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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 a-n-k-p 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 x-u (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 [T, 2], B8] [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 [0, [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 [§, [, [I0]. 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



the FSO communication operates in near infrared (IR) region, which is an unlicensed
spectrum. [17], [].

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 [I8, 19, 20, 2T]. 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] 20, 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| B30, B1), B2, B3, 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



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, 143 [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:

e 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.

e 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 a-7-x-u distributions, are available

in the literature to the best of our knowledge.

e 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



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 a-n-x-u 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),
511, 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, 54l 55]. In the existing works on optical RIS [50, 51l 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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e 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.

e 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 [50, [57]. Therefore, it is crucial to study
the impact of imperfect CSI errors on the performance of the multiple ORSs-

assisted FSO system.

e 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:

e 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 a-n-k-p 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.



e 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 a-n-x-pu
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.

e 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.

e The optimum switching threshold SNR value ¥ and optimum beam waist
value wg’ " are determined, which are required for the optimal performance
of the hard-switching-based and adaptive-combining-based hybrid FSO/RF

systems.

e 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.

e 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.

e 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



to destination is modeled using the generalized Malaga distribution, including
pointing errors. With the aid of the above-obtained expressions, the PDF and
MGEF 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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e 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
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 [§| 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-
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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.






Chapter 2

Literature Review

The 5 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 6" 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

11



a) Inter-campus connectivity using FSO links  b) FSO system for surveillance and monitoring

_ Satelite-to-satellite link %
» Sy, | ,

/ Pline
/ \‘\;& : Satellite-lo-
/ PN
Nl ®

Long distance carth station-to-carth
station liak

¢) FSO links for cellular backhaul network d) Satellite communication using FSO links

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], [70L, [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 [70].

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 [IT]. 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 C?, which represents the turbulence strength [88]. The index C?
is dependent on both altitude and link distance and the typical values of C? can
vary from 107!7 to 107! [89]. Furthermore, the magnitude of intensity fluctuations
caused by atmospheric turbulence can be quantified using the scintillation index
and it is expressed as o; = E[I*]/E[I]?> — 1 [90], where E[I?]/E[I]? 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, OI]. 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] 04].
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 F'SO 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, 08]. 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} [04] 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], T00]. 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, [I06]. 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

I, = exp (—Lw;),

where w; (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] [IT0]. 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 [I09], 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 [I17] 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,
n [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 x 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 [I31] 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 [I33] 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, [I38], 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], [I40], 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 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- | FSO channel, RF | Performance
nique channel 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 | DF and AF relay | Lognormal 0%
FSO
[138] Cooperative DH | AF relay Lognormal BEP
FSO
[137] Cooperative DH | DF relay Lognormal BEP
FSO
[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
[14T1] Mixed FSO/RF DH with AF relay | Gamma-Gamma, OP, BER, EC
Nakagami-m
[142] Mixed FSO/RF DH with DF relay | Gamma-Gamma, OP, BER, EC
Nakagami-m
[143] Mixed FSO/RF DH with AF relay | DGG, Nakagami-m OP, BER
[144] Mixed FSO/RF DH with AF and | DGG, EGK shad- | OP, BEP, EC

DF relay

owed fading




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 [I47]. 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.

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
k- 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 [4I] was characterized using Gamma-Gamma distri-
bution, which can model moderate to strong turbulence conditions. In [I50], 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 [I51], [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 [I51], the outage and BER performance of a hybrid FSO/RF system

with SC scheme was analyzed over Gamma-Gamma (FSO), Malaga and Nakagami-

26



m (RF) fading channels. Similarly, in [I52], the performance of SC scheme for
hybrid system was investigated over the generalized Malaga and n — p 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 x — p 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 [I55], 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 [I56] and
a power adaptation strategy was proposed in [I57]. In [I58] and [159], the perfor-
mance of the adaptive-combining-based hybrid FSO/RF system was investigated for

terrestrial and SATCOM scenarios, respectively.
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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 a-7-
[, a-k-p, k-p, and n-p 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 a-k-1, k-p, and n-p fading models was presented in [161], [162], [163], and
[164]. Recently, a-n-k-p, 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 [I67], the exact closed-form expressions
were derived for outage probability, average BER, and normalized average capacity
considering a digital communication system over a-n-x-pu distribution.

In [168], [169], and [I70] 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
[I71]. In [I68], [I70], and [I71], 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 [I70], [I71]. The authors in [I72] 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

[4T1] 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 Q-1)-K- |1 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 | k- Zero boresight OP, BER

[148] MIMO Malaga K-l 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 | Gamma-Gamma | Nakagami-m Zero boresight OP, SER
relay

[169] DH cooperative DF | Malaga Nakagami-m Zero boresight OP, SER, aver-
relay age capacity

[T7T] Multi-hop DF relay Gamma-Gamma | Nakagami-m Zero boresight OP, EC




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 [I77], 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 [I78] 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 [I80]. 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 [I8T], 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 [I81], 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 [I82], 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 [I83] 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 [I84], 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 [I85], 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 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 | Modulation FSO/RF channel | Performance Met-
of RIS technique rics
[43] RIS-aided RF system Single M-ary PSK Rayleigh ASEP
[T76] | RIS-assisted RF system Single Binary modulation | Rayleigh OP, ABER, average
schemes channel capacity
[I77] | RIS-assisted RF system Single Binary modulation | Rician OP, ASEP, average
schemes channel capacity
[51] Cascaded RIS-assisted RF | Multiple Binary modulation | Nakagami-m OP, EC, ASEP
system schemes
[178] | RIS-assisted RF system Single SM and SSK Rayleigh Average BER
[179] | MISO system with MRT | Single RIS-phase modula- | Rayleigh OP, ASEP
scheme tion scheme
[27] RIS-assisted FSO system | Single Binary modulation | Gamma-Gamma, OP, ABER, EC
schemes F-distribution,
Malaga
[50] RIS-aided FSO system Single Binary modulation | Gamma—Gamma OP, ABER, EC
schemes
[181] | RIS-aided FSO system Single Binary modulation | Gamma—Gamma OP, ABER, EC
schemes
[182] | RIS-aided mixed FSO/RF | Two Binary PSK Gamma-Gamma,/ | OP, ASEP
with relay network Rayleigh
[183] | RIS-assisted hybrid | Two Binary PSK Gamma-Gamma,/ | OP, ABER, EC
FSO/RF system Rayleigh
[184] | UAV-based RIS-assisted | Single M-ary PSK Gamma-Gamma/ | ASER, channel ca-

hybrid FSO/RF system

Nakagami-m

pacity




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 41l B9], 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 a-n-k-u 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 7¥* and optimum beam width value wg* 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 and 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 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. 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 7, 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 [05]. Further, the small-scale fading of RF link
is described using the recently proposed a-n-k-p distribution [165], which includes
wide variety of RF fading models like a-k-p, a-n-p, k-p, n-p, 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 1,, I,, and I,
respectively. The effective channel irradiance of FSO link is given by Irgo = 1,11

The output received signals at the receiver corresponding to HD and IM /DD schemes
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are denoted as yry/pp and ypp, respectively. Let the transmitted input signal for
both the channels be x;y;/pp and xgp. The output equations for the received FSO

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

Yup = V/Ne Pr\/Irso Tup +nup, (3.1)

Y1im/DD = e Pr Irso TiM/DD + MIM/DD; (3-2)

where 7. denotes the optical-to-electrical conversion coefficient, Pg is the optical
power at the transmitter, nyy, pp represents the additive white Gaussian noise
(AWGN) with zero-mean and variance 0%, and np/pp represents the AWGN with
zero-mean and variance o7, /DD Similarly, the equation for the received baseband

RF signal is given by:

Yrr =/ Prgr hrr Trr + nrr, (3.3)

where hrp is the small-scale fading coefficient of the RF channel, Py is the trans-
mitted RF power, xrp is the transmitted MPSK symbol, ngr is the AWGN with
zero-mean and variance given by 0%, (in dBm) = Bg+ Ny+ N;. Here, By is the RF
bandwidth (in dBMHz), Ny is the noise power spectral density (in dBm/MHz), and
Ny is the noise figure. The average RF channel gain gr at 60 GHz carrier frequency

is given by [41]

4L
gr = Gt + Gr - 20 loglo ()\_> - (Cozy + Crain) L7 (34)

T

where GG, and G, represent the receive and transmit antenna gain values, L is the
link distance, A, is the wavelength of RF signal, and (4 and (y, 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) U, indicates the LOS component (b) U2
denotes the coupled to LOS component that is scattered by the eddies on the prop-
agation axis (c¢) US is the third component, which is scattered to the receiver by
off-axis eddies [95]. The probability density function (PDF) of irradiance I, of FSO

link modeled using Malaga distribution, is given by [958, eq. (24)]

e aBl,
fla(ja)_AM;ad[a Ko a2 B ) (3.5)

A _ 2aa/2 yﬁ B+a/2 (3 6)
My (a) \yB + @ ’ '

o R C

a > 0 represents the large-scale irradiance fluctuation, 5 > 0 is related to the

where

amount of small-scale irradiance fluctuation and is assumed as a natural number as
mentioned in [95], K, (-) represents the modified Bessel function of second kind of
order v [I86, eq.(8.432.1)], and I'(+) is the gamma function [I86, eq. (8.31.1)]. The
major parameters involved in the PDF of I, are mentioned in Table 3.1 Further,
the expressions used to calculate a and S for terrestrial and satellite communication
scenarios are given in the Appendix [A]

The radial displacement ¢ 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]

I, ~ Agexp(—20°/wr,,), (3.8)
where Ay = erf’(v), v = \/‘grwaL, and wr,, = %. Here, Ay represents the

fraction of the power collected at ¢ = 0, wy, is the Gaussian beam width, wy,_, is
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Table 3.1: Parameters involved in the PDF of Malaga distribution

Symbol | Description/expression

o Q' = Q4 2bpp + 2v/2bep Q cos (b4 — d)

Q Average power of LOS component (Uy)

oy Deterministic phase of LOS

OB Deterministic phase of coupled-to-LOS scatter component

Y y = 2bo(1 — p), average power of the scattered component received

by off-axis eddies

2 bo Average power of the total scatter components US & U

0 < p < 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 A\; as

Wi %wo\/l + 0\ L/Tud)?, Oo= 14— p2(L) = (0.55C2 k2L)~3/%,

(3.9)

where wy represents the beam width at L = 0, C? is the refractive index parameter,

and k, = /2\—’; is the wave number. It is to be noted that the radial displacement p

follows the Rayleigh distribution [94] 100] and using the random variable transfor-
mation in (3.§)), the PDF of pointing errors I, can be expressed as [04], eq. (11)]

2
fr,(Ip) = jgg I 0< 1, < A, (3.10)
0

where g = % represents the pointing error coefficient and o, is the jitter standard

deviation. Beers Lambert Law [94] defines the atmospheric path loss of an optical
link as [; = exp(—(,L), where (, 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 Ipso = I,1,I;. The PDF of composite

channel irradiance Ipgo = I,1,1; can be derived by using random variable transfor-
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mation as

2 B 2
I) = g byG39 | —0M— A1
fIFSO( ) dGlB (yﬁ‘i_Q/)IlAO 92 N d ) (3 )

where by = ag(aB/(yB+Q))~@+tD/2 and G’} 7 (-) 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
PFne

Yup = Irso (3.12)

UHD

Prne
71 = (y+Q)kAofl Fn

(3.13)

where E[Ipso] = (y + Q)kAol;, E[] denotes the expectation operation, and k =

géqj-l' By applying the random variable transformation using vyp = 7,Irso/[(y +

Q")kAol], the PDF of instantaneous SNR. of FSO link is given by

2 B 2 1
V9T
f’YHD Z :1))% M—_" ) (3'14)
d=1 T1lg? a,d

where By = ka B (y+Q)/(yB+Q"). Similarly, for IM/DD technique, the instanta-

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

as
P2 2
”VIM/DD—IFSO 2F77e ) (3.15)
91M/DD
2 PZp?
T = [y + )k AoL)) T, (3.16)
UIM/DD

By applying random variable transformation using yra/pp = ol ogo/[(y + Q) k AOIZ]Q,

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

B
Y
f’YIM/DD (’7) = T Z bq G? g By | = , (317)
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Combining two PDF's 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 ypso is given by

2 B 21
9" Aum Y\"|9 Tt
f’YFso(’V) = or E bdGi’g By (__> , (3.18)
7= gt a.d

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 » = 1 and 2, respectively. The
cumulative distribution function (CDF) of instantaneous SNR of FSO link ypso can

be calculated as

Vth
FWFSO(%h) :/ f’YFSO('I) dz, (3'19)
0
B 1, K,
Fopoo(yn) = Cr Y _taG 2034 [ A , (3.20)
d=1 KQ,O
where A, = Zaden g @4l gtr g ¢® g'trol e agr—l d o dir—l oo
TQTWT b 1 r r 9 2 ot = PR p Y r 5 1

2A _
M and tg = bgroteh,

3.3.2 RF channel Model

The a-n-k-p 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 hgp of a-n-r-p model is defined
as [165]

P iy
Wi =) (X4 X))+ ) _(Yi+ A% (3.21)

i=1 i=1
where agp > 0 signifies the nonlinearity of the medium, X; and Y; are mutually
independent Gaussian random processes with zero mean and variances o2 and O'Z,
respectively, A,, and A, are the mean of in-phase and quadrature components of

cluster ¢, and p, and p, are the number of in-phase and quadrature components of

multipath clusters, respectively. The PDF of envelope hrp, which follows a-n-x-p
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Table 3.2: Parameters involved in the PDF of a-n-k-p distribution

Symbol | Expression | Description
n ’f—g% Ratio of the power of in-phase to quadrature component
2y y2
K M;\,%zyag Ratio of the sum of the power of dominant components
(A Y
! to scattered waves
1 ’%ﬂ Number of multipath clusters
P ‘f Ratio of the number of in-phase and quadrature multi-
Y
path components
242
q ZZZ%;\Q 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]

[e.9]

ap h*rF—Lexp (—hor /2)
20T (p)

l!Cl

> (M)IL;L_ (2 hor), (3.22)

thF (h) =

where (u); represents pochhammer symbol, ¢y and ¢; are given in [165, eq. (30)] and
[165, eq. (15)], respectively, I'(-) is the gamma function [186} eq. (8.31.1)], and L!(-)
is defined as a Laguerre polynomials [I86, eq. (8.970.1)]. The remaining parameters
in are given in Table .

The instantaneous SNR of RF link with a-n-x-p fading distribution including

the path loss is given by

YRF = %. (3.23)
where Ypp = gR% is the average SNR of RF link. By utilizing the random variable
transformation Ygr = |hrr|*7gp/gr and after some manipulations, the PDF of

instantaneous SNR of RF link is given by

o 1 —Dm a(ptm)=1 oyry (—~Q /98
fm(v)zdzzcl( )Y exp (1) VRF), (3.24)

1=0 m=0 m!T(u + m) 2u7m7%%+m)

where & = ap/2 is used for notational ease. The CDF of instantaneous SNR of RF
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link can be written as

&

Y
P (1) / Frree (8) sz,F[Hm (u+m,27t§), (3.25)

RF

where 7(:, :) represents the lower incomplete gamma function [I86, eq. (8.350.1)].

3.4 QOutage 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 vy, then the
system will be declared to be in outage. The expression for outage probability of

hybrid FSO/RF system is given by

cht F’YFSO (%h) F’YRF (%h)a (3'26)

where F. .., (1) and F.

TRF

(7en) 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 P/" = Brso(vin) + Fypso (Yn) P, where Brso (i) represents

YFSO
the average SER during the non-outage period of FSO link and PERF represents the
average SER of RF link. The average SER during the non-outage period of FSO
link is given by

Brsol) = | " plel2) frpao (2)d, (3.27)

Vth
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where p(e|z) is the conditional SER of MPSK modulation conditioned on the in-

stantaneous SNR x and it is expressed as

plelx) = gerfc(B\/E), (3.28)

where A =1for M =2, A=2for M > 2, B =sin(n/M), and erfc(-) represents the
complementary error function. Using [I87 eq. (07.34.03.0619.01)], the conditional

SER of MPSK can be written in terms of Meijer G-function and is given by

(elr) = G2y | Bl | (329)
plelzr) = —=G?29 T . :
2/ 0,

N[ =

By using the Maclaurin series expansion of erfc(-) function [I86] eq. (3.321)], the

conditional SER can also be written as

plelz) = g - % 2% “2;@"1 f)”+] , (3.30)

Further, by substituting (3.30) and (3.18)) in (3.27), Brso(y) can be written as

Brso() = [ exfelBVE) o ada = [ 5 exte(BYE) oo (oo (331

S/

vV vV
PFSO I

where P99 is the average SER of FSO link and after simplification using [I87, eq.

(07.34.21.0013.01)], the closed form expression is given by

p 1,0.5, K,
P50 =Cy) taG Yo | A2 , (3.32)
d=1 KQ, 0
2 r
where CQ = ;;flﬂ'% and AQ = %&{%

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 [I87, eq.

