+1
2

)
n!γ

n+1
2

FSO

G 5 6
7 7

1

∣∣∣∣∣∣∣
N3

N4


Substituting (C.7) in (C.6) and utilizing [186, eq. (0.314)], we can write Ψγij(−t) as

Ψγij(−t) =
∞∑
n=0

Dnt
−n+Nr

2 , (C.8)
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where D0 = CNr
0 and Du = 1

uC0

u∑
m=1

(mNr − u+m)CmDu−m. Further, by taking the

inverse Laplace transform of Ψγij(−t), the PDF of γij can be obtained as (6.18).
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Appendix D

Proof of Theorem 7.1

From (7.9), let us assume h̃k = ρ1 + ρ2 as the sum of two independent random

variables, where ρ1 = δhk and ρ2 =
√
1− δ2ϵ. Furthermore, the PDF of E is given

by

fρ2(y) = K1 exp
(
−K2y

2
)
, (D.1)

where K1 =
1√

2π(1−δ2)σ2
e

and K2 =
1

2(1−δ2)σ2
e
. Using the convolution theorem, we can

write the PDF of Ĩj as

fh̃k
(t) =

∫ ∞

0

fρ1(x)fρ2(t− x)dx , (D.2)

where fρ1(x) =
1
δ
fhk

(
x
δ

)
. By substituting (D.1) in (D.2) and after writing the expo-

nential function in (D.1) in terms of Meijer G-function using [187, 07.34.03.0228.01],

we get the following integral

fh̃k
(t) = BkK1 exp

(
−K2t

2
) ∞∑

n=0

(2K2)
n

n!
tn

×
∫ ∞

0

xn−1G 5 0
1 5

Dk

δ
x

∣∣∣∣∣∣∣
ρj + 1

C2k

G 1 0
0 1

K2x
2

∣∣∣∣∣∣∣0
 dx (D.3)

215



Finally, by utilizing [187, 07.34.21.0013.01], the above integral is evaluated as

fh̃k
(t) =

BkK1

π2
exp

(
−K2t

2
) ∞∑

n=0

2P1K
n
2
2

n!
G1kt

n (D.4)

It can be observed from (7.9) that ϵ ∈ R. However, in case of a practical

channel, the channel gain values are positive. Therefore, by assuming the negative

channel values as zero [109], the PDF fh̃k
(t) can be rewritten as (7.10), where

I
(k)
0 =

∫∞
0
fh̃k

(t)dt. After substituting (D.4) in place of fh̃k
(t) and using [186, eq.

(3.381.4)], we get I
(k)
0 as (7.11).
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[57] A. I. Abdulgani, Ö. A. Serdar, E. Eylem, and D.-A. Lütfiye. Performance

analysis of free space optical communication systems over imprecise malaga

fading channels. Optics Communications, 457:124694, 2020.

223

https://arxiv.org/abs/2001.05715
https://arxiv.org/abs/2001.05715


[58] M. Z. Chowdhury, Md. Shahjalal, S. Ahmed, and Y. M. Jang. 6G wireless

communication systems: Applications, requirements, technologies, challenges,

and research directions. IEEE Open Journal of the Communications Society,

1:957–975, 2020.

[59] D. Serghiou, M. Khalily, T. W. C. Brown, and R. Tafazolli. Terahertz chan-

nel propagation phenomena, measurement techniques and modeling for 6G

wireless communication applications: A survey, open challenges and future

research directions. IEEE Communications Surveys & Tutorials, 24(4):1957–

1996, 2022.

[60] C. -X. Wang et al. On the road to 6G: Visions, requirements, key technologies,

and testbeds. IEEE Communications Surveys & Tutorials, 25(2):905–974,

2023.

[61] W. Jiang, B. Han, M. A. Habibi, and H. D. Schotten. The road towards 6G:

A comprehensive survey. IEEE Open Journal of the Communications Society,

2:334–366, 2021.

[62] N. -N. Dao et al. Survey on aerial radio access networks: Toward a compre-

hensive 6G access infrastructure. IEEE Communications Surveys & Tutorials,

23(2):1193–1225, 2021.

