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ABSTRACT

On the Performance of Free-Space Optical Systems over
Generalized Atmospheric Turbulence Channels with Pointing
Errors
Imran Shafique Ansari

Generalized fading has been an imminent part and parcel of wireless communica-
tions. It not only characterizes the wireless channel appropriately but also allows its
utilization for further performance analysis of various types of wireless communication
systems. Under the umbrella of generalized fading channels, a unified performance
analysis of a free-space optical (FSO) link over the Mélaga (M) atmospheric turbu-
lence channel that accounts for pointing errors and both types of detection techniques
(i.e. indirect modulation/direct detection (IM/DD) as well as heterodyne detection)
is presented. Specifically, unified exact closed-form expressions for the probability
density function (PDF), the cumulative distribution function (CDF), the moment
generating function (MGF), and the moments of the end-to-end signal-to-noise ra-
tio (SNR) of a single link FSO transmission system are presented, all in terms of
the Meijer’s G function except for the moments that is in terms of simple elemen-
tary functions. Then capitalizing on these unified results, unified exact closed-form

expressions for various performance metrics of FSO link transmission systems are of-



fered, such as, the outage probability (OP), the higher-order amount of fading (AF),
the average error rate for binary and M-ary modulation schemes, and the ergodic
capacity (except for IM/DD technique, where closed-form lower bound results are
presented), all in terms of Meijer’s G functions except for the higher-order AF that
is in terms of simple elementary functions. Additionally, the asymptotic results are
derived for all the expressions derived earlier in terms of the Meijer’s G function in
the high SNR regime in terms of simple elementary functions via an asymptotic ex-
pansion of the Meijer’s G function. Furthermore, new asymptotic expressions for the
ergodic capacity in the low as well as high SNR regimes are derived in terms of simple
elementary functions via utilizing moments. All the presented results are verified via
computer-based Monte-Carlo simulations.

Besides addressing the pointing errors with zero boresight effects as has been
addressed above, a unified capacity analysis of a FSO link that accounts for nonzero
boresight pointing errors and both types of detection techniques (i.e. heterodyne
detection as well as IM/DD) is also addressed. Specifically, an exact closed-form
expression for the moments of the end-to-end SNR of a single link FSO transmission
system is presented in terms of well-known elementary functions. Capitalizing on
these new moments expressions, approximate and simple closed-form results for the
ergodic capacity at high and low SNR regimes are derived for lognormal (LN), Rician-
LN (RLN), and M atmospheric turbulences. All the presented results are verified
via computer-based Monte-Carlo simulations.

Based on the fact that FSO links are cost-effective, license-free, and can provide
even higher bandwidths compared to the traditional radio-frequency (RF) links, the
performance analysis of a dual-hop relay system composed of asymmetric RF and
FSO links is presented. This is complemented by the performance analysis of a
dual-branch transmission system composed of a direct RF link and a dual-hop relay

composed of asymmetric RF and FSO links. The performance of the later scenario



is evaluated under the assumption of the selection combining (SC) diversity and the
maximal ratio combining (MRC) schemes. RF links are modeled by Rayleigh fading
distribution whereas the FSO link is modeled by a unified GG fading distribution.
More specifically, in this work, new exact closed-form expressions for the PDF, the
CDF, the MGF, and the moments of the end-to-end SNR are derived. Capitalizing
on these results, new exact closed-form expressions for the OP, the higher-order AF,
the average error rate for binary and M-ary modulation schemes, and the ergodic
capacity are offered.

Cognitive radio networks (CRN) have also proved to improve the performance of
wireless communication systems and hence based on this, the hybrid system analyzed
above is extended with CRN technology wherein the outage and error performance
analysis of a dual-hop transmission system composed of asymmetric RF channel cas-
caded with a FSO link is presented. For the RF link, an underlay cognitive network
is considered where the secondary users share the spectrum with licensed primary
users. Indoor femtocells act as a practical example for such networks. Specifically, it
is assumed that the RF link applies power control to maintain the interference at the
primary network below a predetermined threshold. While the RF channel is modeled
by the Rayleigh fading distribution, the FSO link is modeled by a unified Gamma-
Gamma turbulence distribution. The FSO link accounts for pointing errors and both
types of detection techniques (i.e. heterodyne detection as well as IM/DD). With
this model, a new exact closed-form expression is derived for the OP and the error
rate of the end-to-end SNR of these systems in terms of the Meijer’s G function and
the Fox’s H functions under amplify-and-forward relay schemes. All new analytical
results are verified via computer-based Monte-Carlo simulations and are illustrated

by some selected numerical results.
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Chapter 1