(07.34.21.0084.01)], the integral I is written as [ = I; — I and the expressions for
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I, and I, are, respectively, given by

A
I = EF’YFSO ('Vth)v

= Oy Z ta Z D,G 3 3.4 (Al ;}Zﬂ‘ié{é ) ’

_ 2=l nty
where D,, = = s Vin

The average SER of RF link is given by

. / " el fon (1) (3.33)

By substituting (3.24) and (3.29) in (3.33]) and after substituting the exponential

function in its Meijer G-form using [I87, eq. (07.34.03.0228.01)], the expression for

PEF can be written as

prr_ Ad iz’: c(=Dm gy | | !
¢ 21 m! T + m) 2u—m=S4etm)
1=0 m=0 Hrm Y 0 0,0.5
td _
xG§Y 5=a dt (3.34)
TRF | ()

By solving the above expression using [187, eq. (07.34.21.0013.01)], the average SER

of RF link is given by

pir Ad S zm%“
:722 c(=Dmj

i
m! Ty + m) 20=m(27) 2

1=0 m=0 (B gr)?
.1: B
i 1
<G3 i | e , (3.35)
B*(2jYpp)’ Bs, B
where § = &(p+m), & = i/j, i and j are positive integers, B; = 1=, =0 0820

2050 By = 0,%,., 5%, and By = 00, =0

’]’ B
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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

Ohybrid - C_1FSO <7th) + F’YFSO <7th)C_’RFa (336)

where Crgo(vVi,) is the average capacity of FSO link during the non-outage period
and Cgrp is the average capacity for RF link. The average capacity of FSO link

during the non-outage period can be expressed as

Crsolm) — Wi / logs(1 + &, ) fypag ()d
0

J/

Crso
Yth
— WF/ logy(1 4 &, @) frpgo () d, (3.37)
0
o

where ¢, is a constant and for heterodyne detection (i.e. 7 = 1), e = 1 and for
IM/DD detection (i.e. r = 2), e = ¢/(27), Wp denotes the bandwidth of FSO
signal, and Cpgo is defined as the average capacity of FSO link. By substituting the
Meijer G-form of log,(1+x) [I87, eq. (07.34.03.0830.01)] in and after utilizing

[187, eq. (07.34.21.0013.01)], the average capacity of FSO link can be written as

B
~ _ 3r+2 1 0,1,K1
Crso = Cy E ta G35 5y (As| By00) s (3.38)
d=1
2 T
_ _ gAMWEF _ _By
where Cy = RCaTE) and Az = P

The integral I¢ in can be evaluated by expanding log,(1 4 x) in its series
form [188]. After substituting in (3.37), Ic can be written after simplification
using [I87, eq. (07.34.21.0084.01)] as I = I; + I, where I; and I, are, respectively,
given by

Iy = Wrlogy(2) Fypgo (1n), (3.39)
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S (n nmi i 1=, Ky
C4thz nz" ' (z>(1_2) &1 G s | A e

n=1 =0 KQ, —1

(3.40)
where z = %
The ergodic channel capacity of RF link is formulated as
C’RF = WR/ 10g2(1 + t)f,yRF(t)dt, (341)
0

where Wh is the bandwidth of RF signal. By substituting Meijer G-form of log,(1+
t) [I87, eq. (07.34.03.0830.01)] and (3.24) in (3.41) and after utilizing [I87, eq.
(07.34.21.0012.01)], Cry is expressed as

~ WRa l)m
C - ~
RF In2 Z Z m| 1-\ ) 2u7m71a%(};;+m)
1 » 2 (1— i
31 _— (_a( +m)7a)7(1_a(ﬂ+m),a)
X H3 3 (27%1? (0,1 ,(d(wm),a),(d(wm)@)) ) (3.42)

where H'y 4 () represents the Fox’s H-function [I89]. Using [I89, eq. (1.60)], the

ergodic capacity of RF link can be further simplified as

~ 00 l
_ 1 -
(0,),(1,&)
Crr = Z H3 s (Q—a (#+m,1),(0,~),(07d))’ (3.43)
=0 m=0
¢ (_l)m47n
where 05 = 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 G. and diversity gain G4 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

POI?{;O - F’;):so (%h) F’YRF (’Vth) > (3.44)
where F. . (v) is given by (3.25)) and by employing [I87, eq. (07.34.06.0040.01)] in

(3.20), F22 . (74n) is calculated as

/8 37“ BT. ’Yth K27u Al
00 _ M
F'YFSO <,Yth) - Ol ;td ; ( r2r7r ) KQ,U ) (345)
3r
H F(K2,5*K2,u)
where A = Z=H22 and K ; represents the j™ term of K;. From (3.44
31;11 F(Kl,s_KZu)

and (3.45)), it is observed that PZ”™ o (7,)7%, where G4 = min (¢?/r,a/r,1/7).

Thus, the diversity gain of the proposed hybrid FSO/RF system is given by G,.

3.7.2 SER Analysis

The asymptotic expression for average SER of hybrid FSO/RF system is given
by
P/"™ = Byso(vm) + F

[ YFSO

(yen) P2 (3.46)

where F5° (i) is given by , PR is given by and B3 () 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 [I87, eq. (07.34.06.0040.01)] in order to calculate Bgq (V1n)

and the same is given by
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2,u K2u 2 Al A %)
Brso(yn) = Ca thZAK L 5 Forso (in)

,u

Ko
+C’ZZD thz A (3.47)

~ (Kyu+n+3)

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 7pp ts assumed to be a constant are,

respectively, given by

ij) = min (gz/'r, afr, 1/r) (3.48)
e B A Ko, oo D Ko,
Ggl):(r ) tA{C’ <p€RF__)7L+C _ I
Byw dZ; - ! 2 K2,u 2; K2,u+n+ %
u 2/ A
o LT (3.49)

Proof. As Ay is assumed to be a constant, the average SER of RF link P will
also be a constant. By fixing vy, = 7(F, where 7¥* 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 7, can be expressed as

B

o Br K2,u A K2u
P = th< M ) A {01 (P;?F 2) Zt(h
2u

2r
r
d=1 Tr

o0

D,y [(Kyu + 3)
C Tt C =2 3.50
+ 2§%K2,u+n+% + Q(BQ)KMKQ,U (3.50)

where Kj,, = min (¢?/r,a/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

P~ (G,) % (3.51)
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By comparing and , the diversity and SNR gain values of the hybrid
FSO/RF system are, respectively, given by and , 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. O]

Theorem 3.2. The diversity and SNR gains of the hybrid FSO/RF system for the
case when Ypp = 7, = 7 with constant threshold SNR value vy, are, respectively,

given by

Gl(f) = min (¢°/r, /7, 1/7) (3.52)

2r i [(Ka, + 1)
@2 _ r 2u T 5
M d=1 )

o0 D ,}/Kgﬁu A ,YKQ,u 7K2,u
C _Tnlth T th 3.53
" QZKQ,u-i-n-i-% 2 1K2,u (3.53)

n=0

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. Fzpr = %, = 7. We have also fixed
the switching threshold SNR value 7y, such that the value of v, is much lower as
compared to 7. As Jpp — 00, the dominating term in is obtained by fixing
m = 0 in the inner summation and after utilizing [I87, eq. (07.34.06.0040.01)], the

asymptotic expression for the average SER of RF link is given by

. = 1\
PGRF = Cﬁ ZCZAQ (_—) s (354)
—o TRF

j 2
where Ay = [[T(Bs,y) [ T'(1-Byy), Bis and By, represent the st terms of B; and

s=2 s=i+1
Bs, respectively, and Cg= iHA ’a:}ﬁ . In this case, it is highly likely that the
ot 5

HERT T pul(p)

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 74, compared to 7. Therefore, P 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
PEE term in (3.49), the SNR gain is given by ((3.53)). O

Theorem 3.3. The diversity and SNR gains of the hybrid FSO/RF system for the
case when Fpp = 7, =7 with v = V¥ (i.e. obtaining v;¥' value corresponding to

each Jpp value) are, respectively, given by

2 1
G% = min (9— VS ap, -+ du) (3.55)
T T T
b A By Kou & 7K27u1+&#
G =[C)) 't ( M ) Cs> A 3.56
S (B5) ey (3.50

Proof. In this case, 7/¥" is obtained corresponding to each value of 7. 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 in in place of PR and
considering the dominant terms, the asymptotic expression for the hybrid FSO/RF

in terms of 7 can be expressed as

B Al Br ,yth KQ,u 0 1 KQ,u"l‘dM
pH %Clztd}Q ( 3«42 ) Cod il (%) (3.57)
d=1 u 1=0

Comparing (3.51)) and (3.57)), the diversity gain and the SNR gain are determined

as d3.55|) and (I3.56|), respectively. It is also to be noted that GE;') 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. OJ
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3.7.3 Capacity Analysis

The asymptotic capacity of the hybrid FSO/RF system is given by

Chybmd Crso(yen) + F o (ven) Crr (3.58)

where Cgp is given by (3 F22 () is given by (3.45)), and C3o (Vi) 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 nt*
order moment of the PDF of instantaneous SNR of a transmission link at n = 0.

Firstly, the n'” order moment of the FSO link is given by

2 —_\n B
rg*Aul'(a+1rn) (.7,

E bal'(d + 3.99

2r(g> 4+ rn) By, al(d+rn) (3.59)

d=1

]E[fyn] = /0 ’an’YFso (7)d7 =

Taking the first order derivative of (3.59) at n = 0, we get the asymptotic

expression for the ergodic capacity of FSO link C%%, and the same is given by

FSO on

_ rl(e)An S b, F(d){r [¢(a) +p(d) — —

n=0 d=1

ErY
+ log ( f) }, (3.60)
2 BM

where 9(-) denotes the psi function [I86, 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

nz”

Cso(nm) = Ciso — logy(2) Fyy g (ven) — [ thz

d=1 n=1

n n 3r AlAK2u
(G- oy gt (3.61)
=0
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Table 3.3: Simulation parameters of FSO and RF links

FSO/RF Parameter | Symbol | Value
Wavelength FSO Af 1550 nm
FSO transmit Power Pr 40 mW
RF transmit Power Pr 10 mW
Responsivity ng 0.5 A/W
Noise variance FSO o 10~
Jitter standard deviation O 30 cm
Phase difference Os— OB /2
Weather dependent parameters of FSO and RF links
Weather condition | ¢, (dB/km) | (rain (dB/km) | C%(m—2/3)
Clear air 0.43 0 5x 107
Light fog 4.2 0 1.7 x 10714
Moderate rain 5.8 5.6 5x 10718

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 p = 0.596 , {2 = 1.3265, by = 0.1079,
and Jpr = 5 dB, unless and otherwise stated. The list of FSO and RF parameters
considered in the simulations are given in Table The truncation accuracy of
the summation limits n and [ are listed in Table along with the corresponding
values of the average SER and the ergodic capacity for 7, = 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 P can be truncated to n = 20 and [ = 30, as n > 20 and [ > 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 Uhybm-d can be
truncated ton = 24 and | = 24, as n > 24 and [ > 24 do not have an impact on the

fourth decimal figure of the capacity values.

o7



Table 3.4: Truncation Accuracy of Summation Limits

. Truncation values | Final values of expressions
Expressions
n l 7. =5dB |7,.=15dB
10 10 0.006929 0.007646
15 20 0.000072 0.000011
P 20 30 0.000127 0.000079
25 35 0.000126 0.000079
30 40 0.000127 0.000079
10 10 2.80901 3.69061
15 15 2.82002 3.69641
Chybrid 24 24 2.81845 3.69641
28 28 2.81848 3.69642
30 30 2.81848 3.69641

3.8.1 Optimum Values of Beam Width 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 'yff:t, the average SER of hybrid
FSO/RF system is plotted against the threshold SNR. The optimum value of thresh-
old SNR fyfft 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 a-n-x-p distribution in which the optimum
threshold value is obtained as ”yto,ft = 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 4% 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 7fft 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 wg’ ' The
FSO link parameters taken into consideration are as follows: C? =1 x 10713, L =
3000 m, and average SNR 7, = 40 dB. Similarly, the RF parameters assumed here
are as follows: ar =1, 7 =2,k =05, p =25, p=1,q¢=1, Ypr =5 dB and
7" = 2 dB. From Fig. 1(b), it is observed that the minimum value of SER occurs at
wo = 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,

op
Wy

" values are obtained for other cases.

Fig. [3.3(a), shows the ergodic capacity of hybrid FSO/RF system versus switch-
ing threshold SNR ~y,. The threshold SNR for which the capacity reaches the
maximum value is chosen as the capacity optimal switching threshold SNR ’yf,ft.
The FSO link parameters are assumed as C? = 2 x 107, L = 1000 m, a = 13
cm, wy = 2 cm and 7, = 10 dB. Similarly, the RF links parameters assumed here
are as follows: ag =1, n =15,k =0.25 u = 0.5, p=1, ¢ = 1. Here, we have
taken different values of average SNR of RF link and the corresponding values of
the optimum switching threshold SNR ’yto,ft are obtained as 3,7,10, and 13 dB for
Yrr = 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 wg" for L = 3000 m. Here, the FSO links
parameters assumed are C2 = 1 x 107'% and 7, = 40 dB. Similarly, the RF link
parameters assumed are ag =1, 1 =2, k =05, u =25, p=1,g=1, Yz =5
dB and " = 2 dB. From Fig. 3.3(b), it is observed that the maximum value of

capacity occurs at wy = 4 c¢m for receive aperture radius values a = 35,40, 45, 50

cm, which is exactly the same optimum value of wy obtained in Fig|3.2{b).
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Fig. 3.2: Average SER versus switching threshold SNR v, and beam width wq

3.8.2 Outage and Average SER Performances

Remark 3.1. [t is to be noted that the performances of hybrid FSO/RF system over
different distributions assumed in Fig. and Fig. are not meant for compari-
son. In particular, the performance curves in Fig. tllustrate various distributions
that can be obtained as special cases using the generalized Malaga and a-n-k-p 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 7, and beam width wy

Table 3.5: List of FSO and RF distributions and their parameters

FSO distribu-

tion

Parameter value

Log-normal
Gamma-Gamma

K distribution

p=0,y—0
p=1,0=1,y=0
p=0,Q=0

20

RF distribu- |ag n kK n
tion

Q-K-[4 Qp P K W
K-p p oK M
Rice p k 1
Nakagami-m 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[3.0]

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 a-n-k-p distribution. The values of the parameters used to
obtain other distributions from the generalized Malaga and a-n-x-pu 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
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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. and 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 1/7,. Therefore,
in the high-SNR region, the asymptotic curves will converge and tend to match the
exact analytical results as observed in Fig. and 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
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Table 3.6: List of channel models and parameters assumed to obtain Fig. 3.4

FSO models | C2(m~2%/3) p Q bo a woPt APt
(cm) (cm) (dB)
Malaga 1x107 0.596 1.3265 0.1079 35 4 1
Log-normal 4%x107% 0 1.3265 0 16 2 3
Gamma-Gamma | 1 x 107 1 1 0 18 2 4
K distribution 4x1072 0 0 0.1079 20 2 3
RF models |agp 1 kK L p q
Q-1-K- 1 1 1 07 2 1 1
Q-K-[1 2 1 2 1.5 1 1
K~ 2 1 15 3 1 1
Rice 2 1 4 1 1
10° BNy I I I x  Simulation
NN —o— Hybrid Jzr = 5 dB
RN —o— Hybrid Jrr = 10 dB
10° \: \\:\\ Hybr}d 'ZRF i ’217.,"/“7 i 4u](iB
—o—a ey =T =
10724
o
W 10
i';"j 104
10
106
107 : : : ‘ ‘ ‘
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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. are given in Table

Fig. shows the average and asymptotic SER performances of hybrid FSO/RF
system considering different 7, values. We assume four different cases, which are
given as follows: 1) Fpp = 5 dB and vy, = Vi, 2) Fpp = 10 dB and vy, = 7", 3)
rr = 7, and i, = 4 dB, and 4) Fzp = 7, and v = 7. From Fig. [3.5, it is
observed that the hybrid FSO/RF system with 7, = 10 dB (i.e. case 2) performs
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better than the system with 7, = 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 ¥, =7, and v, = 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. ¥zp =7,), the
performance deteriorates till ¥ = 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(g?/2,«/2,1/2) as mentioned Theorem 1
and 2 assuming IM/DD scheme.