[63] Z. Ghassemlooy, S. Arnon, M. Uysal, Z. Xu, and J. Cheng. Emerging optical

wireless communications-advances and challenges. IEEE Journal on Selected

Areas in Communications, 33(9):1738–1749, 2015.

[64] M. Z. Chowdhury, M. T. Hossan, A. Islam, and Y. M. Jang. A comparative

survey of optical wireless technologies: Architectures and applications. IEEE

Access, 6:9819–9840, 2018.

[65] A. Jahid, M. H. Alsharif, and T. J. Hall. A contemporary survey on free

space optical communication: Potentials, technical challenges, recent ad-

224



vances and research direction. Journal of Network and Computer Applications,

200:103311, 2022.

[66] V. W. S. Chan. Free-space optical communications. Journal of Lightwave

Technology, 24(12):4750–4762, 2006.

[67] E. Ciaramella, Y. Arimoto, G. Contestabile, M. Presi, A. D’errico, V. Guar-

ino, and M. Matsumoto. 1.28-tb/s (32× 40 gb/s) free-space optical WDM

transmission system. IEEE Photonics Technology Letters, 21(16):1121–1123,

2009.

[68] K. Su, L. Moeller, R. B. Barat, and J. F. Federici. Experimental comparison

of performance degradation from terahertz and infrared wireless links in fog.

JOSA A, 29(2):179–184, 2012.

[69] S. Zhang, S. Watson, J. J. McKendry, A. Massoubre, D.and Cogman, E. Gu,

R. K. Henderson, A. E. Kelly, and M. D. Dawson. 1.5 gbit/s multi-channel vis-

ible light communications using CMOS-controlled GaN-based LEDs. Journal

of Lightwave Technology, 31(8):1211–1216, 2013.

[70] M. Z. Chowdhury, M. K. Hasan, M. Shahjalal, M. T. Hossan, and Y. M.

Jang. Optical wireless hybrid networks: Trends, opportunities, challenges, and

research directions. IEEE Communications Surveys & Tutorials, 22(2):930–

966, 2020.

[71] M. Alzenad, M. Z. Shakir, H. Yanikomeroglu, and M.S. Alouini. FSO-based

vertical backhaul/fronthaul framework for 5G+ wireless networks. IEEE Com-

munications Magazine, 56(1):218–224, 2018.

[72] A. Douik, Ha. Dahrouj, T. Y. Al-Naffouri, and M.S. Alouini. Hybrid

radio/free-space optical design for next generation backhaul systems. IEEE

Transactions on Communications, 64(6):2563–2577, 2016.

[73] H. Hemmati. Near-Earth Laser Communications. CRC Press, Boca Raton,

2020.

225



[74] H. T. Yura and W. G. McKinley. Optical scintillation statistics for IR ground-

to-space laser communication systems. Applied Optics, 22(21):3353–3358,

1983.

[75] V. Sharma and N. Kumar. Improved analysis of 2.5 Gbps-inter-satellite link

(ISL) in inter-satellite optical-wireless communication (IsOWC) system. Op-

tics Communications, 286:99–102, 2013.

[76] A. Viswanath, V. K. Jain, and S. Kar. Analysis of earth-to-satellite free-

space optical link performance in the presence of turbulence, beam-wander

induced pointing error and weather conditions for different intensity modula-

tion schemes. IET Communications, 9(18):2253–2258, 2015.

[77] J. B. Carruthers and J. M. Kahn. Multiple-subcarrier modulation for non-

directed wireless infrared communication. In proceedings IEEE GLOBECOM.

Communications: The Global Bridge, volume 2, pages 1055–1059. IEEE, 1994.

[78] T. Ohtsuki. Multiple-subcarrier modulation in optical wireless communica-

tions. IEEE Communications Magazine, 41(3):74–79, 2003.

[79] K. P. Peppas and C. K. Datsikas. Average symbol error probability of general-

order rectangular quadrature amplitude modulation of optical wireless com-

munication systems over atmospheric turbulence channels. Journal of Optical

Communications and Networking, 2(2):102–110, 2010.