Introduction

1.1 Wireless Communications

1.1.1 Wireless Channel Modeling and Various Diversity Schemes

Wireless communication is driven via a complicated phenomenon termed as radio-
wave propagation. It is characterized by multiple effects including multipath fading
and shadowing. The statistical behaviour of these effects is characterized by different
turbulence models depending on the nature of the communication environment [1].
It is important to study such effects to encompass the practicality concern of the
currently available turbulence channel models and beyond. Hence, it becomes very
evident and attractive to study large-scale fading alongside small-scale fading as the
multi-hop relay networks are emerging in the current times. The geographically
distributed nodes experience different multipath fading and shadowing statistics [1].
Hence, modeling composite fading turbulence channels, where the multipath fading
and shadowing are modeled together, is essential for the performance analysis of
various communication systems.

The signal transmitted via the wireless channel mainly experiences three impair-



ments (i) pathloss, (ii) shadowing, and (iii) fading.

Pathloss

Pathloss is a large scale propagation effect and it characterizes the variation in the
power of the transmitted signal over large distances [2]. Pathloss is a deterministic
quantity and is usually modeled as a function of distance d. The general model for
pathloss is PL o d~%, where « is the path loss exponent [2]. The signal power

diminishes rapidly due to pathloss.

Shadowing

Another large scale propagation effect experienced by the signal is called shadowing
and is caused by large obstructions. A common model used for shadowing is the
log-normal shadowing model in which the received power at the receiver is assumed
to be random with a log-normal distribution [2].

When a signal is transmitted in a wireless channel, multiple copies of the signal
are received at the destination due to reflection and scattering. These multiple copies
add constructively and destructively to cause abrupt variation in signal power. This

rapid fluctuation of the signal power in a wireless channel is termed as fading [2].

Fading

Fading is a random phenomena and various random distributions have been proposed
to model the effect of fading [3]. For example, in a multiple scattering environment,
the fading envelop is modeled using Rayleigh distribution. If there exist a line of sight
path from the transmitter to the receiver, Rician distribution is used to model fading.
Various other distributions used for modelling fading are discussed in [3]. Fading can

be further classified into following types:

23



e [ust Fading: In fast fading, the channel fading realization changes rapidly and

varies from symbol to symbol.

e Slow Fading: In slow fading, the channel fading realization does not change

rapidly and is constant over multiple symbols.

Fading greatly degrades the performance of the wireless communication systems. For
example, in an additive white Gaussian noise (AWGN) channel for binary phase shift
keying (BPSK), the error probability decreases exponentially with increasing transmit
power. Thus, for fading channels a large amount of additional power is required to

get the error rate performance of the AWGN channel.

1.1.2 Diversity Systems

In wireless systems, the base-stations (BSs) or access points communicate with small
low power terminals. These terminals may be limited to a single transmit chain due
to power complexity constraints [4]. On the other hand, multiple transmit and receive
antenna systems i.e. Multiple-Input-Multiple-Output (MIMO) systems offer substan-
tial performance improvement in wireless systems. This is possible by increasing their
spectral efficiency and /or by reducing the effects of the channel impairments [5]. Addi-
tionally, one of the simplest and most efficient techniques to overcome the destructive
effects of turbulence in wireless communication systems is diversity [4]. In this, the
receiver processes the obtained diversity signals in such a way that maximizes the
system’s power efficiency. There are several diversity techniques such as equal-gain
combining (EGC), maximal ratio combining (MRC), selection combining (SC), and
a combination of MRC and SC referred to as generalized selection combining (GSC)
among others.

An approach to overcome the severe effect of fading is to send multiple copies

of the signal over the wireless channel such that each copy of the signal experiences
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independent fading. The idea is that it is improbable that multiple independent paths
experience deep fades at the same time. This technique is called diversity. Diversity

can be achieved by multiple ways [2].

e Time Diversity: As the wireless channel is time varying, a simple technique to
achieve diversity is to transmit the signal over multiple time slots where each
time slot experiences independent fading i.e. the signal is transmitted in time

slots separated by time greater than the coherence time of the channel.

e [Frequency Diversity: Diversity can also be achieved by transmitting the same
signal over different carrier frequencies that are separated by more than the
coherence bandwidth of the channel and thus experience independent fading.