Therefore, if 75, 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 Jpp is a constant, the optimum switching threshold SNR, value ~/7" is
also fixed. Thus, the probability that the instantaneous SNR of FSO link yggo falls
below fixed ;" is very less in the high-SNR region, as 7, >> 7" 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 7zp. This is mainly due to fixed 74, 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 7y =7,
and vy, = yf,ft (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 J, varies with 7, and if ., = v,
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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 755
as noticed in Fig. |3.2(a). So the probability that ypso < 7?515 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 <§ +ap, S+ ap, % + &u), 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 ¥pr = Ypgoe = 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 Jpp = 7, and Ypso1 = Trso2 = 7, Where Ypgo; and Jpgo, 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. |3.0]
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. shows the performance comparison of FSO, hybrid FSO/RF systems
considering both IM/DD and HD schemes with asymptotic curves. We assume
C? =1 x 107! (i.e. the strong turbulence condition), L = 1000 m, a = 11 cm,
wgpt = 2 cm. The parameters of RF link are assumed as ag = 1.5, n = 2, kK = 0.75,
=2 p=5qg=1 = 5dB, and 7' = 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 1073 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 1072 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. 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 wy as given in
(3.10)). The detection technique assumed is IM/DD and the FSO and RF parameters
assumed are C2 =2 x 10713 L =2000 m, ap =1, n =15, k =5, u = 3.25, p = 1,
q¢=1,Jpr = 5 dB, and 7{¥* = 3 dB. The performance of hybrid FSO/RF system
is shown for two cases, which are given as follows: (1) a = 27 cm, wg’ " = 3 cm,
and g = 1.03 (2) @ = 35 cm, wd* = 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 ¢ = 1.03 compared to g = 2.5.
From Fig. [3.8] it is also observed that to achieve the average SER of 1072, the SNR
gain values obtained using hybrid FSO/RF system over FSO system are 5 dB and
2 dB for ¢ = 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 C? =
1x1078 o =218, =1, a =45 cm, and wy" = 4 cm and for weak turbulence
condition, we assume C2 =4 x 107, o = 8.9, 3 =8, a = 15 cm, and w)" = 4 cm.
The other parameters assumed are given as follows: L = 3000 m, ag = 2, n = 2,
k=2, p=3,p=1 qg=1, and Y = 5 dB. We have obtained the same optimum
threshold value, which is given by ’yf}ft = 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 1072 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
3.3l 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. 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. [3.10fa), 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. 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 1073 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~* 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. shows the performance of hybrid FSO/RF system for different link
distance values L under moderate turbulence condition with C? = 4x10~'* assuming
two different values of average SNR of RF link (i.e. 7z = 5 dB and 10 dB). The
RF link parameters are assumed as ag = 0.75, n =2, k = 0.5, p = 2.5, p =1, and
q = 1. The optimum threshold values are obtained as v;** = 0 dB and ~/?* = 2 dB,

respectively, for ¥, = 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 a and 8 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) wgpt Yo *| RF models | ag 1 &k u P q
(cm) (dB)

Malaga 45 4 6 Q-N-K- 14 1 2 05 05 1 1

Log-normal 16 4 7 Q-K- 4 3 1 0 07 1 1

Gamma—Gamma | 18 4 7 ) 2 1 1 05 1 1

K-distribution 35 4 7 Rice 2 1 025 1 1 1

n X  Simulations

n —&— Malaga & a-n-r-p
—+&— Log-normal & a-x-u

n Gamma-Gamma & k-u
12+ " |—e—K Distribution

= = = - Asymptotic

Normalized Capacity (bits/sec/Hz)
o]

0 10 20 30 40 50
Average SNR of FSO link (dB)

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 [3.12b) 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. [3.13shows 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 a-n-x-p distributions along with asymptotic curves. The values
of the parameters used for FSO and RF links to obtain different distributions are
given in Table . 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 Wr = 1 Hz and Wx = 1 Hz. In addition, Fig. shows
the ergodic capacity in Gbps, by assuming Wr = 1 GHz and Wi = 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 C? =1 x 107, ¢ = 11 cm, wgpt = 2 cm, and the parameters
of RF link are assumed as agr = 2, n = 2.5, k = 025, u =05, p =1, ¢g = 1,
and Jpr = 5 dB. Note that the switching threshold values obtained for IM/DD
and HD schemes are, respectively, given by 7" = 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 C? = 2 x 107!, L = 2000 m,
ar=1,1=1,k=05 pu=075p=1,q¢g=1,Fzr =5 dB, and 7,¥' = 7 dB. The

normalized ergodic capacity of hybrid FSO/RF system is shown for two cases: (1)

a =25 cm, wy =3 cm, and g = 0.86 (significant pointing errors case), (2) a = 35
cm, wg’ " = 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 ¢
as mentioned before and hence, the capacity performance deteriorates for g = 0.86
compared to g = 2.5. It is also noticed in Fig. 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
¥, >> ), 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
C? =1x10713 @ = 45 cm, and wgpt = 4 cm for strong turbulence and C? = 4x1071,
a = 15 cm, and wy” " = 4 cm for weak turbulence. In addition, other parameters
assumed are L = 3000 m, Wr =1 GHz, W =250 MHz, ag =2, =25,k =0, u =
0.6,p=1,¢=1,75gp =5 dB and 4" = 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. 3.9, and 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

C? =2x107" L = 1000 m, a = 13 cm, and w” = 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 55

8

X Simulations
—&— FSO L=1000 m
—6— Hybrid L=1000 m
—H&— FSO L=3000 m
—7— Hybrid L=3000 m

~

[}

[}

w

Normalized Capacity (bits/sec/Hz)
> IN

0 5 10 15 20 25 30
Average SNR of FSO link (dB)

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 ag = 1, n = 1.5,
k=01, u=025p=1¢=1,and 7 = 6 dB and 8 dB for 7 = 5 dB and
10 dB, respectively. Similarly, for case 2, we assume ag =2, n =1, Kk =5, u = 3,
p=1,¢=1,and 47 = 7 dB and 12 dB for 5, = 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 Ay | 1 m

Beam radius at transmitter W, 2 cm

Front phase curvature radius Fj 00

Zenith angle 0, (a) 30° (b) 60° (c) 80°

RMS wind speed v, (a) 11 m/s (b) 21 m/s (c) 31
m/s

Average SNR of RF link 7,5 5 dB

as C? =4 x 107, p = 0.95, and by = 0.25. Similarly, the RF link parameters are
assumed as ag = 0.75, 71 =2, k =0, u = 0.8, p =1, ¢ = 10, and 7" = 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 k-p 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 #; and wind speed v,. The RF link parameters are assumed
asap=2,n=1Kk=2 pu=15p=1¢=1 and 4 = 3. In Fig. [3.19(a),
the FSO-based satellite link parameters for uplink scenario are assumed as v, = 21,
31 m/s, 87 = 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 and
, also decreases and the small and large scale turbulence parameters (i.e. a and
B) increase. Since the diversity gain depends on « and f3, 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~* are given
by 4 dB, 7 dB and 2 dB, respectively, for three cases, which are give as follows: 1)
07 =30°,vs =31 m/s, 2) 0 = 60°,vs = 31 m/s, and 3) 0, = 60°, v, = 21 m/s.

In Fig. [3.19(b), the downlink average SER performance of FSO and hybrid
FSO/RF systems are compared assuming v, = 11, 21 m/s, ; = 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. 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 v, = 11, 31 m/s, #; = 60°,80°, and g = 1.5 and
the RF link parameters are assumed as ag =2, 7 =1, k = 0.25, p = 0.75, p = 1,
q =1, and ’ytofft = 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) ; = 80°,vs = 31 m/s, 2) ; = 60°,vs = 31 m/s, and 3) 0; = 60°,v, = 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 a-n-x-p 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.
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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 . However, in
case of hard-switching-based hybrid FSO/RF system discussed in Chapter , 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 [I58], 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 a-n-x-p 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 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 discusses the numerical

results and related inferences followed by concluding remarks in Section [4.§

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 [I47]. 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 = /Ny Pr VIra +n, (4.1)

Y2 = 1y Pp Ip x5 + no, (4.2)

where y, is the output baseband signals at the receiver, p = 1 indicates HD tech-
nique, p = 2 indicates IM /DD technique, x,, is the transmitted input MPSK symbols,
I denotes the combined FSO channel fading due to atmospheric turbulence, path
loss, and pointing errors, 7y is the responsivity of a photo-detector, Pr denotes the
FSO transmit power, and n, is the FSO channel noise, which is given as the sum of
two zero-mean Gaussian processes, i.e. thermal noise ny, and background noise nyy,
with variances denoted as 2 and o7, respectively. Further, the background noise
variance can be written in terms of thermal noise variance o2, as 03, = K02, where
the parameter K, signifies the amount of background noise power with respect to
thermal noise power [I91]. The overall noise variance of the FSO link is given as
07 = 03,(1 + Kp). Similarly, the received baseband MPSK modulated RF signal is
given by [41, eq. (6)]

ys = \/ PrGrhrx3 4+ ns, (4.3)

where Pg is the RF transmit power, hg is the RF fading channel coefficient, x5 is
the transmitted input symbol, and ng is the AWGN with zero-mean and variance
0% .. Here, 0%, (dB) = BrNy+ NF, where By denotes the RF bandwidth, N is the
noise spectral density (in dBm/MHz), and NF is the noise figure (in dB). Further,

G is defined as the average RF channel gain and is given by [41], eq. (7)]

4 L

Gr(dB) = G, + G, — 201log,, <E) — (Cow + Grn + Cf09> L, (4.4)

where G; and G, denote the gain values (in dB) of receive and transmit antennas,
respectively, L is the link distance, A\g is the RF wavelength, (,, and (., are the

attenuation factors due to oxygen absorption and rain, respectively, and (o4 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 [I58] eq. (2)]

Y3

Y
Yo = \/’Yp—ap + VYRF (4.5)
P

)
03

where 7, is the unified instantaneous SNR of the FSO link and ygp 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)]

YMRC = Vp T VRF (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 ~7. 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. . The instantaneous SNR of the hybrid FSO/RF

system based on the adaptive combining scheme can be written as [I58] eq. (3)]

) Vp > YT

YMRC = Vp + VRF, Vp < VT

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:

e Both FSO and RF channels transmit identical information in a symbol-by-

symbol manner under MRC and adaptive combining schemes.
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e 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.

e Both FSO and RF links operate at the same data rate when combined at the

receiver using MRC for enabling efficient diversity combining.

e Furthermore, CSI of both FSO and RF links is assumed to be perfectly avail-

able at the receiver

e [t 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 I, encountered by the FSO link follows the generalized Malaga distri-
bution and the PDF of Malaga distribution is given in Chapter [3| Section eq.
. Further, the atmospheric attenuation or path loss of the FSO link is defined
using Beers-Lambert law [168] as [; = exp((, L), where (,, 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 7 = v/ X2 + Y2, where X denotes the
displacement along the horizontal axis and modeled as Gaussian random variable
with mean and variance as m, and §2, respectively. Further, Y represents the
displacement along the elevation axis and is independently modeled as Gaussian
random variable with mean and variance as m, and (55, respectively. Thus, 7 > 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)]
fi(z) = 5% exp (—%) , (4.8)

where 62, = ((3m26; + 3m26, + 05+ 05) /2) 3 Further, the fraction of received

power at the detector I.(7) is given by [94]

Leg

R 272
I.(7) = Sy exp (_wQ ) : (4.9)

where Sy is the amount of the power received at detector # = 0 and wy,, is the
equivalent beam width. By using the random variable transformations, the PDF of

non-zero boresight pointing errors I, can be written as [144], eq. (8)]

92y 1021
fr.(l) = =1 0<1. < S, (4.10)
€ Sgeq
eq
where ¢, = u;g: denotes the pointing error coefficient and S, = €Sy. Here, ¢ is
given by
11 1 m? m;
E=e —_————— - —= = 4.11
(= 2 "2~ o o )
where g, = u;fszq and g, = u;gzq. Further, the expressions for Sy and wy,, are given
by

= —\/ﬁwL’ wLeq - % eXp(—’UQ)’

2
Sy = erf*(v), v VITo e wivTert(v) (4.12)
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where 7y represents the receiver aperture radius and and wy, is called as Gaussian

beam width, which is given by [94]

2wk _
wy, ~ wO\/l + Oo(ArL/mw)?, Op =1+ Q(%(—LO) 00(L) = (0.55C} kL) ~*/°,

(4.13)

where A\p is the FSO wavelength, wy is the beam width at L = 0, k; is the wave
number, and C? 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 m, = m, = 0 and 6, = J, = d. Further, we get ¢ = 1,
Seq = S0, and ey = 0 as well as 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 Ir = I, I, I;. 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
P p
T = |IF|"%, (4.14)
Gp
, Peny)?
5, = [+ )€ Seglif'L l;zf) : (4.15)

p

where £ = ggq / (ggq + 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

S 1L o— - : :
Yo = e sl Thus, the unified PDF of instantaneous SNR of the FSO link

can be written as [174], eq. (1)]

2 B 1 2
ge -D "}/ p ge +1
F(M =7 > 0.G1Y | By (_—> ! , (4.16)
7= /g2, ad
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where

B 20,2/2 yp p+a/2
D= y”a/?F(Q) (y6+§2') ) (4'17)
B\ B+ Q)2 - ~(a/2) g—d
= (an) e (3) 9

Gy 4 (-) denotes Meijer G function [I87, eq. (07.34.02.0001.01)], B; is given in
Table and the remaining parameters in are defined in Chapter [3, Table
3.1l Further, the unified expression for CDF of instantaneous SNR of the FSO link
vp is obtained as [174, eq. (2)]

x B 5 ) 1’,C1
@ = [ 1,00 dr=C Y uG 2 | Bar | @)
0 d=1 ’CQ,O
where K, = gegtl  gigtp having p terms, Ky = Geq 9Pl o atpol d dip-l
1 p T p s 2 D » » p T p pt p

having 3p terms, C1, t4, and By are defined in Table [4.1]
4.3.3 RF Channel Model

The RF fading channel hp follows the a-n-x-p 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

_ |hR‘27RF

4.2
GR ) ( 0)

where Ypp =G R;;T’; denotes the average SNR of RF link. Further, by applying the

power transformation of random variable, the PDF of vz is given by [174], eq. (3)]

c;(—l)mvd(“m)‘leXp(— ‘o )

rr

\ e/ (4.21)
1=0 m=0 mlr(ﬂ"”m)%_mVR(ﬁJr :
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Table 4.1: List of notations

¢y = ngé% Cy = ﬁ% Cs = ;zfﬁﬁ tg=bap Tt
My = m!r((;:i)g)gu—m My = ﬁ?&fﬁg Mz, = 2(;!1()27;1_5;217;“ By = ;ﬂBT%,

Qi = ‘(;!12)1-?;(1:) Qon = n!ﬁz((:zl/);ﬁgF Q3 = % T = a(p+m+1i)

By = o) By =g, | £= 00/t 1) | m=dlutmtn)

where &, 1, k, p, and other parameters are given in Chapter [3| Section [3.3.2] Table
3.2l Further, the CDF of ygp is determined as [I74, eq. (4)]

x&
’YRF /f’YRF dt ZZQ p— m (’u_l—m’ 27%1;

=0 m=0

>, (4.22)

where (3, :) denotes the lower incomplete gamma function [I86] eq.(8.350.1)] and
M, ,, is given in Table . 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.

(a), which confirm that (4.21)) and (4.22)) are absolutely convergent.

4.4 QOutage 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 vy re
is below a threshold value yo7r and the outage probability of the MRC scheme for

hybrid FSO/RF system can be expressed as

P]?/}L]{EC = F’Y]MRC (70T> = /0 f'YMRC (7)(17’ (4'23)
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where F.,, .. (-) and f,,,..(-) represent the CDF and the PDF of the vy pc, respec-
tively. Since the FSO and RF links are statistically independent, the integral to

evaluate the PDF of varrc = 7, + Yrr can be written as

P () = / "o () e (1 — 1)t (4.24)

By substituting (4.16)) and (4.21]) in (4.24]), we obtain f.,, ... (7) by expanding exp <—(;;—at)a>
RF

term and using [I87) eq.(07.34.21.0084.01)] as

b 1K,
f'V]WRC (7) = Cqy Z la Z Z My o, Z Q™™ 1G}Efl Sp{i-l By )

d=1  1=0 m=0 Koyl —m1

(4.25)

where Cy, 71, My 1, and Q1 ; are defined in Table Further, by substituting (4.25)
n (4.23)) and by using [I87, eq. (07.34.21.0084.01)], the CDF of vyre is derived as

1—7,1,K
VMRC =0y Z ta Z Z M, m Z Ql ’:UTIGprZ 3p2+2 Bax " 1

d=1  1=0 m=0 Ko, 1 —1,—7

(4.26)

Thus, the outage probability for a given threshold SNR value vor can be calculated
by replacing x with yor in (4.26]).