[80] H. Kaushal, V. K. Jain, and S. Kar. Free Space Optical Communication.

Springer, India, 2017.

[81] N. Perlot. Turbulence-induced fading probability in coherent optical commu-

nication through the atmosphere. Applied Optics, 46(29):7218–7226, 2007.

[82] H. G. Sandalidis, T. A. Tsiftsis, and G. K. Karagiannidis. Optical wire-

less communications with heterodyne detection over turbulence channels with

pointing errors. Journal of Lightwave Technology, 27(20):4440–4445, 2009.

226



[83] S. B. Alexander. Optical communication receiver design, volume 37. SPIE

Press, 1997.

[84] J. C. Ricklin and F. M. Davidson. Atmospheric turbulence effects on a par-

tially coherent gaussian beam: implications for free-space laser communica-

tion. Journal of the Optical Society of America A, 19(9):1794–1802, 2002.

[85] H. G. Sandalidis, T. A. Tsiftsis, G. K. Karagiannidis, and M. Uysal. BER

performance of FSO links over strong atmospheric turbulence channels with

pointing errors. IEEE Communications Letters, 12(1):44–46, 2008.

[86] L. C. Andrews, R. L. Phillips, C. Y. Hopen, and M. A. Al-Habash. Theory of

optical scintillation. JOSA A, 16(6):1417–1429, 1999.

[87] L. C. Andrews, R. L. Phillips, and C. Y. Hopen. Laser beam scintillation with

applications, volume 99. SPIE press, 2001.

[88] L. Andrews and R. Phillips. Laser Beam Propagation Through Random Media.

SPIE Publications, 2nd edition, 2005.

[89] D. L. Hutt. Modeling and measurement of atmospheric optical turbulence

over land. Optical Engineering, 38(8):1288–1295, 1999.

[90] X. Zhu and J. M. Kahn. Free-space optical communication through at-

mospheric turbulence channels. IEEE Transactions on Communications,

50(8):1293–1300, 2002.

[91] M. A. Al-Habash, L. C. Andrews, and R. L. Phillips. Mathematical model

for the irradiance probability density function of a laser beam propagating

through turbulent media. Optical Engineering, 40(8):1554–1562, 2001.

[92] J. Cang and X. Liu. Average capacity of free-space optical systems for a par-

tially coherent beam propagating through non-kolmogorov turbulence. Optics

Letters, 36(17):3335–3337, 2011.

227



[93] C. Liu, Y. Yao, Y. Sun, and X. Zhao. Average capacity for heterodyne FSO

communication systems over gamma-gamma turbulence channels with point-

ing errors. Electronics Letters, 46(12):851–853, 2010.

[94] A. Farid and S. Hranilovic. Outage capacity optimization for free-space opti-

cal links with pointing errors. IEEE/OSA Journal of Lightwave Technology,

25(7):1702–1710, 2007.

[95] A. J. Navas, J. M. G. Balsells, J. F. Paris, and A. P. Notario. A unifying

statistical model for atmospheric optical scintillation. In Jan Awrejcewicz, ed-

itor, Numerical Simulations of Physical and Engineering Processes, chapter 8.

IntechOpen, Rijeka, 2011.

[96] I. S. Ansari, F. Yilmaz, and M. Alouini. Performance analysis of free-space

optical links over Málaga (M) turbulence channels with pointing errors. IEEE

Transactions on Wireless Communications, 15(1):91–102, 2016.

[97] D. Kedar and S. Arnon. Optical wireless communication through fog in the

presence of pointing errors. Applied Optics, 42(24):4946–4954, 2003.

[98] Y. Ren, A. Dang, B. Luo, and H. Guo. Capacities for long-distance free-space

optical links under beam wander effects. IEEE Photonics Technology Letters,

22(14):1069–1071, 2010.

[99] A. A. Farid and S. Hranilovic. Outage capacity for MISO intensity-modulated

free-space optical links with misalignment. Journal of Optical Communications

and Networking, 3(10):780–789, 2011.