This is termed as frequency diversity.

e Space Diversity: Diversity can also be achieved in space by transmitting the
multiple copies of the signal using multiple antennas where each antenna expe-

riences independent fading.

The multiple copies of the signal sent by the transmitter can be combined in

various ways [3]. Some of the combining schemes that have been proposed are

o Maximum Ratio Combining: The received signals are combined after weighting
the received copies proportional to the amplitude of the fading realization of

the channel and compensating the phase.

e Fqual Gain Combining: The received signals are combined after giving all the

received copies equal weight and compensating the phase.

e Sclection Combining: The signal with the maximum channel fading amplitude

is selected.
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In recent times, different diversity schemes have marked an important impact in
the arena of wireless communication systems. The main reason behind this is that
these different diversity schemes allow for multiple transmission and/or reception
paths for the same signal [3,6-8]. One of the optimal diversity combining scheme is
the MRC diversity scheme where all the diversity branches are processed to obtain the
best possible devised and improved single output that possibly stays above a certain
specified threshold [3,9,10]. This results into extensive occurrence of the statisti-
cal distribution of the sum of squared envelopes of faded signals in several wireless
communication systems [11]. Additionally, wireless communications are driven by
a complicated phenomenon known as radio-wave propagation that is characterized
by various effects such as fading, shadowing, and path-loss. The statistical behav-
ior of these effects is described by different models depending on the nature of the

communication environment.

1.1.3 Cooperative Relaying Technology

Utilizing mobile terminals as relay stations is an interesting concept that is emerg-
ing as a feasible option for overcoming the problems of the next generation wireless
networks. There can be two relaying systems in broad sense: conventional relaying
systems that use relays as pure forwarders whereas cooperative relays that tackle the
fundamental features of wireless medium i.e. its broadcast nature, and its ability to
provide independent channels [12]. Hence, this concept allows achievement of diver-
sity. Cooperative networks benefit from the broadcast nature since once a signal is
transmitted, it can be received and usefully forwarded via multiple terminals. Never-
theless, whichever type of relaying system one employs; it encompasses the concept
of multiple scattering radio propagation channels [1]. This has been proved useful in
many scientific fields of communications and it fits many propagation scenarios from

the recent past.
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The classical relay channel model has been around since the 1960$ [13,14]. How-
ever, due to practical constraints little work was carried out on relays until re-
cently [15-17]. Advances in wireless communications technology has now rekindled
interest in cooperative relays. Cooperative relaying exploits spatial diversity by em-
ploying antennas distributed over multiple terminals. Hence, each terminal can have
less number of antennas and less number of radio frequency (RF) chains. These
terminals combined act as a distributed MIMO system [18].

In a cooperative relay system, a terminal called a relay receives information from
the source, processes the information and then forwards it to the intended destina-
tion. In addition to achieving cooperative diversity, relays also provide the benefit
of increasing coverage area [19]. There are two main types of relays found in litera-
ture [17]:

o Amplify-and-Forward: These relays first amplify the signal received from the
source and then forward it to the destination. The advantage of amplify-and-forward
relays is that they are simple to implement. However, the drawback of these relays
is that they cannot detect errors in the received signal.

e Decode-and-Forward: These relays first decode the received signal. Then they
re-encode the signal after which it is forwarded to the destination. As the relay
decodes the signal, it can detect errors present in the signal. However, this comes at
the cost of added complexity and it can be difficult to incorporate this in to relays
that usually need to be simple and inexpensive.

Due to their low cost and ease of implementation, amplify-and-forward relays
are commonly used in literature. They are currently used in signal repeaters [20].
Amplify-and-forward relays can be further sub-divided into two types:

e Fized Gain [21]: The relay gain of these types of amplify-and-forward relays is
set at the beginning of data transmission and does not change with time and channel

conditions.
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e Variable Gain [22]: The relay gain of these types of amplify-and-forward relays
depends on the channel response of the source (S)-relay (R) link. As the channel

response of the S-R link changes, so does the relay gain.