It is to be noted that the PDF and CDF expressions in and consist
of two infinite series. Thus, a convergence test for is presented in Appendix
and convergence of is shown in Fig. (b). From these convergence

tests, it is evident that and 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 ~,., which is given by (4.7)), is lesser than the outage threshold
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Yor, then the system will be declared to be in the outage. The outage probability

for the same can be expressed as [155]

P = F, (Yor) (4.27)

where F, (z) is the CDF of 4. and is given by [155] eq. (7)]

F, (z) = P(vp > 0,7 < ) + P(vp < vr, Ymre < ) (4.28)

In the adaptive-combining-based hybrid system, for the case when yor < v, the
instantaneous SNR of the FSO link should be lesser than the outage threshold
SNR (i.e. 7, < 7or), as instantaneous SNR of the MRC of both FSO and RF
links is below the outage threshold SNR (i.e. vare = v + Yrr < Yor). Thus,
the outage probability is obtained as the probability that vy;rc is lesser than the
outage threshold SNR (i.e. Pr(ymrc < 7vor)). For the second case, when yor >
~r, the outage probability is calculated as the sum of two probabilities. In first
part, the probability is calculated for FSO link under the conditions 7, > v and
Y < 7Yor. Further, in the second part, the probability is determined such that
YMRC = Yp + Yrr < 7or, provided the instantaneous SNR of FSO is below the
threshold SNR, i.e. 7, < 7. Therefore, the CDF expression given in (4.28) can be
re-written as

F. (l‘), T S Y-
E (r)=4 " (4.29)

Fi(z) + F, (x) = F, (vr), x>r.

where

Fi(x) = /07T Ty (V) Fy i (= y)dry (4.30)

By substituting (4.16)) and (4.22)) in (4.30)), then expanding <u+m z2 ) by using

" 2Vkr

[186], eq. (8.354.1)], and after applying [I87, eq. (07.34.21.0084.01)], Fi(z) is given

97



D959 3TN SIS o (TS

d=1 =0 m=0 7=0
1—7,K
X Gp?fl 3p{i-l BQVT . ) (431)
]C27 _J
where 75, Qg,, and M, are mentioned in Table 1.1 Now in order to derive the

PDF of 7., we differentiate (4.29)) to get

fWMRC(’Y)v v < 7.
fre(v) = (4.32)

Sy (1) + (7)), v >

where

) = / U @) fone (7 — ) (4.33)

By substituting (4.16) and (4.21) in (4.33]), then using the series expansion of
exp (—@) term, and after utilizing [I87, eq. (07.34.21.0084.01)], the above

2YRF

integral is evaluated as

TEES 315 3 51100 305 3 L ISR

d=1 =0 m=0 =0

11— j7 Kl
X Gp%fl 3p{i-1 BZIYT - ) (434)
’C2> —J

where Q3 is given in Table [.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

Fe = /()voop(e‘fy)f’YAch*(fY)d’% (4'35)

where p(e|y) is the conditional SER and for MPSK signalling, it is expressed as

plely) = Serfe(K ), (4.36)

where A = 1 for M =2, A =2 for M > 2, K = sin(nr/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 [I87, eq.
(07.34.03.0619.01)] and p(e|y) can be re-written as

A 1
G229 | K*y : (4.37)

plely) = m 0,

Substituting (4.25)) and (4.37)) in (4.35)) and applying [I87, eq. (07.34.21.0013.01)],
the average SER of the MRC scheme is given by

A 1,1—7,05—7,K
C Z ZZ Z le 3 ) T1, V. T, A1
d=1  1=0 m=0 Ko, —11,1 — 7

(4.38)

where Bs is given in Table
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4.5.2 Hybrid FSO/RF with Adaptive Combining Scheme

The average SER of adaptive combining scheme is given by

AC

P / " el fa (), (4.39)

where f, () is replaced by (4.32) and ?;40 can be rewritten as

P = [ b e+ [ e b [ ptebadr @0

YT Jor .,
g ~\~ ~\~

]1 IQ 13

To evaluate I, the conditional SER p(e|y) is expanded using Maclaurin series [186),
eq. (3.321.1)] and is given by

peb) =5 1

nK2n+1 n+2
\/_Z T)“ 2n+17) ] . (4.41)

By substituting (4.41) in I; and after utilizing [I87, eq. (07.34.21.0084.01)], the
term [y is given by

Il :]11—112, (442)

where

A
I = EF'YMRC (’YT)v (4'43)

B
112:C3thZZM1mZM3nZQu nnt

d=1 =0 m=0

3p 9 0.5—7’1—n,1,lC1
X Gp+2 3p+2 BQ/VT o1 05 ) (444)
2, 1= T1,=—T1—Nn—VU.

C3 and Ms, are given in Table [£.1] Since direct evaluation of I by using [I87, eq.

(07.34.21.0085.01)] results in the divergence issue, we derive I by splitting into two
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parts (i.e. Iy and Iy) and is given as

]22/0 p(elv)f%(v)dv—/oTp(eh)pr(v)dv : (4.45)

To evaluate Iy, we replace f, (v) and p(e|y) by (4.16) and (4.37)), respectively, and
then by utilizing [I87, eq. (07.34.21.0013.01)], we obtain as

1,0.5, K¢
Iy =— thGPiQ s | Bs . (4.46)
d=1 ICQ,O
By substituting (4.16)) and (4.41]) in 75, and with the aid of [I87, eq. (07.34.21.0084.01)],

15y is calculated as

A
I = _Cl Z thzH-l 3p1+1 (BQ7T‘ llCiCE) Z ta Z M "’YT ;e

d=1

X Gp%fl 3p+1 <B2’VT| KZJ:(;LS é)cé) : (4.47)

Similarly, by substituting (4.37) and (4.34)) in /3 and using [187), eq. (07.34.21.0085.01)],

the integral I3 is evaluated as

T1—1
C3thZZM1 mz QBZZ ( . 1)(—1)%?6‘%2 ( YT —17'11+;—10—B]5)

d=1 1=0 m=0 §=0

X G Ty s (Bayr| i) ) - (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 7, — oo, the
input argument of the Meijer G-function will tend to zero. By using [I87, eq.
(07.34.06.0040.01)], Meijer G-function can be expanded into the Taylor series form
as Y~ Ti(%)_i, where the minimum value of 7 is given as the diversity gain of the

system for non-zero values of Tj.

4.6.1.1 Hybrid FSO/RF with MRC Scheme

The asymptotic outage expression for the MRC scheme is derived by assuming
7, — 00, which leads to By — 0 in (4.26)), and by using [I87, eq. (07.34.06.0040.01)],

the asymptotic outage expression is written as

T AT(Ky) B o
Fiacle) =G 33 Y 3o Y- s (2]

=0 m=0 T

(4.49)

Hiil;sgéur(lc2vs_lc27u) B . B%’
P T(K1s—K2w) 7 747

’C2,u
where A = - —) , and K, ; represents the 4t term of

ICi.
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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>  (x), x < yr.

Fe@)=¢ ™ (4.50)
Fo(z) + F2(x) — FX(yr), @ > r.

The asymptotic outage expression when vor < ~r is given by (4.49)). Further, the

asymptotic expressions for the case when yor >~ can be obtained by applying [187,

eq. (07.34.06.0040.01)] in both (4.31) and (4.19). After simplifying the expressions,

FPe(z) and F5°(z) can be, respectively, obtained as

ro-of et Sof (oSt ()

d=1  1=0 m=0 Tp

(4.51)

 AB 2\
and CIthZ o (__) (4.52)
2,u

u= ’Yp
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 Bs — 0 in (4.38)) and utilizing [I87, eq. (07.34.06.0040.01)], the

asymptotic SER expression for the MRC system is obtained as

B oo 1 ) 3 Ka2,u
?2430002032 tdz Z My, Z Qi zp:AlB5F(IC2’“)F(O'5 + 71+ Kou) <i)

d=1 =0 m=0 i=0 u=1 L1 +7+ Kow) Yp
(4.53)

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

PR |y (4.54)

e

where the asymptotic expression for each integral can be calculated by using the

limiting form of Meijer G-function [I87, 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

A
Iy = S F (), (4.55)

5 YMRC

B %) l %) )
I5=Cad tad > My Moo Qup
n=0 i=0

d=1 =0 m=0

3p ’CQ,u
s MBI (Ks,) (lT) 7 (4.56)

0.5+ 71+ n +Kou) T (11 + Kou) \ 7,

u=1
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Tp

B 3p 1 Ka,u
- % th Z M BsT (Ko + 3) (i) ’ (4.57)

d=1 u=1 /yp

3p K
A By ('YT) 2
w ST _fPe(r) 4.58

; ICQyu +n+ % 717 ( )

B 3p K B 00
A AlB4 YT B Cg n+i
Iy = SOt L) =250 Maa?
29 5 1 d K (_ & 2 d —~ 3T

[ee] T1—1

!
7 —1 j T —T1+J
I5° =C3thZZM1,mZQ3,iZ( y )(—1)J7T1G§(3] (K*vr| 257605)
d=1 =0 m=0 =0 =0 N J
3p K
A By (’YT) o
W S By (4.59
;U + Ko \7p |

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 7,, Yzp, and
~r. 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 7, diversity gain G4, and coding gain G. as
BX =~ (Ge,) % (4.60)

Theorem 4.1. For an MRC scheme assuming 7, — oo and considering that the

average SNR of RF link Jpp is a constant, the diversity gain of hybrid FSO/RF
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system is given by

a3 = min(¢?,/p, @/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 7, is given by I&M = min(Ky,) =
min(ggq /p,a/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. O]

Theorem 4.2. For an MRC scheme assuming 7, — oo and considering that the
average SNR of RF link is also varying and is equal to the average SNR of FSO link
(i.e. Yrp =7, = 7), the diversity gain of MRC-based hybrid FSO/RF system is
given by 9
Gﬁ‘/@) = min <g? + oz,u, 5 oz,u, ! + oz,u) (4.62)
Proof. Since it is assumed that Ypr = 7, — 00, the dominating terms in (4.53)
will be obtained by substituting m = 0 and ¢ = 0 into the inner summations [166].
This is because, m > 0 and i > 0 contribute for higher powers of 1/, which can be
ignored. After simplifications, the asymptotic SER of MRC scheme can be obtained

as

FMRCOO Zﬁz icl (ap Zp: Rt DKy T(0.5 + e+ Koy
d=1 =0 D (1 +ap+ o) .

u=1

(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. O

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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. S ()
P ztduzm(_—) { I SR

Tp =0 m=0

_ M +2 7 '
N T R e o R DI

B | ] 1 C3BsI (Ko + 3
X Z (Tl ) YGES (K| 215700s) (7 + I )} = 5@%22 .
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Theorem 4.3. For an adaptive combining scheme assuming 7, — oo, firing yr =
AF where 4 is the optimum switching threshold SNR wvalue, and considering a

constant Ypp, the diversity gain of the system is given by

G4 = min(g2, /p, a/p, 1/p) (4.64)

Proof. By substituting (4.55)), (4.56)), (4.57), (4.58)), and (4.59) in (4.54) and after

oo

. . —AC . . .
some manipulations, P, can be written in terms of 7, as given by (4.65]). Assum-

ing Ypp as a constant, the dominating terms in (4.65)) is given by ’Cg,u = min(/Ca,,).
Therefore, the diversity gain of the adaptive combining scheme turns out to be same

as given for the MRC scheme in (4.64]). O

Theorem 4.4. For an adaptive combining scheme assuming Ypp = 7, =7 —> 00
and a constant switching threshold value ~r, the diversity gain of such a hybrid

system is given by

G4 = min(g2, /p, a/p, 1/p) (4.66)

Proof. From (4.65)), which is given on the top of the next page, it is inferred that

assuming ypp = 7, — 00 and a constant yr, the terms involving the powers of %
p

will be negligible against the terms containing powers of . Thus, the dominating

expression will include only the terms with powers of 7 and by neglecting other
P

terms in (4.65]), we obtain
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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 Ypp = 7, =7 — 00

and fixing yr = v ' the diversity gain of the hybrid system is given by
AC®) . ggq e | ~
G7% =min | — + ap, — + ap, — + au (4.68)
p p p

Proof. As the average SNR of RF link varies, we have obtained different values of
optimum threshold SNR ~77 * corresponding to each value of 5. It is to be noted

that y9"* values are generally non-decreasing. In such scenario, if 7, = ¥, = 00

and the values of v " are also varying, then the terms involving the powers of = W%’M
p

will be comparable to the terms containing the powers of % and cannot be ignored.

Further, by substituting m = 0 and 7 = 0 in (4.65)), as given in Theorem 2, the

dominant terms corresponding to Jzp — 00 is obtained and by considering the

~ can be simplified as given by (4.69). By

e

. —AC
terms having the powers of %T, P

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. L]
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=\

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 coeflicient g.,. As the value of g, increases, the average SER of the system
decreases. Further, the parameter g., depends on the beam width wy. Therefore,
the ge, can be maximized to determine the optimum value of beam width, i.e. wg” t
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 g,
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 ggq in terms of wy as

A2 12 N2 2 1t

2 AF F

E n + 4.70
geq 452 GTO [ szg Wzg%(l/)] ( )

where a,, is a constant. Further, by differentiating ggq in (4.70) with respect to wy,

we obtain

dgeq , AZL2 227" 22
. _ W2 (1 — - — 4.71
94 452 Z ¢ " [wo * 2wk * m20%(L) o 2w} (4.71)
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Now, by equating (4.71)) to zero, the optimum beam width wg” " is given by

[ArL
wi = % (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 [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
Frr = 5 dB and few other parameters are assumed as m,/ro = 3, m,/ro = 3,
dz/10 = 3.5, 0, /10 = 3.5, Q = 1.3265, p = 0.595, by = 0.2158/2, and ¢4 — ¢ = /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 Further, it is inferred from the given values of the
above-mentioned equations in Table 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. [£.3] the convergence of the CDFs F, (z) and F,,, . (x),
which are given by and , is verified. The values of the outage threshold
and the switching threshold are assumed as yor = 6 dB and vy = 8 dB, respectively.
In Fig. [£.3) (a), F,,.(vor) is plotted against the upper limit of the truncation value

of summation limit [ for different values of 7,. 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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Table 4.2: FSO/RF parameters used in the simulations

FSO Parameter Symbol Value

Wavelength FSO AR 1550 nm

Noise variance FSO JZ 101

Responsivity Ny 0.5 A/W

RF bandwidth Bgr 250 MHz

RF wavelength AR 5 mm

RF transmit power Pr 10 mW

Transmit antenna Gy 44 dBi

gain

Receive antenna gain G, 44 dBi

Attenuation oxygen Cow 15.1 dB/km

Noise power spectral Ny -114 dBm/MHz

density

Receiver noise figure NF 5 dB
Weather  (, (dB/km) (pp (dB/km) oy (dB/km) C2(m~—2/3)
condition
Rain 5.8 5.6 0 5x 1071
Light fog 4.2 0 0 1.7 x 1071
Clear air 0.43 0 0 5x 1071
Heavy fog 125 0 3.2 1x107%

for [ > 5, F,,,(yor) remains almost constant, which is also evident from row-1 of

Table 4.3 Similarly, in Fig. (b), Fy,re (Yor) is plotted against the upper limit
of the truncation values of summation limits [ and ¢ for different values of 7,. It is

inferred from the Fig. (b) that for l >4 and i > 4, F.

aire (Yor) remains almost

unaltered, which is also confirmed from row-2 of Table [4.3]

In Fig. (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 wg” * obtained using the numerical technique are
approximately equal to the values of wg” " obtained from theoretical optimization as
shown in Table From , 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. (a). In Fig. [£.4Db), the
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Table 4.3: Truncation accuracy of summation limits

Eq. Expressions Truncation values E‘lnal valugs Chosen. .
¥p =10 %,=20 upper limit

1=7 0.285557  0.029899

Eypp(2) 1=8 0.285601  0.029885 [ =38
1=10 0.285604  0.029880
I=7,i=71 0.361433  0.190509

(4.26)  Fpc(z) 1=8,i=8 0.361427  0.190506 [ =8,i=38
1=10,i=10 0.361425  0.190505
I=5n=>5 0.349639  0.181830

(4.31]) Fi(x) I=6,n=6 0.349583 0.181804 [=6,n=6
=8 n=8 0.349585  0.181805
I=4,i=4 0.020838  0.010080

PMEC 1=5,i=5 0.020834 0.010078 [=5,i=5
1=7i=71 0.020832  0.010077
[=12,n=12,i=12 0160027 0.085264 , _ . .