[100] A. J. Navas, J. M. G. Balsells, J. F. Paris, M. C. Vazquez, and A. P. Notario.

Impact of pointing errors on the performance of generalized atmospheric op-

tical channels. Optics Express, 20(11):12 550–12 562, 2012.

[101] S. S. Muhammad, B. Flecker, E. Leitgeb, and M. Gebhart. Characterization

of fog attenuation in terrestrial free space optical links. Optical Engineering,

46(6):066001–066001, 2007.

228



[102] Z. Ghassemlooy, W. Popoola, and Su. Rajbhandari. Optical wireless commu-

nications: system and channel modelling with Matlab®. CRC press, 2019.

[103] U. Ketprom, S. Jaruwatanadilok, Y. Kuga, A. Ishimaru, and J. Ritcey. Chan-

nel modeling for optical wireless communication through dense fog. Journal

of Optical Networking, 4(6):291–299, 2005.

[104] I. I. Kim, B. McArthur, and E. J. Korevaar. Comparison of laser beam prop-

agation at 785 nm and 1550 nm in fog and haze for optical wireless communi-

cations. In Optical Wireless Communications III, volume 4214, pages 26–37.

Spie, 2001.

[105] M. Aharonovich and S. Arnon. Performance improvement of optical wireless

communication through fog with a decision feedback equalizer. Journal of the

Optical Society of America A, 22(8):1646–1654, Aug 2005.

[106] M. Grabner and V. Kvicera. The wavelength dependent model of extinction in

fog and haze for free space optical communication. Optics Express, 19(4):3379–

3386, 2011.

[107] X. Chen and C. Yuen. On interference alignment with imperfect CSI: Char-

acterizations of outage probability, ergodic rate and SER. IEEE Transactions

on Vehicular Technology, 65(1):47–58, 2015.

[108] J. Feng and X. Zhao. Performance analysis of OOK-based FSO systems in

Gamma–Gamma turbulence with imprecise channel models. Optics Commu-

nications, 402:340–348, 2017.

[109] L. Han, X. Liu, Y. Wang, and B. Li. Joint impact of channel estimation errors

and pointing errors on fso communication systems over F turbulence channel.

Journal of Lightwave Technology, 40(14):4555–4561, 2022.

[110] M. Petkovic, G. T. Djordjevic, and I. B. Djordjevic. Analysis of mixed

RF/FSO system with imperfect CSI estimation. In proceedings 19th Inter-

229



national Conference on Transparent Optical Networks (ICTON), pages 1–7.

IEEE, 2017.

[111] L. Han, X. Liu, Y. Wang, and X. Hao. Analysis of RIS-assisted FSO systems

over F turbulence channel with pointing errors and imperfect CSI. IEEE

Wireless Communications Letters, 11(9):1940–1944, 2022.

[112] P. Polynkin, A. Peleg, L. Klein, T. Rhoadarmer, and J. Moloney. Optimized

multiemitter beams for free-space optical communications through turbulent

atmosphere. Optics Letters, 32(8):885–887, 2007.

[113] M. Razavi and J. H Shapiro. Wireless optical communications via diversity

reception and optical preamplification. IEEE Transactions on wireless Com-

munications, 4(3):975–983, 2005.

[114] D. C. O’Brien, S. Quasem, S. Zikic, and G. E. Faulkner. Multiple input

multiple output systems for optical wireless: challenges and possibilities. Free-

Space Laser Communications VI, 6304:289–295, 2006.

[115] N. Cvijetic, S. G. Wilson, and M. Brandt-Pearce. Performance bounds for free-

space optical MIMO systems with APD receivers in atmospheric turbulence.

IEEE Journal on Selected Areas in Communications, 26(3):3–12, 2008.

[116] M. A Kashani, M. Uysal, and M. Kavehrad. On the performance of MIMO

FSO communications over double generalized gamma fading channels. In

proceedings IEEE International Conference on Communications (ICC), pages

5144–5149. IEEE, 2015.

[117] A. G.-Zambrana, C. C.-Vázquez, B. C.-Vázquez, and A. H.-Gómez. Selection
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