1.2 Free-Space Optics (FSO)

1.2.1 General Background

Wireless communication has taken a prime spot in our daily lives and at times it does
gives us a feel of being a basic commodity of our life but wireless communication is
a technology that has its own limits. As wireless communication continues to take
such an essential space in our daily lives, the prime resource that successfully allows
wireless communication to exist is reaching its limits, also termed as spectrum scarcity.
Hence, spectrum scarcity has been the primary concern in the current times when
the discussion falls in the arena of wireless communications. To overcome this issue,
many possible solutions have been proposed and have been successful within their
own limits and challenges. Some of the possible solutions include the cognitive radio
network (CRN) technology and free-space optical (FSO) technology among others.
FSO communication has recently gained a growing interest for both commercial
and military applications [23,24]. Similar to fiber, FSO transmits data in form of
a small conical shaped beam by means of low powered laser or light-emitting diode
(LED) in Terahertz spectrum [25,26]. Instead of enclosing the data stream in a glass
fiber, it is transmitted through the air and it operates in near infrared (IR) band.
FSO is all-optical, unlike the well-known RF wireless systems. So, one gets the speed
of a fiber without the substantial costs of digging up sidewalks to install a fiber link.
This technology does not require government licensing for installation [26]. It can
be readily deployed as soon as the line-of-sight (LOS) link between the laser and the

receiver becomes available. This implies no hassles, no backlog, and no intermediary
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devices to the fiber backbone.

FSO becomes attractive technology where fiber installation and the right of way
are very expensive. FSO addresses applications like metropolitan networks, inter-
building communication, backhaul wireless systems, in-door links, fiber backup, ser-
vice acceleration, security, military purposes, and satellite communications, etc. For
deep space probes and inter-satellite communication, FSO is an excellent candidate
because of the low loss links and small size antennas [26-33]. Commercial products
are available for a data bandwidth of 100M up to 2.5Gbps. Furthermore, it is expected
that this technology will observe fast growth in terms of number of wavelengths shar-
ing the same space path [34]. It is expected to grow to hundreds of wavelengths per
FSO transponder (transmitter and receiver). Future developments of this technology
will potentially reach the tens of Terabit/sec range.

Since FSO link can be easily installed within 24 hours or less, there is a growing
interest in military and homeland security applications. It is very practical to connect
remote non-permanent sites, borders control and surveillance sites, difficult terrains,
and battlefields with very high bandwidth links. In addition, FSO is rapidly becom-
ing an important component in governments and large corporation’s disaster recovery
plans [35]. Furthermore, FSO is also getting a growing market share in active imaging
and remote sensing applications [36]. These applications are particularly attractive
for defense and homeland security. Moreover, there is a recent growing interest to ex-
ploit FSO in military and difficult terrain mobile networks despite the LOS stringent
challenge [26]. Indeed the deployment of ubiquitous wireless commercial communi-
cations results in regulatory pressure and the spectrum available for military use is
decreasing. Military applications need communication system with higher capacity
because they need to exchange huge amount of voice, video, and data. In effect,
new age wars and conflicts require a real time transfer of huge information directly

from the field to center of command. Naval communications is also another potential

29



market for FSO communication technology [23].

For the past decade, there has been an increasing interest in FSO or terrestrial
optical wireless communication systems due to their various characteristics. These
include higher bandwidth and higher capacity relative to the traditional RF commu-
nication systems. In addition, FSO links are license-free and hence are cost-effective
relative to the traditional RF links. FSO is a promising technology as it offers full-
duplex Gigabit Ethernet throughput in certain applications and environment, ul-
timately offering a huge license-free spectrum, immunity to interference, and high
security [25]. These features of FSO communication systems potentially enable solv-
ing the issues that the RF communication systems face due to the expensive and
scarce spectrum. Additionally, advanced research and development (R&D) lab pro-
totypes demonstrated the feasibility of up to 1.28 Terabits per second [8]. With the
correct setup, much higher speeds may be possible as the approach utilizes multi-
ple wavelengths acting like separate channels. Hence, in this concept, the signals
are sent down a fibre and launched through the air (known as FSO) and then they
travel through a lens before ending up back in fibre. Besides these nice characteristic
features of FSO communication systems, over long distances of 1Km or longer, the
atmospheric turbulence may lead to a significant degradation in the performance of
the FSO communication systems [4,12,37-41].

Although there are many advantages of using FSO, the optical free space is af-
fected by weather and atmospheric losses along the propagation path. This includes
rain, dust particles, fog, snow, fading due to turbulence, etc. (see Fig. 1.1) [26,42].
Fading might lead to short-term outages for a few milliseconds. These are caused
by atmospheric turbulence-induced fading. It might also lead to long-term outages
up to duration of a few seconds usually caused by LOS obstructions or pointing er-
rors [42]. To mitigate these effects, various different approaches have been presented.