(4.44) I» =13, n=13i=13 0.160018 0.085258 . :
1=15,n=15i=15 0.160018 0.085258
n=13 0.000061  0.000049

(4.47) Iy n=15 0.000058  0.000046 n =15
n=18 0.000058  0.000046
1=3,i=3 0.000148  0.000073

(4.48) I l=5i=5 0.000127 0.000074 [=5,i=5
1=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 7, and
FSO link 7,,. It is observed from the plots that the average SER decreases with an
increase in switching threshold SNR ~7 and remains approximately constant after
a particular value of yp. The optimum threshold SNR. 9" 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 y%' = 7 dB, 9 dB, and 10 dB as shown in Table 4.4l Since the
average SER decreases with an increase in switching threshold SNR 7 and remains
approximately constant after a particular value of vr, 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 7 and beam width wq

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. illustrates the average SER of adaptive combining scheme for a vari-

ety of distributions which are derived as the special cases of Malaga and a-n-x-u
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Table 4.4: The optimum values of wy and yp

opt /- — — opt
. wgy” (in cm) Vrr (dAB) | 7, (dB) | 77" (dB)
Distance L
Theoretical Numerical 10 25 7
1000 m 2.22 cm 2.20 cm 10 35 7
2000 m 3.14 cm 3.15 cm 15 35 9
3000 m 3.85 cm 3.85 cm 20 35 10
1072 i B
o 107
L
n
(0]
(@)
o
210
< X Simulation
Malaga & a-n-x-p (IM/DD)
—B— GG & Nakagami-m (IM/DD)
10 —O&— K-Distribution & Rice (IM/DD)
—&— Lognormal & k- (IM/DD)
—A— GG & Nakagami-m (HD)
————— Malaga & a-7-r-p with P -,=0.05
— % —Malaga & a-n-x-p with PeFB=O'1 |

10°®
0 5 10 15 20 25 30 35 40

Average SNR of FSO link (dB)

Fig. 4.5: Average SER of adaptive combining for various distributions

distributions. The parameter values of Malaga and a-1n-x-p distributions required
to obtain other distributions as special cases are given in Table £.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 a-
n-r-p distributions. Here, the probability that the feedback bits are in error, which
is denoted as P,rp, is assumed to be P,pgp = 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 P.rg = 0.05 and 0.1, respectively, to attain

the average SER of 1072,
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Table 4.5: List of channel models and parameters assumed to obtain Fig.

FSO models | C3(m™2/3) ry (cm) p 2by Q AP (dB)
Malaga 2 x 10713 35 0.596 0.2185 1.3265 5
Gamma-Gamma | 2 x 10714 20 1 0 1 6
K distribution 4 x 10713 20 0 0.2185 0 6
Log-normal 5x 1071° 15 0 0 1.3265 7

RF models |ag 1 Kk p
Q-1-K-[4 2 15 05 1
Nakagami-m 2 1 0 2
Rice 2 1 1
K4 2 1 3

% 5 A‘C- Adaptiv; Combinin;;

SSC- Switch-and-stay combining

Average SER

FSO

—/— MRC scheme
—©&— Hard switching

—6—ACwith 7 =5dB
—4A— AC without 19, 7,=1 dB
—%—SSC

3 X Simulations | |
10°
0 5 10 15 20 25 30 35 40

Average SNR of FSO link (dB)

Fig. 4.6: Average SER comparison for different hybrid FSO/RF schemes

Fig. 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: C? = 4 x 10713, L = 2000 m, ry = 32 cm, and wy = 3 cm.
Similarly, the RF link parameters assumed are given as follows: «, = 2, n = 0.4,
k=2 =1 p=1,and ¢ = 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. also unveils that the adaptive-combining-based hybrid system operating
at g * = 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
Y * = 5 dB performs better than the system operating at non-optimum switching
threshold SNR value with vy = 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 7%’ ;m) = 1dB. 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 1072 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 1072, 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. 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 C? = 1x 107! and C? = 6 x 10715,
respectively, with outage threshold yor = 6 dB and yp = 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 [£.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 yp = 8 dB, such that yor < 77, achieves the same performance as that
of the MRC scheme, which is also evident from . Further, the outage perfor-
mance of the adaptive combining scheme deteriorates while operating at 7y = 3 dB

(i.e. yor > 7r) compared to the outage performance for the case when yor < 7.
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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 yor < 77 over the single-
link FSO system to achieve an outage of 107! 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
Yrr = 7p- 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 7, = 7, under weak turbulence outperforms
the other hybrid and RF systems due to the availability of better quality RF link.
In Fig. [£.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 7z = 5 dB and 47" = 6 dB, the diversity gain
of MRC and adaptive-combining-based hybrid systems is equal, which is given by
min(g2,/p,«/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. 7z = 7%,). The improvement in the performance
is due to the availability of better quality RF link with high values of 7¥5,. From
the slope of the SER plot, it can be observed that the diversity gain in this case is
also equal to min(ggq /p,a/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. yr = 6
dB) irrespective of the average SNR of FSO and RF links. Therefore, as the average
SNR of FSO link 7, varies and 7, >> ~r, 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 vy = 7" " and 7 RF = Tp» 1

% G, © 4G l+&>
oo T, A, s,

is evident that full diversity gain, which is equal to min <
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. [1.4(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.
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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. [£.9 We assume the FSO
link parameters as ro = 27 ¢cm, wy = 4 cm, my,/ro = 3, my/ro = 3, 6,/ro = 3.5,
dy/r0 = 3.5, geg = 1.1 for high pointing errors case, and m, = 0, m, = 0, 0,/rg =
0.75, 6, /ro = 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 g.,. It is important to note that the severity of the pointing errors
increases with decreasing value of g., and with an increase in link distance L. As the
value of g., 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 1072 for
geq = 1.1 and g, = 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 1072 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. 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 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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Fig. 4.11: Average SER for heavy fog and different background noise conditions
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 (s, = 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 .2l Tt 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 (., = 3.2 dB/Km compared to the case when (f,, = 0 to achieve
an average SER of 1072 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 K, 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 Kj from K, =1 to 3. Note that
increase in K} 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 7" " 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 x—p 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 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 the closed-form
expressions for the ergodic capacity are derived. Section 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
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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 [ 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 7. When the instantaneous SNR is below v, 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 I,, and its PDF is given in Chapter , eq. . In addition, the non-zero
boresight pointing errors I, and atmospheric path loss I; 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, Ir = I,I.I; and its PDF statistics

considered in this chapter are given in Chapter [, 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

(Ppny)?
W= el =5, (5.1)
P
’ p
B (y+ )gﬁqSequ (Lroys)” (5.2)
’yp o 92 +1 o2 ’ ’
eq p
From (5.1)) and ([5.2)), the v, can be rewritten as
_ [ (2 +DIrl ]
vpzvp{ o s (5.3)
(y + Q )geq Squl
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Further, by utilizing the random variable transformation technique, the unified PDF
of the instantaneous SNR +, is obtained as
2 B il 9
g D ?| g +1
P =% 0GR | B ()| (5.4)
2Py gl 2
d=1 p geq? «, d
where the parameters and constants are given in Chapter 4l Section [4.3.2] Note

that the expressions for calculating o and /3 are given in Appendix [A]

5.3.2 RF Channel Model

The small-scale fading of the RF channel is modeled using the generalized x—u
distribution, which includes Nakagami-m, Rice, and Rayleigh distributions as special
cases [196]. The PDF of RF fading channel coefficient hgp, which follows the xk—pu

distribution, is given by [196, eq. (11)]

pt1

frpe(h) = Q/L({j— r)E R exp (—p(l + Kk)h?) I, (2,1“//4;(1 + /{)h) , (5.5)

K7 exp(uk)

where £ > 0 is the ratio of powers of the dominant component to the scattered
component and g > 0 represents the number of multi-path clusters, and I,(-) 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
har|?7 P
e = PELTRE g = G T (5.6
R ORF

where Pg, 0%, and G are defined in Chapter , Section . Further, using random

variable transformation, the PDF of yzp is written as

KT exp(ur) Tl Tnr

fWRF(7> = M(l ks K)T’Yil €xXp (_M) ]M—l (2/L M) . (57)
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By using the series expansion of I,(-) [I86, eq. (8.445)], the PDF of yrp can be

re-written as

Fyne (V) =Y My " exp (= Fr) (5.8)

=0

where M, ; 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 yac, is given by

V> Yp > T
yac = (5.9)

Yo+ VRE,  Vp < OTS

where yr denotes the predefined switching threshold SNR value. Further, the PDF

of vac can be defined as [150, eq. (9)]

St (V) A<y
f’YAc (7) = ’ ! (5.10)

o)+ (), v >,

where

Fryiome (1) = / "o (0 fyne (7 — (5.11)

wd I = [ 1080 - 00 (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 f, ... (7) is given by

L S a1 | By| LK
f%—MRF (7) =G Z ta Z Ml’j Z MQ?’JY ' Gp+1 3p+1 pQT )
d=1  j=0 i=0 T Ky, 1 — 1

(5.13)
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Table 5.1: List of notations

. M '_(—F)iF(Tl) _ p(1+k) B atd—1
M= T(p+5)5' exp(rp) My,;= il F= B tqg = bgm
ogD g2, Dexp( £ o '
O = i 022521777@(—?) n=ptitj | m=pti—1
' 1
— M _ BPyr . BP B )\ P
B1 = ) B = 35, Bs = es, | Bi=Bi5,

2
where C', t4, My, 71 are defined in Table K= geqTfl, e ge‘;jp has p terms, and

K 92, g2 r—1 o atm—1
2= T 5

_ d+p—1
= vy > e »

e has 3p terms. Similarly, the integral in

d
’p

(5.12) is evaluated using [I87, eq. (07.34.21.0084.01)] and J(v) is expressed as

J() C’1eXp F’Y thZMl Z—' ( ) 1)l’y%+l’ym_l
d= Jj=0 T 1=0

=0

1—(i+1),K
<Gt | B i | (5.14)
2, — ¢

where 7, and B, are defined in Table

5.4 Ergodic Capacity Analysis

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

can be written as

oo

Croor = . 12) {WR /’YT In (14 ep2) fr,4vynr (:l:)dai —i—WF/ In (1 + epz) fy, (x)da

I I
+ WR/ In(1+e¢pz)J(x)dx p. (5.15)
I

where ¢, is a constant such that ¢y = 1 for HD technique (i.e. p = 1) and e; =
e/(2m) 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 [I97, eq. (26)]. To

evaluate integral Iy, In (1 + ¢,z) 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 I; can be written as

B 0 00 00 1,1
I =C Z ta Z M Z My iv7 / U(z—1)z"1G L2 YrEpZ
d=1  j=0 i=0 0 1,0
3p 1 17IC1
X G P sy | Bez dz, (5.16)
ICQ, 1— T

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 [I87, eq. (07.34.21.0081.01)], integral

I is given by (5.17)).

B 00 ol
I, = Clz ta Z M, Z My ivp!
d=1  j=0 i=0

o 1—7 | 1,1 1, Ky
X G125 o, spin Y7y, Ba (5.17)
—T1 ]_, 0 K:27 1 —T1

where G777 [ +)+] is the extended generalized bivariate Meijer G-function (EGB-
MGF) [198, eq. (1.8)].
The integral I, due to divergence issue, cannot be evaluated directly over the

limits from ~y7 to oo by using [I87, eq. (07.34.21.0085.01)]. Therefore, I, is evaluated

by splitting it into two parts as

o) T
I, :/ 1n(1+5px)f7p(x)dx—/ In(1+e,2) fy, (z)dz . (5.18)
0 0
I I,

By substituting In(1 + z) using its Meijer G-form [I87, eq. (07.34.03.0456.01)] and

132



after employing [I87, eq. (07.34.21.0013.01)], the integral I; is given by

“ 3p+2 1 0,1, K4
121 = Cl thG ;_,_2 3p+2 B3 ) (519)

d=1 ICQ, O, 0
where Bj is given in Table [5.1 Similar to I7, integral I, can be evaluated by using
the change of variable followed by modifying the limits and with the aid of [199, eq.

(2.3)], Is2 is given by

2 B .11 2
g. D . . 1717_ (171>7<171) (ge +171)
== > baHYY pE TS ’ ! V1r€p; B
11 2
d=1 07171_, (Ll)?(O?l) (geq,l),(a,l),(ﬁ,l)
(5.20)
where Hi7i [ -, ] is the bivariate Fox’s H function [199] eq. (1.1)]

Finally, the integral I3 is solved by using a variable change z = 1+ ¢,z, followed
by the binomial expansion of (z—1)™" and after using [186, eq. (2.33.10), (2.33.11)],

I3 is expressed as

154 0o oo A To—1 _
F* T2 i Tz—l (—1)7—2 n
D D10 DEIT) DE D (3 F DI (Sl B=—terer 110
d=1 =0 =0 " 1=0 n—=0 p
1-— (Z + l), ’Cl
X Gl g | Be ; (5.21)
Ko, —(i+1)

where Cf is defined in Table and Z(n) is given by

F
In(Ly) ( F ) n! n F(p, th) ( Ja )
I(n) = 2T (4 L, =Ly ) 4+ e S 2L R (2L )|
( ) ; £p t (F/gp)nJrl ~ p] t

where L; = ¢,yr + 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
Coe =1+ Iy — Iy + I, (5.23)

where I7°, I57, 155, and I3° are the asymptotic expressions for the corresponding
terms [y, Iy, Iy, and I3, respectively. First, we calculate I{° by substituting the
definition of EGBMGF [198, eq. (1.8)] in and then utilizing Mellin-Barnes
type of contour integral [198, eq. (1.3)]. After using the procedure given in [37], I

can be written as

I = ClztdZMngMzﬂ lszr(lj;a(f(s;s)) (yrep) ™

d=1 j=0

2

3p
X G, spra | Bo

1—7+s,1, Ky
ds|. (5.24)

ICQ,l—Tl,—Tl+S

Further, for high values of 7, > 1, the Meijer G-function in (5.24) can be approxi-
mated by utilizing [I87), eq. (07.34.06.0040.01)]. After applying [198], eq. (1.3)] with

some manipulations, we get the asymptotic expression for [; as

A BK2 MT(Ka 1—(m+Kou) 1,1
Iy —015 tdE M1]§ Ms vy E X K - >G§§ EpT
Jj= = 7—1 2u 1a07_(7—1 +’C2,u)

(5.25)
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A Hfml s tAu ['(K2,t—K2,u)
L(K1t—K2,u)

Using the asymptotlc form of Meijer G-function [I87, eq. (07.34.06.0040.01)] in

(-19). 137 is given by

where

3Im—+2

o 1+ Ks "
Iy7 = Cy th Z (—,CSZBAQB:I;C& , (5.26)

[, T(Ks e —Kau)
?:1 F(’Cl,thS,u)

of It°, 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)], IS5 can be expressed as

where Ay = and K3 = [K5,0,0]. Now, similar to the evaluation

65 geq Kiu Ht Litn L (Kt = Ka) L3 1 —Kyu/m, 1,1
- ZbdzB T1-Ka) G33 | e ;
u= geq 4,u 17 0’ —/C47u/m

(5.27)

where K4 = [¢2,, @, d]. Finally, by employing [I87, eq. (07.34.06.0040.01)] in (5.21)),

the asymptotic expression for I3 can be written as

3m

I =C M T2 i M By R (a1 =)=
3= 2thz IJZZ'Z Zz+z+/cz Z o L)

n

(5.28)

It is important to note that to obtain the asymptotic expression, we have assumed
7, tending to infinity and the value of Jpp is kept as a constant in —.
Further, by assuming both 7, and 7 tending to infinity, the dominant terms will
be obtained by substituting ¢, 7 = 0 in and . Therefore, the asymptotic
expressions I7° and I3°, by assuming both 7, and Y tending to infinity, are given

by

Ja 3m , K " 1-— (M+’C2,u);171
I — Clztd DI v ) gig (o,
exp(fip) <= I+ Kou) 1,0, —(p+ Kouw)

(5.29)
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Table 5.2: Execution time for exact and asymptotic expressions

Parameters Execution time (in s)

Q@ B Geq | Exact Asymptotic

2.1 2 1 118 97
5.1 ) 2.6 276 144
10.1 10 6.6 627 216

X #_ZH (” —1- l) (1);# I(n). (5.30)

Further, from and (5.27), it is clear that there will be no change in the asymp-
totic expressions I57 and I35, when %, 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 Jzp = 5
dB, yr =7dB, m =2, m,/ro =3, my/ro = 3, 6;/ro = 3.5, §,/ro = 3.5, Q = 1.3265,
bo = 0.1092, p = 0.596, and ¢4 — ¢ = 7/2, 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. 6.2, 5.3} 5.4] and [5.5 under the assumption that Wy =1 Hz
and Wgr = 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 Wr = 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 | ¢, (dB/km) (., (dB/km) C2(m~2%/3)
Clear air 0.43 0 5x 1071
Haze 4.2 0 1.7 x 10714
Heavy fog 125 0 1x1071°
Moderate rain 5.8 5.6 5x 10719
Heavy rain 9.2 10.2 4 x 1071

Table 5.4: Truncation accuracy of summation limits

Expressions Truncation Final values Upper

values 7,=10dB | 7,=20 dB | limit

j=10,7=10| 0.373809 | 0.290195 P

L j=12,¢=12| 0.373781 | 0.290189 D1
j=14,1=14| 0.373780 | 0.290188

j=8,1=8 0.478791 | 0.381022 =10,

I3 j=10,7=10| 0.478813 | 0.381042 P10
j=12,1=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 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 5.4l

Fig. shows the normalized ergodic capacity with respect to switching thresh-
old SNR and beamwidth. We assume C? = 3 x 10713, ry = 5 cm, wy = 4 cm,
x = 2, and g = 2. The optimum switching threshold SNR 7% for the adaptive-
combining-based hybrid FSO/RF system is determined in Fig. (a) by plotting

the normalized ergodic capacity against switching threshold SNR for different values

of 7, and Jp. From Fig. (a), it has been observed that the normalized ergodic
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Fig. 5.1: Normalized ergodic capacity versus switching threshold SNR v and beamwidth wy

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 7% 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 75" values change by varying Yo
and 7, and the optimum values of 7 obtained from Fig. [5.1| (a) are given in Table
5.5l Since the normalized capacity increases with increase in switching threshold
SNR ~7 and its improvement becomes negligible after a certain value of y7, a global
maximum value does not exist as seen in Fig. [5.1] (a). Further, we have determined
7% values for Fig. using the same numerical optimization technique. In Fig. |5.1
(b), the optimum values of aperture radius rJ"" and beamwidth wi" are obtained
by plotting the ergodic capacity against wy under various ry values. The optimum
value wg? " is chosen corresponding to the maximum capacity value for a particular
7o and the optimum 7" is determined when there is no further improvement in the

. . . . t
maximum capacity even after increasing the values of o > rg”

From (4.70) it can be seen that g2, is directly proportional to Y. 3", There-
fore, increasing the values of ry will result in an exponential rise in the values of g,

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 vz and wy

w" (in cm)

7 (dB) | Fpp (dB) | A2 (dB Distance L
p( ) RF( ) T ( ) Numerical | Theoretical

10 5 14

1000 m 2.0 cm 2.22 cm
10 10 17

2000 m 3.0 cm 3.14 cm
15 10 19

3000 m 3.8 cm 3.85 cm

bits/sec/Hz) for certain values of ry and wy. After that there will be no further im-
provement in the maximum capacity, which is also evident from Fig. (b). This is
because, for very high values of g.,, the pointing errors will be negligible and it will
not have any effect on the system performance. For the case when 79 > 73, there
are more than one wy values correspond to higher values of g, (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 ro > r¢” *. However,
when ro < 19" * only one value of wp corresponds to the maximum value of Jeqs
which is less than the g, required to achieve the maximum capacity value. Hence,
no horizontal line is obtained for the plots when ry < r". It is seen from Fig.
(b) that the values of w”" and rg"" are obtained as 2 and 23 cm, respectively, for

pt

L = 1000 m. Further, the values of optimum beamwidth wg” obtained using nu-

merical optimization technique are very close to the values of wg” " determined from
theoretical optimization (from Chapter , Section and is shown in Table .
Similarly, we have also determined rg** 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 7"
for different values of 7 are compared. The normalized capacity of the adaptive-
combining-based hybrid system operating with 45" value is better than the adaptive
combining system operating with non-optimum switching threshold SNR value as-
suming yr = 5 dB. It is also observed that there is a significant improvement in

the performance when 7y 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 77" under different 7
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Fig. 5.3: Normalized ergodic capacity performance of the adaptive combining system for various
distributions

combining-based hybrid system with 7 = 7, has superior performance compared
to the case with fixed 7 due to the availability of better quality RF link. However,
it is also noticed that the adaptive-combining-based hybrid system with Yz =7,
has lesser capacity compared to the case with fixed ¥ (i.e. ¥z = 5or 10dB ) when
7, < 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
Y rr compared to the case with 75, =7,. 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
k—p distributions

FSO distribution | Parameter value RF distribution | kK | p
Log-normal p=0,y—0 Rice K |1
Gamma-Gamma | p=1,Q =1,y=0 Nakagami-m 01|p
Table 5.7: List ot distribution models with their parameters values to plot Fig. B
FSO models C2(m~2/3) | ry (cm) p bo Q RF models | & | p
Malaga 1x10713 53 0.596 | 0.1092 | 1.3265 | xk—p 05 |1
Gamma-Gamma | 7 x 10715 15 1 0 1 Nakagami-m 0 |2
Log-normal 4 %1071 17.5 0 0 1.5 Rice 2 1

Fig. 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 x—pu distributions.
The parameters values used to obtain the special cases of Malaga and x—pu 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 7 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 k = 1, p = 1, and Jpr = 10 dB. The FSO link parameters are assumed as
L =3000m, ry =13 cm, wy =4 cm, C? =1 x 1071 (o = 2.18, 8 = 1) for strong
turbulence, and C? = 3.5 x 1071 (o = 10, 8 = 10) for weak turbulence conditions.

The parameter values for high pointing error scenario are assumed as m,/ro = 3,
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Fig. 5.4: Normalized ergodic capacity performance for different pointing errors and turbulence
conditions

my /1o =3, 05/10 = 3.5, §,/ro = 3.5, and g, = 0.92. For low pointing error scenario,
we assume m, = 0, m, = 0, §;/ro = 1.5, 6,/ro = 1.5, and g., = 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 g., 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 g, = 0.9 and g., = 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. Pr < —17 dBm for moderate
rain versus haze and Pr < —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 as Wr = 1 GHz, Wr = 250 MHz, C? = 2x 107, L = 2000
m, ro = 15 cm, wg = 4 cm, kK = 0.5, p = 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 k—p 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 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 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 N; x N, 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 N; number of LASER transmitters (i.e. source S) and
N, number of photo-detectors (i.e. destination D), which receives the FSO signals
reflected by the ORS element as shown in Fig. 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 7, = log, IV; bits. Depending upon the
T, 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 7, = log, /V;. The received signal

can be written as

:WfPt

Y
N,

HX + E, (6.1)

where Y € R *! denotes the received signal vector, 1, denotes the responsivity of

the photo-detector, P; is the FSO transmit power, X € {x;}, 1 <i < N, x; is the i
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Fig. 6.1: The ORS-assisted OSSK-based MIMO-FSO system model

column of an identity matrix Iy,, and H € R¥ >Nt represents the combined channel
gain matrix. In H matrix, an element hy; represents the combined channel coefficient
between k' receiver and i'* transmitter, and E is the AWGN vector having zero-
mean and co-variance matrix 021y, , where o2 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
Ny

i=argmax fy(Y|x;, H)=arg minz Yy, — 0y Pihy)?, (6.2)
k=1

where 7 is the estimated index of the transmitting aperture and fy(Y|x;, H) is the
PDF of output Y conditioned on x; and H. Further, the estimated aperture index

¢ is decoded back into the corresponding 7, 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 hy;

by considering the effects of all the impairments is given by [52], [50]

hii = hay hayhehy, (6.3)
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where h,, and h,, denote the atmospheric turbulence between S to ORS and ORS
to D FSO links, respectively, h, denotes the end-to-end pointing error impairments,

and h, 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]

hy & Ag exp(—2d° /W2 ), (6.4)
where Ag = [erf(v)]?, W2 = %, and v = % Here, r, denotes the aperture

radius, W, = ¢4 L represents the beam width, ¢4 denotes the beam divergence angle,
and L = L; + Lo, where L; and Ly are the distances between S to ORS and ORS
to D, respectively. Further, in , d = tan(f;)Ls =~ 0sL, is the instantaneous
displacement between the center of the receiver and the actual receiving point of
the beam, where 6, 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, 6, is calculated as 6, = \/m, where 0,, ~
0. (1+ f—;) + 2, is the horizontal component of 6, and 6, ~ 6,(1 + f—;) +2¢p, is the
vertical component of ¢,. Moreover, ¢, and 0, are the random variables and they
follow Gaussian distribution with zero-mean and variance 3. Similarly, ¢, and
¢, are the deflection angles in horizontal and vertical planes, respectively, and are
modeled as the Gaussian distribution with zero-mean and variance 03,. Therefore,

the PDF of 0, can be expressed as [I81] eq. (3)]

0 Coo2(1013\% g2
0)— o 23(1rTh) +sod 6.5
Jo.(6) oa3(1+ %)2 + 402, (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

fn,(h) = %hC‘l, 0<h < A, (6.6)

0

2
zeq

where ¢ = 67z,

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 h,, and h,, following the Malaga distribution is

given by [95, eq. (24)]

B

aj+p
fru(B) = A DR K,y (20/Bi) (6.7)
p=1
where [ = {1,2}, B, = ylgll—flw, and A; and aj(ol) are the constants, which are, respec-
l
tively, given by
A = 2@16”/2 ( Y1 B )ﬂﬁal/z (6.8)
yl1+al/2F(al) yibi + 7

o (P= 1> (b + )" (%)p_l (%>p/2
“ (p -1 (p—1)! Yi ) (69)

In (6.7), the modified Bessel function K,(-) can be written in terms of Meijer G-
function [I87, eq. (07.34.03.0605.01)] and after some manipulations, we get the PDF
of hy, as

Ah ! -

5 bG 23S | Bih : (6.10)
p=1 ap, p

fha, (R)
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Table 6.1: List of major parameters and notations

Parameter | Description

a; >0 Large-scale atmospheric turbulence
parameter [31, eq. (9)]

By >0 Small-scale atmospheric turbulence
parameter [31, eq. (9)]

Q; Q; = Y + Pp +
2/ PipS cos (6 - o))

O Average power of Line of sight
(LOS) component

P, Total power of scattered components

0 < p <1 | Factor specifying the amount of
scattered power coupled to the LOS
component

Ui y = Bi(1— p;), average power of the
off-axis scattered component

qb(/i) Deterministic phase of LOS compo-
nent

gbg) Deterministic phase of coupled-to-
LOS scattered component

erf(-) Error function 201} eq. (3.1.1)]

K. (") Modified Bessel function of second
kind of order a

G q() Meijer G-function [186] eq. (9.301)]

_ ol plart)/2

Lambert law as hy, = exp(—

tenuation coeflicient.

. Note that other key notation and parameters are given
in Table [6.1] Additionally, the atmospheric attenuation is modeled using Beers-

a, L), where a,, represents the weather dependent at-

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. h?=

hayha,. Using the product of random variables, the PDF of h$? can be written as

fisle) = [ O, (3) e
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By substituting fs, (t) and f,, (z) from (6.10) and using [I87, eq. (07.34.21.0013.01)],

frea(z) is given by

A1A2 B1 P _
foea (z ZZb @@G49 | BiByx : (6.12)
p=1 ¢=1 Nl

where N} = [ag, ¢, a1, p]. Further, the end-to-end FSO channel coefficient is given
by the product of turbulence and pointing errors, i.e. hy; = hi?h,he. Similar to A,

the PDF of hy; is expressed as

fhkz(x> = /oo hiétfhiq(t)fhp (%) dt (613)

x

hpAg

By substituting fyea(-) and f, () from (6.12)) and , respectively, in (6.13) and
after applying [I87, eq. (07.34.21.0085.01)], fr,.(z) is calculated as

AlAQBlBQC o B Blng C
biVbl) 14
fhkz( ) 4A0h£ ;z} G ) (6 )

Wherej\/gz [C_17a2_17q_17a1_1ap_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 < dy(sj,s;) PEPJ_” 6.15
>~ Nt10g2Nt;]ZI H J ( )
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where dp(s;, s;) is the Hamming distance between symbols s; and s;, PEP/7" de-

notes the pairwise error probability between s; and s; and it is expressed as

1 | Fpgolog, N, Al
i FSO 1085 V¢
PEP’7'=Q E — 5 E \hyi — hij , (6.16)
where Ypgp = —02771£g2t A is the average SNR of the FSO link and Q(+) is the Gaussian

Q-function. In addition, if i = j, then dy(s;, s;) 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 N;(3N, —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 MN(3N, — 1) and M(2N;N, + N, — 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. Uyjj = |hii — hij|), with PDF of each channel following

0.14]), is given by

(AIAQC B132 B1 B2 P1 B2 00 B, B,
kaij( )_ 8A0h€ Zzzzb Z( thg > n'

p=1 g=1 r=1 s=1 n=0
56 N
x G398 |1 : (6.17)
Ny
Proof. See Appendix [C.1] O

Theorem 6.2. The PDF of instantaneous SNR of the ORS-assisted OSSK-based
MIMO-FSO system is given by
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f'Yzj ZDTL Nr+n (618)
Proof. See Appendix [C.2] O

It is important to note that the obtained PDF of the instantaneous SNR has
a single power series with a power exponent of 7. 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 +;; as

o oo log, N,
APEP/ ™ = /0 Q (N%\/%O Fry (V). (6.19)

Using the relationship Q(z) = %erfc (\%) and after utilizing [201], eq. 4.1.18], the

average PEP is given by

Nr+n
. el D, I (nENe£L 2N,
APEP/ ™ = ( ) ( ! (6.20)

2 et NI ) \og,

The upper bound on the average BER of the OSSK-based MIMO-FSO system

can be written as

Ny N

1
ABER< ——— d APEP/™! 6.21
N, 20 2 ) (6.21)

=1 j=1

Since the channel random variables hj; and hy; are independent and identically
N, N
distributed (i.i.d.), the double summation term > dy(s;,s;) in (6.21]) can be
i=1j=1

simplified as M [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

S n+NT+1) 9N Nrtn
ABE < r 22
R Z n + N n+N ) ( /log_2 Nt) (6 )

It can be observed from ((6.22) that the derived upper bound will increase by
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increasing the transmitting apertures /V;, 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 7, = log, N; bits/s/Hz,
will improve by increasing N;. 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 Ny = 2 and N, = 1 can be reduced as

1 S 2 ) n
ABER < — y 2l (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]
Ny Ny 7 N,
Cp ~ 2log, N; — log, <Nt + Z Zexp ( — 21;520 x logy Ny Xz(hlﬂ — hkj)2)>.
i=1 j=1 r k=1
J#i

(6.24)

Further, by utilizing the Jensen’s inequality [132, eq. (21)], a lower bound expression

for the DCMC capacity can be determined as

N: Ny _ Ny
CH? > 2logy Ny — log, <Nt + Z ZE{eXp ( - % x logy Ny Z(hkz - hkjf)})
i=1 j=1 T k=1
J#i

(6.25)
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where E[-] represents the expectation operator. The maximum achievable capacity
can be obtained as Jpgo — 00 in (6.25). Since exp(-) function in (6.25) will be

equal to zero as Ypgy — 00, the maximum achievable capacity is given by

ChY | =logy Ny (6.26)

D(mazx)

The expectation term on the right hand side of (6.25)) can be simplified as

log, N, i logs N,
o (82055 )| Tl fow (2225 o

E

where 74,5 is given in Appendix . Furthermore, the above expression can be given

in terms of MGF as

N, N,
Veij 10go N \| logy Ni\ log, Ny
| | E{exp (_Q—NE)} = | | v (— N2 =V, | - IN? (6.28)

k=1

where the MGF functions W, (-) and W, (-) are given by (C.7) and (C.§), re-
spectively. Further, using (6.28)), the lower bound on the capacity in (6.25) can be

rewritten as

Nt Nt
log, NV,
Cp?>2logy Ny—log, [N +> > 0, <— ng\m t) (6.29)
i=1 j=1 r
J#i

Proposition 6.1. The expression for lower bound on the ergodic capacity of an

OSSK-based MIMO-FSO system is given as

n+Nyp
N2\
C%9 > 2log, N, — log, <Nt (N2 = N) x ZD (10g}“v) ) (6.30)
24Vt

logy Ni
2NZ2

Proof. By putting t = in (/C.8)) and substituting its value in (6.29)), we get the

final expression for C7,? as (6.30)). O

Further, in (6.30)), if 7750 — 00, then the maximum value of ergodic capacity is
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obtained as C7Y = log, Ny, which validates the correctness of the derived ergodic

capacity expression. []

Remark 6.2. For a special case, when Ny = 2 amd N, = 1, the bound on the ergodic

capacity can be simplified as

CH9 > 1 —log, (1 +) Dn2n+2NT> (6.31)

n=0

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 Jpg, — 00, the
dominant term will be obtained by taking n = 0 and the asymptotic average BER

expression is simplified as

N,
1\ 7 NI (8552) [N,(4,45()°B, B
ABEROOS(_ > al 2N) r(A1420)" B 2
Yrso) 2¢7N,.T (TT) 8 Aoher/log, N,
Br B2 P P N5 N,
3y sman (1)) e
p=1 ¢g=1 r=1 s=1 -/\/’6

where N5 = [0,1—(, 1—ag,1—¢,1—ay,1—p,(Jand Ng = [(—1,a0—1,s—1,; —1,1r—
1,—¢,0]. From the above expression, it can be seen that ABER™ (1/7}750)%
and the diversity gain is given by N,/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

Tt is to be noted that ¥ pgq is inside the term D,,, which is given in Appendix
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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 7 ¢, in (6.30) and the final expression

is given as
Ny
- 2N2C2\ 2
where
F(l) (A1 AsC) 3132 Br B2 B P2 N
Co = —2 Z DD PP GEe | 1 .
(Frso)? 16Aoh, 1 g=1 =1 s—1 Ng
(6.34)

It can be seen from ((6.33) and that by increasing the value of N,, the factor
C’év " will decrease significantly with increase in pg,. 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 log, V; as given by (6.26)), which is independent of N,..