They include physical and higher layer techniques. At the physical layer, forward er-
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Figure 1.1: Environmental effects on a FSO system.

ror correction (FEC), dynamic thresholding, and time delayed diversity (TDD) have
been proved to be acceptable solutions [42]. At higher layers, FEC has also been
demonstrated to be a possible solution although it imposes a penalty on the channel
throughput. For duplex communications, automatic repeat request (ARQ) protocols
are proposed to be a more efficient solution [43]. Moreover, spatial diversity and
channel coding are used to obtain improved performance over the turbulent link. An
appropriate method that will reduce the probability of error for FSO communication
system is Alamouti space time coding [44,45]. MIMO techniques have gained more
interest as means of combating turbulence and leveraging the performance of FSO
links [46,47].

Moreover, thermal expansion, dynamic wind loads, and weak earthquakes lead to
the building sway phenomenon that causes vibration of the transmitter beam. This
ultimately leads to a misalignment between the transmitter and the receiver termed

as pointing error. These pointing errors may lead to additional performance degra-
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dation and are a serious issue in urban areas, where the FSO equipment’s are placed
on high-rise buildings [48-50]. Furthermore, it is important to know that indirect
modulation/direct detection (IM/DD) is the main mode of detection in FSO systems
but coherent communications have also been proposed as an alternative detection
mode. Heterodyne detection is a more complicated detection method though it has
the ability to better overcome various turbulence effects (see [51,52] and references

therein).

1.2.2 Asymmetric RF-Free-Space Optical (FSO) Dual-Hop
Communication Systems

For the past decade, FSO or optical wireless communication (OWC) systems have
gained an increasing interest due to its various characteristics including higher band-
width and higher capacity compared to the traditional RF communication systems.
In addition, FSO links are license-free and hence are cost-effective relative to the
traditional RF links. It is a promising technology as it offers full-duplex Gigabit Eth-
ernet throughput in certain applications and environment offering a huge license-free
spectrum, immunity to interference, and high security [37]. These features of FSO
communication systems potentially enable solving the issues that the RF communi-
cation systems face due to the expensive and scarce spectrum [4,12,37-41]. Besides
these nice characteristic features of FSO communication systems, over long distances
of 1IKm or longer, the atmospheric turbulence may lead to a significant degradation in
the performance of the FSO communication systems [38]. Hence, as proposed in [53],
a relaying system based on both FSO as well as RF characteristics can be expected
to be more adaptive and constitute an effective communication system in a real-life
environment.

Keeping RF as the prime band for transmission for the end users and combining
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the channel modeling experience with a relatively newer technology i.e. utilizing laser
light for fulfilling the purpose of data transmission, commonly termed as FSO com-
munications and/or OWC, through the network to the internet back-haul/destination

improves the system performance manifolds.

1.2.3 Cognitive Radio Networks (CRN) with FSO

Cognitive radio network (CRN) has been proposed as a promising solution for efficient
utilization of the RF spectrum. A practical example for such networks are indoor
femto-cells where the users are allowed to deploy femto BSs that have the capability
to share the spectrum with macro-cell users. Such networks have proved to improve
the performance of indoor users in terms of capacity [54].

The spectrum usage by cognitive (secondary) users is generally governed by the

following three approaches (see [55] and references cited therein).

o Interweave CRNs wherein the primary and the secondary users are not allowed
to operate simultaneously i.e. only when the primary users (PUs) are in idle

mode, the secondary users (SUs) are allowed to access the spectrum.

e Underlay CRNs wherein the PUs are allocated a higher priority over the SUs
in terms of spectrum usage. Hence, the PUs and SUs are allowed to coexist
as long as the power of the SUs signals at the PUs receivers do not exceed a

predefined interference threshold known also as interference temperature (IT).

e Quverlay CRNs wherein PUs and SUs transmit concurrently with the assistance

of advanced coding techniques.

Based on the benefits of CRN technology, it will be useful to combine the CRN
technology with this asymmetric RF-FSO transmission system to give a chance of

further overcoming the issue of spectrum scarcity.
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1.3 Objectives and Contributions

The main objective of this thesis is to present advances in the field of FSO communi-
cations. This thesis presents advancement in FSO communications via utilizing other
technologies along with the FSO technology to improve the performance of wireless
communication systems.

The remainder of the thesis is organized as follows. Chapter 2 talks about FSO
and its characteristics in brief followed by analyzing the performance of single FSO
links over both types of detection techniques (i.e. heterodyne detection technique
as well as IM/DD technique) in a unified fashion. This is followed by performing
ergodic capacity analysis of various atmospheric turbulence models in composition
with nonzero boresight pointing errors in Chapter 3 wherein it is proved that utiliz-
ing nonzero boresight pointing errors is a quite a challenge to analyze various FSO
communication system.

Utilizing the single link analysis presented in Chapter 2, asymmetric RF-FSO and
hybrid RF/RF-FSO transmission systems are introduced in Chapter 4. Specifically,
Chapter 4 introduces the FSO channel model inclusive of zero boresight pointing er-
rors in brief and presents the motivation behind employing such a mixed RF-FSO
transmission systems followed by performance analysis of a mixed or an asymmet-
ric RF-FSO dual-hop transmission system is presented. Chapter 4 also discusses
the possibility of implementing diversity schemes on such an asymmetric RF-FSO
transmission system along with a direct RF link in operation too. The performance
analysis displayed is impressive and conforms with the characteristic features of a
diverse system. It is important to note here that all the study performed on mixed or
asymmetric RF-FSO and/or hybrid RF/RF-FSO transmission systems is done under
amplify-and-forward relay schemes. Both types of amplify-and-forward scheme are
employed i.e. fixed gain as well as variable gain.

Another development to the asymmetric RF-FSO transmission system is proposed
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in Chapter 5 that includes the CRN technology. Specifically, the RF end is considered
to be operating under the CRN technology followed by the FSO hop with the help
of a relay. Similar analysis has been performed to such a transmission system as was
tackled in Chapter 4 above.

Hence, the contributions of this thesis unfolds in the following streams:

e Unified performance analysis of FSO links over Mélaga (M) atmospheric tur-

bulence channels with pointing errors.
e Ergodic capacity analysis of FSO links with nonzero boresight pointing errors.

e Performance analysis of asymmetric RF-FSO dual-hop and hybrid RF/RF-FSO

transmission systems along with the impact of pointing errors on such systems.
e Performance analysis of underlay cognitive RF and FSO wireless channels.

As a summary, the flow-chart of this thesis is given in Fig. 1.2.
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Chapter 2

Performance Analysis of
Free-Space Optical Links Over

Malaga (M) Turbulence Channels

with Pointing Errors

2.1 Introduction

2.1.1 Motivation

Up until recent past, many irradiance probability density function (PDF) models
have been utilized with different degrees of success out of which the most commonly
utilized models are the lognormal and the Gamma-Gamma. The scope of lognormal
model is restricted to weak turbulences whereas Gamma-Gamma PDF was suggested
by Andrews et. al. in [38] as a reasonable alternative to Beckmann’s PDF because
of its much more tractable mathematical model [56]. Recently, a new and general-

ized statistical model, Mélaga (M) distribution, was proposed in [56] to model the



irradiance fluctuation of an unbounded optical wavefront (plane or spherical waves)
propagating through a turbulent medium under all irradiance conditions in homoge-
neous, isotropic turbulence [57]. This M distribution unifies most of the proposed
statistical models derived until now in the bibliography in a closed-form expression
providing an excellent agreement with published simulation data over a wide range
of turbulence conditions (weak to strong) [56]. Hence, both lognormal and Gamma-

Gamma models are a special case of this newly proposed general model.

2.1.2 Contributions

The main contributions of this work are:

e The performance analysis for the M turbulence channel under the heterodyne
detection technique in presence of the pointing errors is presented. To the best

of our knowledge, these results are new in the literature.

e Some analysis has been presented in [57] for the M turbulence channel under
the IM/DD technique. Hence, the work presented in [57] is complemented in
this work. To the best of our knowledge, these complemented results are new

in the open literature.

e Specifically, the probability density function (PDF), the cumulative distribution
function (CDF), and the moment generating function (MGF) of a single M
turbulent FSO link in exact closed-form in terms of Meijer’'s G function, and
the moments in terms of simple elementary functions for both heterodyne and
IM/DD detection techniques are derived. Then, the outage probability (OP),
the bit-error rate (BER) of binary modulation schemes, the symbol error rate
(SER) of M-ary amplitude modulation (M-AM), M-ary phase shift keying (M-

PSK) and M-ary quadrature amplitude modulation (M-QAM), and the ergodic
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capacity in terms of Meijer’s G functions, and the higher-order amount of fading

(AF) in terms of simple elementary functions, are derived.