6.4.4 Convergence Test

To test the convergence of the average BER and capacity expressions in ((6.22))
and , respectively, a Cauchy ratio test is performed on the power series of
MGF of 7;(—t) in , which is used to calculate the average BER and ergodic
capacity bounds. Further, if the infinite series in 7y;;(—t) is convergent, then the
V., (—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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oo
series Y uy, if the following condition is satisfied, i.e.
n=0

. Un+1
lim
n—oo

<1, (6.35)

U,

then the given series is said to be absolutely convergent. From ((C.7)), let us assume

n+1

the series coeflicient u,, = C,,t~ 2 and the ratio of series coefficient is defined as

_n+2 "
(—Ble)"“ t TF(%Z)G?? N
Aoh n
., ohe (n+1)7 20 N
n+1 _ (6 36)
U,
_n+1 n
(p) R g 11
n
Aohy n'ﬁp?o N4

where N7 =0,n—(+2n—as+2,n—q+2n—oa; +2,n—p+2,( and Ny =

(—lLaya—1,s—1,a0 —1,r—1,n—(+ 1,n+ 1. After simplification, we get

F (6.37)

56 (1| N7
—B1B2G 7 7 (1 Ns>
— :
Aohe(t7r50)/2G2 8 (1|42

real number for all n and ¢. From ([6.37)), it can be clearly observed that the powers of

where F' =

. Here, the constant F' will always give a positive

n in denominator is one higher than numerator and after applying the limit n — oo,
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 10° data bits. In the proposed ORS-
assisted FSO system, the link distances are assumed as L; = Ly = 250 m. In

addition, the other system parameters are assumed as follows: FSO wavelength
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by €22
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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

B Final values of BER for truncation limit n | Upper
Yrso
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

Ar = 1550 nm, gy = 1 mrad

, 0o = 0.5 mrad, r, = 0.1 m, ¢g = 8 mrad, p; = 0.999,

oW — o = 7/2, O = 1.3265, and P, = 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 a; = as = a and 8, = (5 = .

The upper limits used for truncating the infinite series in average BER expres-

sion, which is given by (6.22)), are shown in Table 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 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

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

Yrso

40 1.935630 | 1.935631 | 1.935627 1.935627 n=11

X Simulation
—A— Strong (a=2.42, 3 =2)
Moderate (a=3.1, 3=3)
—O— Weak (a=4.8, 3 =4)

(=12.8, N1=2, Ny=1

Average BER
)
Average BER

10°F

‘ ‘ ‘ ‘ 20 30 40 50 60
10 20 30 40 50 60 .
Average SNR of FSO link (dB) Average SNR of FSO link (dB)

Fig. 6.3: Average BER under different turbulence Fig. 6.4: Average BER for different pointing er-
conditions rors

which comprises an infinite series, is performed in Fig. m(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[6.2l 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 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
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Fig. 6.5: Average BER performance for different N; and N,.
OSSK-based MIMO-FSO system does not depend on the atmospheric turbulence

conditions, which is also evident from . 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 1072, 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 a = 2.95
and 8 = 3 for all pointing error conditions. From the plots, it is inferred that the
performance is better for higher values of (. Because lower values of ( imply higher
pointing error severity, which deteriorates the system performance. The SNR gain of
around 5 dB is achieved to attain the BER of 1072 for high pointing errors scenario
(i.e. ¢ = 0.8) over low pointing errors scenario (i.e. ( = 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 N; and N, by assuming o = 2.4, § =2, and ( = 12.8.
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It is observed in Fig. [6.5(a) that the performance of N; x 1 system degrades with
increasing N;. However, the spectral efficiency, which is given by log, N; bits/s/Hz,
increases with increasing NN;. 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

. PR ACLL N2logy Nt - .
as N, increases. By substituting Y > dp(s;, s;) = =—22=" in (6.15) and assuming

i=1j=1
low SNR condition (i.e. Fpgo — 0), the upper bound on BER after simplification

can be written as BER < N;/4. Since the BER is linearly varying with Ny, 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 IV, = 8 and 16.

In Fig. |6.5(b), the average BER is shown for different N, assuming N, = 2. Tt
can be clearly seen that the average BER of the N; x N, system drastically improves
with the increasing number of receiving apertures N,, 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 N,, since the slope of the BER curves increases with
an increase in N,.. Further, the SNR gain obtained by N, = 2 over N, =1 is 20 dB
to achieve a BER value of 1073, Similarly, the SNR gain achieved by N, = 3 and
N, =4 over N, = 2 and N, = 3 are 5 dB and 2 dB, respectively. Thus, it can be
inferred that the SNR gain decreases with increasing N,. Note that the diversity
gain is calculated in Section as N,/2 and the same is also justified in Fig.
G3|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 a = 2.62, f = 2, and «,, (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,
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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 1072, However, clear air and rainy conditions require only 8 dBm and 9
dBm of transmit power values to attain the same BER, respectively.

Fig. 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 (¢) OSSK-based dual-hop (DH) DF relaying system. The
parameter values are assumed as o = 2.95 and § = 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
1072, 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 1072, 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. 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 C’“DU(fn is very

ax)
less. Similarly, as the pointing error severity increases (i.e. value of ( decreases), the
performance of the system degrades and there is around 5 dB SNR improvement
from ¢ = 0.98 to ¢ = 12.8 under the strong turbulence condition to attain 90% of
Chmax) Value.

In Fig. [6.9) the ergodic capacity is given for different number of transmitting
apertures N; = 2, 4, 8, and 16. The plots show that the proposed system performs
much better with an increase in IV; as expected. It is also confirmed from the plots
that the maximum capacity for different NV, is obtained as C]“D”(fn ax) = 10gy Ny, which
validates the derived expression for Cg’(il ax) 10 (6.26). Further, from Fig. 6.10} it is
observed that there is a significant improvement in the capacity performance with
an increase in N,. It can also be noticed that there is a 7 dB SNR gain when
N, = 4 for N, = 2 over N, = 1 to achieve 90% of C’g’(fnax). Similarly, around 10

dB SNR gain is noticed by increasing N, for the case when N; = 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 N,, as mentioned in Section after . Furthermore,
in Fig. 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 C’Zv(fn ax)’ 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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Fig. 6.11: Capacity performance comparison of various MIMO systems

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:

e 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.

e 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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e Asymptotic analysis shows that the diversity gain of the proposed system is
equal to N,./2. Thus, the performance of the system improves with increasing

number of receiving apertures NV,..

e 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.

e 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.

e 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 [V, increases and the maximum capacity achieved was log, N;. 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 [I11]
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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 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 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 Finally, the chapter is concluded in Section

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 among M 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

where R is the responsivity of the photo-detector, P, denotes the peak transmit
power, hy, is the cascaded channel coefficient between k" transmitting aperture and
receiver assisted by k" ORS, v, denotes the output signal, z;, is input signal, and

ny denotes the AWGN corresponding to the k" ORS-assisted FSO channel with

zero-mean and variance o2.
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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
hie = hayy Py, Popte ek (7.2)

where h,,, and h,,, represent the atmospheric turbulence from k' transmitting

aperture of S to k" ORS and k" ORS to D, respectively, h,; represents the end-
to-end pointing errors of the k' ORS-based FSO link, and hy, is the end-to-end

atmospheric attenuation.

7.3.2.1 Atmospheric Turbulence Model

We assume the Gamma-Gamma distributed FSO turbulence for h,., and h

aik a2k

which incorporates moderate to strong turbulence regimes. Further, the PDF of
Gamma-Gamma distribution is given by [50, eq. (13)] and by using [I87, eq.

(07.34.03.0605.01)], the unified PDF for h,,, and h,,, can be expressed as

a1k a2k

- h—_l 2 A o
Thoy (R) = F(Oéq;k)F(ﬁik)Go Qi o By ’ (7.3)

NO
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where i = {1,2}, ay, is the large-scale scattering coefficient, [3;, represents the small-
scale scattering coefficient of the FSO link [190, eq. (60)], and G} § (-) denotes the
Meijer G-function [186], 9.301]. In addition, the atmospheric attenuation of the FSO
link in is given by Beers-Lambert law and is expressed as hg, = exp(—$;Ly),
where (), is the weather dependent parameter and Ly = L1y + Lok, L1 and Lo are

the distances between S to k' ORS and k'™ 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 @, Section [6.3.2.1] From , the PDF of the pointing error

coefficient hy, can be written as

gkz -1
Srpi(h) = Eh&“ , 0<h <A, (7.4)
k
W)
_ Ze, . . . 2 2 2
where &, = (QLkUGk)2+(ZL2kU<pk)2 is the pointing error parameter, Wzé,;), g, and o,

are given in Chapter [6] Section [6.3.2.1]

7.3.2.3 PDF of End-to-End FSO Channel

arp gy, can

The PDF of end-to-end turbulence of the FSO channel, i.e. hjj = h

be expressed as

fren (1) = /0 é fou () fr, (%) dz. (7.5)

Replacing fp, (-) and fp,, (-) by (7.3) and utilizing [187, eq. (07.34.21.0013.01)],

th‘,ﬁ (t) is written as

¢t .
(alk)r(ﬁlk)F(QQk)F(ﬂ2k)Gg2 1 Bk Qok Port c. , (7.6)

Fra(t) = ¢
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where Cyy, = [, Bk, 1k, B1x]. Similarly, the product of end-to-end turbulence and
pointing errors, i.e. hy = hi}hpphe,, results in the overall channel coefficient and

using [187, eq. (07.34.21.0085.01)], the PDF of hy is given by

+1
Fa () =Bt 1G3 0 | Dyt 5 , (7.7)

Cok

where By, Dy, and Co. 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)]

Ui = RPihyay + n, (7.8)

where hy, is the imperfect channel gain of the FSO link and it is given as [109] eq.

(10)]
hy, = 6hy, + V1 — 6%, (7.9)

where 0 € [0, 1] represents the correlation coefficient and e denotes the channel esti-
mation errors. Here, = 1 represents no errors in the channel estimation. Moreover,
¢ is a random variable, which is independent of hy, following zero-mean Gaussian
distribution with variance equal to o2. Note that the above channel modeling of the

imperfect CSI in ([7.9)) is well established in the literature [56l, 57, 109} 11T} 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

_ a1kBiraskS — &k =
D = =5A By = rant Gt ety | T = nt okt aok + Su+ Fa — 5
110 | 28K,62 A1k
Car = [&k, a2k, Bok, a1k, Pix] | Gie=G ' 5 Dy Py = on + o2k + Pk + P2e =5
Aok,
Xy — [%7 _Tgk’ 1,3%} Xip = [1—25k 72—2& ’ 17§2k 72*32k , 1—5% 72—25% , 1*2¢11k 72*;11@ , 1—é8lk 72_251k:|
CS’i = [(51 + ]-7 1)] C4i = [(527 1)7 (a2’i7 1)7 (ﬂ?ia ]-)7 (OZM, ]-)7 (ﬁlh 1)]
CSj = [(L 1)) (gz + 17 1)] Cﬁj = [(gja 1)5 (an’ 1)7 (ﬂQja 1)) (a1j7 1)7 (ﬂlja 1)7 (07 1)}

0 p T
Biffs exp (—Kat?) 3 LGt >0

n!

Ji (t) = n=0 (7.10)
1— 1, t=0.
where
© HP 3
I — sz7§1 ZO 2 52 Gl (n —2k 1) (7.11)

Note that P; and Gy, are listed in Table [7.1}

Proof. Please see Appendix [D] m

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 k" ORS-based FSO link is defined as v;, = |hg|™7,
where 7 = P,/o? 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 ~; can be calculated
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as

B. &+ 1
fan=20a50 [ b, (l) | (7.12)
" v Cox

Further, by integrating the above PDF using [I87, eq. (07.34.21.0084.01)], the CDF

of the instantaneous SNR. ~; is given by

71 1
7) St (7.13)

(1) =BiG3lL | Dy (:
f}/ CQka 0

7.3.3.2 With Imperfect CSI

The unified instantaneous SNR of the end-to-end k' FSO link with imperfect
CSI is given by 4 = |hx|"7.
Using the power transformations of random variable in ([7.10]), the PDF of ~; is

expressed as

L R
Brkﬂ-I?(l e T Z 2P1n[!<2 lez(ini.u ) x> 0

5 () = n=0 T (7.14)
1 - I(gk)7 x=0.

Now the CDF of 4, can be evaluated as Fs, (z) = [ f5,(t)dt. By employing [I87,
0
07.34.03.0228.01] and [I87, 07.34.21.0084.01], the final expression for the CDF is

given by
Py BESR 2R [ K| 1 - 1M 7.15
3 (7) = T2 ; n! 2 7% ntl ik (7.15)

2
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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 77, then outage will be declared. Further, the instantaneous SNR
of the best ORS link is given as Ypnax = max(y1, 72, ..., 7ar). The outage probability

of the selection-based multiple ORSs-assisted FSO system is given by

Pt =Pr(Ymax < yr)=Pr(v1 < vr, ..., yr < 1) (7.16)

7.4.1.1 Owutage 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
M

Pous = Py () = [ o (30). (7.17)

k=1

where F, (yr) is the CDF of ~; given by (7.13). By putting v = 7 in (7.13)) and

by substituting its value in the final expression for outage probability is given
by

M 1

r 17 fk + 1

Pos = [[ B:G34 | Di (7—T) , (7.18)
k=1 Cgk, 0
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7.4.1.2 Owutage Probability for Imperfect CSI

Similar to perfect CSI case, the outage probability for the proposed system with

imperfect CSI is given by

M

1
PO(’LLZ = F"?maz (fYT) = H F:Yk (7T> (719)
k=1

By replacing = with vz in (7.15)), the final expression for outage probability in

closed-form is given by

M o 1 2
B K P2 Konr 1
I kv 27 k
P =11 - > —EGuGt 72T BN — 1) (7.20)
=1 n=0 ’ " n—’O

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, - / " (el s (D, (7.21)

where p(e|y) represents the conditional SER of M —ary phase-shift-keying (MPSK)
signalling conditioned on the given instantaneous SNR v and it is expressed as [190),
eq. (25)] p(ely) = Lerfe(Q/7), where P = 1 for modulation order M =2, P = 2
for M > 2, Q = sin(r/ M), and erfc(-) is the complementary error function [186, eq.
(8.250.4)]. Using [I87, 07.34.26.0008.01], p(e|y) can be rewritten in terms of Fox’s
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(1{EH), (0.5 1137 ):Ca15Co25-++ :Com
(05{£}11);Ca15Co23+ :Conr

p M
D 0,2: 5,0: 5,1:---: 5,1
P, = HBk: H2,1: 1,5: 2,6:+-: 2,6

Dy Dm
T T
(@m)r  (@)7

D1 D | (BEHT) (055 H)iCoriCazi iCon L
(@m)r  (@)r

0,2: 5,1: 5,0:---: 5,1
+ H a9 ) T
2,1: 2,6: 1,5 © 2,6 (07{%}%I)ycﬁlyc423 iCo

L0 5L 5L 50 Dy .. _Pu_ (L{EHT),(0.5:{ 2107 )iCo1:Co2;-++ iCam
2126 2600 15\ (@29)7(@29)7 (052137 Cor Conivr Can
(7.25)
H-function as
11
plel) = 5 fH 29 (@ o ) (7.22)

Furthermore, in (7.21)), f,...(7) is the PDF of v« and by differentiating ((7.17)), it

is calculated as

f'ymax(/y) :Z H fVi(7)FVk('7)7 (723)
i=1 k=1 ki

=1 k=1,

where f.,(7) and F,, () 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

2 (1,1) 50 Ay
Pe 27’\/_ HBk Z/ Q 7‘ (0,1),(0.5,1)) H7Y3 (Dz (7)
X Hj3 '
II ( @
J#z

where Cs;, C4i, Cs;, and C; are given in Table[7.1] By applying the Mellin convolution

Sz;i) &, (7.24)

theorem [204, eq. (1.29)] and after employing the definition of multivariate Fox’s
H-function [I89, 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 {a;}} denotes a1, as,- - ,ax.
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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 F  (x) and is given by [175]

ﬁ(l) o AvV'D —1/2F

Dz
_ -5 du, 7.26
e 2\/% 0 'Vmax( ) ( )

where A = 1, D = 2 for M=2 and A = 2, D = 2sin? (./\L/l) 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

50
P, 2\/%21/1/ H (7.27)

where W) denotes the weight coefficient and is expressed as

W. =
Toml(m o+ 1L (w)))?

(7.28)

In (7.27), w; is the j™ zero of the Laguerre polynomial Ly 2(-), which is given as
[186, eq. (8.970.1)]

v
—

£ G5

=

(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.

185



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
5 — oo. Further, by using [I87, eq. (07.34.06.0040.01)], the Meijer G-function in
(7.13) is asymptotically expanded at (1/7) — 0 and after substituting its values in
, the asymptotic outage probability for the proposed system with perfect CSI

is given by

5
H L'(Cotm — Cora)

Cop,i /7
m;«él Cory [ T ’
P, = | |B E Dy — , 7.30
it Pl g C2k1F§k+1—C2kz) <7) ( )

where Coy; is the i term of Coy.