The asymptotic expressions for all expressions mentioned above are derived in
terms of simple elementary functions via Meijer’s G function expansion, and
additionally, the ergodic capacity is also derived at low and high SNR regimes
in terms of simple elementary functions by utilizing moments of the M dis-
tribution. With the help of these simple results, one can easily derive useful
insights. Additionally, these simple results are easily tractable. These results

are new in the open literature.

The diversity order and the coding gain for M turbulence model under con-
sideration are derived applicable to both the detection techniques under the

presence of pointing error effects. These results are new in the open literature.

Interestingly enough, all the above mentioned results are combined in a unified
form i.e. the results for any statistical characteristic or any performance metric
applicable to both the detection techniques are presented in a single unified

expression. Such unified results are new in the open literature.

Finally, we also derive the mapping between the lognormal distribution pa-
rameter and the M distribution parameters demonstrating the tightness of the

approximation of lognormal distribution as a special case of M distribution.

2.1.3 Structure

The remainder of the chapter is organized as follows. Sections 2 presents a sin-

gle unified FSO link system and channel model for the M turbulence distribution.

The channel model accounts for pointing errors with both types of detection tech-

niques (heterodyne detection as well as IM/DD). This is then followed by exact closed

39



form expressions and the asymptotic expressions for the statistical characteristics of
a single unified FSO link including the CDF and the MGF, and the moments in
terms of Meijer’s G functions and simple elementary functions, respectively, in Sec-
tion 3. Subsequently, the performance metrics under consideration, namely, the OP,
the higher-order AF, the BER, the SER, and the ergodic capacity are also presented
in terms of unified expressions and asymptotic expressions in Section 4. Finally, Sec-
tion 5 presents some simulation results to validate these analytical results followed

by concluding remarks in Section 6.

2.2 Channel and System Models

2.2.1 Malaga (M) Atmospheric Turbulence Model

The M turbulence model [56] is based on a physical model that involves a LOS
contribution, Uy, a component that is quasi-forward scattered by the eddies on the
propagation axis and coupled to the LOS contribution, U§, and another component,
U§, due to energy that is scattered to the receiver by off-axis eddies. U and U
are statistically independent random processes and Uy, and U§ are also independent
random processes. The M turbulence model can be visually understood via [56, Fig.
1].  One of the main motivation to study this turbulence model is its generality
i.e. M represents various other turbulence models as a special case as can be seen
from [56, Table 1]. Hence, a FSO link is employed that experiences M turbulence for
which the PDF of the irradiance 1, is given by [56, Eq. (24)]

- | aBl,
fa(Ll) = A;am Ia Ka—m (2 m) s ]a > O, (21)
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where

Lo 9 /2 g8 B+a/2
 g'teT(a) <gﬁ + Q> ’
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“’”‘(m—l) (m—1)! (?) (E) !

« is a positive parameter related to the effective number of large-scale cells of the

(2.2)

scattering process, (3 is the amount of fading parameter and is a natural number !,
g =E[|US|*] =2bo(1 — p) denotes the average power of the scattering component
received by off-axis eddies, 2by = E [|US|* + |US|?] is the average power of the total
scatter components, the parameter 0 < p < 1 represents the amount of scattering
power coupled to the LOS component, Q' = Q 4+ 2byp + 2¢/2by pQcos(pa — ép)
represents the average power from the coherent contributions, Q = E[|UL|?] is the
average power of the LOS component, ¢4 and ¢p are the deterministic phases of the
LOS and the coupled-to-LOS scatter terms, respectively, I'(.) is the Gamma function
as defined in [58, Eq. (8.310)], and K,(.) is the v'"-order modified Bessel function of
the second kind [58, Sec. (8.432)]. It is interesting to know here that E [|US]?*] =
2by p denotes the average power of the coupled-to-LOS scattering component and

E[l,]=Q+2by.2

2.2.2 Pointing Error Model

Pointing errors play an important role in channels fading characteristics. Hence,

presence of the pointing error impairments is assumed for which the PDF of the

LA generalized expression of (2.1) is given in [56, Eq. (22)] for 3 being a real number though it
is less interesting due to the high degree of freedom of the proposed distribution (Sec. III of [56]).