7.5.1.2 Asymptotic Outage Probability for Imperfect CSI

In order to calculate the asymptotic outage probability for imperfect CSI case,
we assume 7 — oo in (7.20) and by using [I87, eq. (07.34.06.0040.01)], we obtain

the asymptotic outage probability as

n+1
B K 2P K o
Ghat Z 2_Ghr (ZT—+> +1-— [5’“)] . (7.31)

’}/ T

M
out H

By assuming n = 0, which is the dominant term in (7.31]), a more simplified expres-

sion is obtained and is given by

M 1
B.K r
Eae 12P1G1’“(—1>+(1—fé“)]' (732)
= yr N y
v~ - TP
TF 2

It is important to note that (7.32)) contains two terms, where the first term T}

depends on % and the second term TY is a constant independent of 7. As a result,
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TF > TF in the high-SNR region and the outage probability will attain a floor

value, which is given by

PO =T (1 - ng)) . (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 7 — oo in the average SER expression ,
the poles are determined as Py, = min{&, ao, Bak, @1k, S1x }, where k =1,2,--- | M.
It is to be noted that there are M poles for each multivariate Fox’s H-function term
in . Therefore, by calculating the residues at the poles, we obtain asymptotic

average SER as

(7.34)

Further, by comparing with a general asymptotic SER form, which is given
by P® ~ (G.7)"%, where G. and G4 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 G4 = % %I: P,, where P, are the poles that are already determined for

s=1

([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

n+1

DT _ By K 2P K1 W, " *)
P \/%ZWH{ 1Z(n+1)G Jn+1 +<1_[0)} (735)

’y T

Using the dominant term in (7.35)) by substituting n = 0, a more simpler average

SER expression is obtained, which is given by

M 1
B K . I
f { Ly Llem (@) + (1 - Ié’“)) } (7.36)
k=1 L Q g L, N———

=mn> A

J=1

Similar to outage probability, the first term 77 in (7.36)) depends on 7 and the
second term 7% is a constant. Since 75 > T} in the high-SNR region, average SER

will also approach to a floor value, which is equal to

P, = 2\/% ZW f[l (1-1). (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: ¢4, = 8 mrad, Ap = 1550
nm, r, = 0.1 m, M =2, and Ly, = Lop = 250 m. For imperfect CSI condition, the
parameters assumed in the simulations are ¢4, = 2 mrad, § = 0.9, gy, = 0.0008,
op, = 0.0001, and M = 2. It is to be noted that we have assumed the same pa-
rameters for S to k" ORS and k' ORS to D links, i.e. & = &, aqp = ag, = «, and

B1x = Bor. = B, unless and otherwise stated, for simplicity without loss of generality.

188



Table 7.2: Truncation accuracy for the infinite summation in (7.27))

_ | Final values of average SER (7.27) for truncation limit n | Upper
gl
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
10
102
% 10 £
§ 10% ¢
(@]
#  Simulations \ NS
—>—M=11[9] % N\
108 j —o—Mm=2 v ‘\\ ]
M=4 \ \
Ty s -:A:ysmptotic ‘ (‘1=3'03' [3=‘3' €=1'23‘ \\ ‘ ‘ \\\
10 -10 0 10 20 30 40 50 60

Average SNR of FSO link (dB)
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 10°. The
truncation accuracy for infinite summation used in 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. 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 1072, Similarly, the SNR gains achieved by
M =4and M =8 over M =2 and M = 4 are 12 and 8 dB, respectively, for an
outage value of 1072,

In Fig. [7.3] the average SER is plotted against the average SNR for different

values of M. The SER performance trends observed from the plots corresponding to

189



Ng: number of relays

#*  Simulations
4| —©—ORs, M=1 9]
107 ——oRs, M=3
ORS, M=5
5 — — — Asymptotic
10 —E©— DF relay, N =1
—g3— DF relay, NH=3
10-6 —A—DF relay, NR=5

Average SER

a=4.71, =4, £=1.6

-10 0 10 20 30 40 50
Average SNR of FSO link (dB)

Fig. 7.3: Average SER performance under perfect CSI for different number of ORSs
M =1,3,5 are similar to Fig. 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 N 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 7 < 20 dB for all three cases (i.e. Ng = M = 1,3, and 5) and
the SNR gain to achieve an SER value of 1072 increases with increasing value of M
compared to increasing value of Ng. However, for 7 > 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. 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. 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 1072, 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.

10°

-
S
N

L | Strong, a=2.07, B=1
Moderate, a=2.82, =2
weak, a=4.71, 3=4

Average SER
=
I8

%  Simulation
—OE— Strong M=2
—HE— Moderate M=2
—&— Weak M=2
—</— Strong M=4
—&— Moderate M=4
—A— Weak M=4

I I

—

o
&
T

10°8 | | | | |
-10 -5 0 5 10 15 20 25 30 35 40

Average SNR of FSO link (dB)

Fig. 7.5: Average SER performance under perfect CSI for various turbulence conditions

Fig. 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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Fig. 7.6: Average SER for perfect CSI under clear air and foggy conditions

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 1072 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 for M = 4 over M = 2 under moderate and weak turbulence conditions are
10 dB and 6 dB, respectively. Therefore, as M 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. 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 ; = 0.43 and €, = 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 1073 for M = 4 over M = 2 under both clear air and

foggy 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 0y, = 3 mrad, o, = 2 mrad, and
§ = 1.23 for high pointing errors case and oy, = 1 mrad, o,, = 0.5 mrad, and
¢ = 12.8 for low pointing errors case. In Fig. [7.7] as the value of £ increases from
& = 1.23 to & = 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 ¢ depict the higher
severity of pointing errors, which deteriorate the system performance. Moreover,
the SNR gains obtained by the multiple ORSs system for £ = 1.23 and & = 12.8

are given in Table 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]

SNR gai
Outage Probability 1072 salh

£=123| =128
M =4over M =2 14 dB 12 dB
M =8 over M =4 9 dB 8 dB

the high pointing errors case (i.e. £ = 1.23) are higher than the low pointing errors
case (i.e. £ = 12.8). Similar outage performance trends are observed for imperfect
CSI under different pointing error coefficients ¢ = 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 .
For instance in Fig. [7.8) at 7 = 32 dB, the outage probability value for M = 2
is 2.02 x 107!, Similarly, the outage values for M = 4 and 8 are 4.09 x 1072 and

1.67 x 1073, respectively.
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Fig. 7.9: Average SER performance under imperfect CSI for different number of ORSs

In Fig. 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. and that the curves are saturated at high-SNR

)ﬁxed

region and attain outage and average SER floor values equal to Po(it and P |

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 6 = 0.7,0.8,0.9 and perfect channel
case with 0 = 1. It is seen that the increasing values of correlation coefficient
enhances the average SER performance. For example, at ¥ = 22 dB, the average
SER values for § = 0.7,0.8,0.9 are 8.6 x 1073,5.5 x 1073,2.3 x 1073, respectively.
It is due to the fact that high value of ¢ implies less errors in channel estimation.
Furthermore, it is evident from Fig. and 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 7 < 22 dB. Further, it can be seen that the relay-aided system
achieves an average SER of 1.6 x 1073 for M = 8 at ¥ = 10 dB, whereas for the
same SNR, the ORS-assisted system attains the average SER values of 5.1 x 1074
and 3.9 x 107% 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

CSIin 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.

e 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 a-n-k-p 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 a-n-x-p 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 77" " 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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e In 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 x—p 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.

e 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 N,
increases and the maximum capacity achieved was log, /V;. 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 surfaces M
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:

e 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.

e 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.

e 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.

e 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.

e 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. 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 o and

The expressions for large scale and small scale turbulence parameters, a and 3, in

case of terrestrial communication are, respectively, given by [168] eq. (2)]

_ —1
o= [exp (0.499(2 (1 + 0.56X12/5) 7/6> — 1} ,

g = [exp <O.51X2 (1+ 0.69)(12/5)_5/6) - 1} - ; (A1)

where y? = 0.502]{:;/ OL11/6 is the Rytov variance for terrestrial communication. For
satellite communication scenario, the parameters o and [ depend on the satellite
height ‘H’, which is above the ground level [76]. Additionally, the refractive index

parameter C2(h) is defined in terms of altitude i and wind speed vg as [76 eq. (9)]

C%(h) = 0.00594(v,/27)?(10~°h)Pexp(—h/1000) + 2.7 x 10~ Pexp(—h/1500)

+ 1.7 x 10 *exp(—h/100). (A.2)

It is to be noted that the modeling of turbulence parameters o and [ are different
for uplink and downlink scenarios. The large scale turbulence parameter « 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 a and S for uplink
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case are, respectively, given by [70, eq. (7a, 7b)]

-1

AW\ 2 (AL 2 0.4902
o =|5.95(H — hg)?*sec*(6y) (—0) (T/I;) + exp oL 76 | — 1 )
o v (1+0.56017")

-1
05102,

—5/6
(1+0.69037")

B = |exp : (A.3)

where W is the laser beam size at the transmitter, hg is the ground station aperture

2
height, 8, denotes the zenith angle, W, = Wg\/ (1 — f,—;) + k;ﬁ% is the received
laser beam size. Here, Fj denotes the curvature radius of the phase front at the
transmitter. Further, rq denotes the fried parameter and expression for the same is

given by

[S[9M]

ro = {0.42%@(62)/@% /h ! Cﬁ(h)dh}_ : (A4)

In (A.3)), A, = 0pe/Ls represents the beam-wander-induced pointing errors param-
H—hg

2 . . . . _
eter, o,, denotes the variance of beam-wander-induced pointing errors, L, = CoS(07)

is the propagation distance between satellite and ground station in meters, and o7
is the Rytov variance for uplink scenario. Moreover, the expressions for o7, and Uie
are, respectively, given by

7 11 H h—h % h—h %
2 =2.25ks (H — ho)ssec’s / 2(h) (1 - ° -
ok, 5k ( ho)ésecs (07) . Cy(h) H — hy H — hy dh,

(A.5)

A\ 2 2\ AmA(Wo/r3 \*
2 054(H — ho)2g002 A 70 1-— L .
Tpe = 0-54(H — ho)"sec”(07) (2Wo) ( o L+ 4m2(Wo)2/r§

(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, o and 3, for downlink scenario
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are, respectively, expressed as [207], eq.(6, 7)]

—7/6 -1
o= [exp (0.490%L (1 + 1.11a§£5> ) - 1} ,

~5/6 -1
8= [exp (0.510%)L (1 + 0.690—}32{5) ) - 11 , (A7)

where 0%, denotes the Rytov variance for downlink scenario and is defined as

H
02, = 2.25kisect (0) - ho)%dh. (A.8)
0
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Appendix B

B.1 Convergence Test for [, .(7)

In this section, a Cauchy ratio test is performed on the infinite series given in
(4.21)), which is the PDF f,,.(7), to test its convergence. According to the Cauchy
ratio test, > ,°,x; is said to be absolutely convergent, if it satisfies the condition

given below [I86] eq. (0.222)]

Li+1

x

lim

l—o00

<1, (B.1)

For the infinite series given in (4.21)), the power series coefficient is obtained in the

form of a summation as

! m a /9~

a(p4+m)— exp(—”)/ /2’}/%};) (B 2)

Z : ) :
' m!I (g + m)2r—m~ 55

Now, the series coefficient can be further simplified by assuming m = [, which is the

last term of the series, and is given by

a2 )
= z—a(uH) (B.3)
I'(p+1)20-
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Further, by using (B.3]) and (B.1]), the ratio of series coeflicients can be written as

_ &
clH(—1)l+17°‘(“+l+1)_1exp (_ 2;& )
RF

T4 _ D (-4 1)20—1- 173 HFD (B4)
€ Cl(_l)z,yd(wl)flexp(_Q%gF)
D(pt)2e =t
T 2 vy @
I+1
ol a2 () o9
Iy p+ 1 \Vre

Cl4+1

where A; = = is a decreasing function with respect to [ [165] eq. (15)], [165, eq.
(31)] and it tends to zero for I — oco. It can be clearly seen that for a finite value
of v and Fgp, (B.5) will be tending to zero by applying the limit [ — oo. This
eventually shows that the condition given in (B.5)) is satisfied. Therefore, it can be
inferred that the PDF f,..(v), which is given by with an infinite series is

absolutely convergent.

B.2 Convergence Test for f,,,..(7)

The convergence test for f,,,..(7) can be initiated similar to the Cauchy ratio
test performed for f,,,. (7). From (4.25)), the power series coefficient can be obtained

as

C (_1)lcl(_1)ir(0~é(ﬂ +1+1)) a(ptl+i)—1

Yo = L2 & i
D (1 4 1)20 gl Ut
A 1, K,
x> taG P gk | Bay (B.6)
d=1 Koy 1 —a(p+1+1)

Since there are two infinite power series in (4.25]), the coefficient in depends
on two variables (i.e. [ and 7). The condition for the convergence of (4.25)) is given
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Yiv1,i+1
Yii

lim

l—00,i—00

<1, (B.7)

Further, the ratio of the series coefficients is given by

2  ~
1 1 1
:‘-A2< ”)/> |:Oé—|— ‘|‘—.+—:|
YRF l1 i

B 3p 1
Cl+1 Zdzl thp+1 3p+1 (327

Yit1,i+1
Yii

(B.8)

1K
Kz’l_la ,(CTHH;)) is a constant for all [ and i. By

3p 1
aXio, thpf1 3p+1 (BTY Ka,1—a(p+l+1)
applying the limits [ — oo and i — oo, the expression in (B.8) will be tending to

where Ay =

zero, which satisfies the condition given in . Hence, it is clear that the PDF

frune (77), which is given by (4.25)), is also absolutely convergent.
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Appendix C

C.1 Proof of Theorem 6.1

We assume Uy;; = |Zk;j|, where Zy;; = hyg; — hy;. Utilizing [132, eq. (9)], the
PDF of Z;; is given by

ae) = | " e 4 @) fon (@) d. (1)

Substituting fy,,(-) and fp,,(-) from (6.14)) in (C.1]) and employing [208, eq. (2.24.1.3)],
we get the PDF fz, (z) as

(A AQC BlB2 IR 1 > BlBQ ./\/:‘;
§ — E E E b( )b(2)b(1)b(2 E Z G561
J7u;(2) = 16 Aghy “Aohy n!G”

p=1 ¢=1 r=1 s=1 n=0

where N5=[0,n —(+1,n—as+1,n—qg+1,n—a;+1,n—p+1,{] and N, =
(—1,ap—1,s—1,a1—1,r—1,n—(, n|. Therefore, the PDF of Uy;; can be written

as [132]

kaij (u) = 2kaij (u) (03)

Further, by substituting (C.2) in (C.3), the final expression for fy,, (u) is obtained
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C.2 Proof of Theorem (6.2

The PDF of the instantaneous SNR of k" FSO link v; = U7 pso is written

in terms of PDF of Zj;; as

1 Y
3 = —f, . CA4
Frs (7) V7 Frso I ( YFrso > (C4)

Substituting fz,,.(-) from (C.2) in (C.4), we get the PDF of yy,; as

AACBB B1 B2 P11 B2
oy () = LR DR BB WLEL

=1 g=1 r=1 s=1

B.B nt N

XZ( L i (©5)

Aghy = 2 N
nYrso 4

Further, to calculate the PDF of overall instantaneous SNR, which is given as v;; =
Yrso % U,?ij = % Vkij, we use MGF-based approach. The MGF of the ;; is given
by k=1 k=1

0., H U, (—t), (C.6)

where W, . (—t) is the MGF of y3,; and is calculated as

where

(A1A50)2B1 By o S SL & " @( Ble)”F("T“) e
Cp = T64dh ;;22?) 2pp G361

Substituting (C.7) in (C.6|) and utilizing [186], eq. (0.314)], we can write ¥, (—t) as

v, ( Z Dyt"7", (C.8)
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where Dy = C’év’" and D, = ULCO > (mN, —u+m)C,,D,_p,. Further, by taking the

m

inverse Laplace transform of W, .

=1
(—t), the PDF of ~;; can be obtained as (6.18).
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Appendix D

Proof of Theorem (7.1

From ([7.9)), let us assume hy, = p1 + p2 as the sum of two independent random
variables, where p; = 0h;, and py = v/1 — d%¢. Furthermore, the PDF of FE is given
by

for(y) = Ky exp (= Kay?) | (D.1)

1 1
where i = ——— and Ky = —+—5—
! 2m(1—-62)02 2 2(1-6%)02

write the PDF of ]~j as

. Using the convolution theorem, we can

fi (1) / For (@) it — 2)da (D.2)

where f,, (z) = 6fhk ( ) By substituting - in - ) 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

o

i (t) = BrKy exp (—Kot?) Z
n=0
> Dy |pj+1
></ "G50 Tkx ! GO | Ky2?| | da (D.3)
0
Cox, 0
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Finally, by utilizing [I87, 07.34.21.0013.01], the above integral is evaluated as

B.K x oP 2
fh”k (t) = 22 ! exXp <_K2t2) Z ol 2 letn (D4)
n=0 ’

It can be observed from that ¢ € 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 f, (t) can be rewritten as (7.10), where
Iék) = fooo fir (t)dt. After substituting in place of f;; (t) and using [186} eq.
(3.381.4)], we get Iék) as (7.11)).
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