2Detailed information on the M distribution, its formation, and its random generation can be
extracted from [56, Egs. (13-21)].
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irradiance I, is given by?® [59, Eq. (11)]

£ e
o) =~ Y 0< 1, < A, (2.3)
0
where ¢ is the ratio between the equivalent beam radius at the receiver and the
pointing error displacement standard deviation (jitter) at the receiver [48,50] (i.e.

when £ — 00, (2.5) converges to the non-pointing errors case), and A is a constant

term that defines the pointing loss.

2.2.3 Composite Atmospheric Turbulence-Pointing Error Model

The joint distribution of I = I, I, can be derived by utilizing the relationship

B = [ ) fan(I11)d1. (2.4)

/Ao

Hence, applying a simple random variable transformation on (2.3) and using (2.4), the
PDF of the receiver irradiance I experiencing M turbulence in presence of pointing

error impairments is obtained as [57, Eq. (21)]

CEA, [ 0B T €+1
fl([>—ﬁmz_:lme173|imA—o 52’a7m1, (25)

where by, = a, [/ (98+ Q)] ~etm2 and GJ.] is the Meijer’s G function as defined
in [58, Eq. (9.301)].
For the heterodyne detection technique case, the average SNR develops as fineterdoyne

=0 Ef[I]/No = Agn. E2(g+)/ [(1 + £2) No),* where 1, is the effective photoelectric

3For detailed information on the pointing error model and its subsequent derivation, one may
refer to [59].

4E;[I™] can be easily derived directly utilizing (2.5) though the derived E;[I"] comes out to be as
a summation as expected. Hence to avoid the summation, E;[I™] has been derived in simpler terms
in [57, Eq. (34)] that is utilized here.
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conversion ratio and Ny symbolizes the AWGN sample. Alongside, with v = 7, I /Ny,
I = Ag&(g+Q)y/ [/iheterodyne (€% 4+ 1)] is obtained. On utilizing this simple ran-
dom variable transformation, the resulting SNR PDF under the heterodyne detection

technique is given as

QA B
f'Yheterodyne (7) = é_ Z bm G?:g {BL

2 Y Hheterodyne

§2+1]

oaml (26)

m=1

Where B = 52066(9 + Ql)/[(£2 + 1) (95 + Q/)] a’nd ﬂheterodyne = E'Yheterodyne [7] =

Fheterodyne 18 the average SNR of (2.6). This is the very first appearance of this
PDF (in (2.6)) in the open literature.

Similarly, for the IM/DD detection technique case, the electrical SNR develops
as yypp = 2B/ Ny = A2t (9+ )7/ [(1 +¢2)° No] With v = 5?2 I?/Nj,
I=¢(g+ ) Ao/ (€ +1)\/v/pypp is obtained. On utilizing this simple random

variable transformation, the resulting SNR PDF under the IM /DD technique is given

€2A { [ 7
E b G
f’yIM/ DD HiM/DD

pn/pp = By o (YT BT /B [17]

EE+1)77(E2+2) (g+9Q)
(ot 1)[2g(g+20)+ 07 (1+1/5)] ™M/PD

is the electrical SNR of (2.7), where E;[I?]/E3[I] — 1 is defined as the scintillation

as

o (2.7)

£2+1 }
where

(2.8)

index [60, Eq. (6)]. When &2 (g+ ')/ (¢2 + 1) = 1, this PDF given in (2.7) comes in

agreement with [61, Eq. (19)].
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2.2.4 Unification

Both these PDFs in (2.6) and (2.7) can be easily combined yielding the unified ex-

pression for the M turbulence as

S

&1
§2ﬂa?m

€2A2b G

(2.9)

()

where r is the parameter defining the type of detection technique (i.e. r = 1 represents

heterodyne detection and r = 2 represents IM/DD). More specifically, for p,, when
r =1, 1 = fheterodyne and when r = 2, yus = ppy/pp. Now, as a special case, when

p=1and Q =1 [56, Table 1], this PDF in (2.9) reduces to

e (2)
&+1 \

This expression in (2.10) represents the unified PDF for the Gamma-Gamma turbu-

&1
£, a,p

£ 3,0
ryD(a)l(5)

H(n) = (2.10)

lence. For instance, for negligible pointing errors case under IM/DD technique (i.e.

& —ooand r =2) and £ >> 1, (2.10) reduces to [50, Eq. (9)].

2.2.5 Important Outcomes

e [t is important to note here that one may easily derive a PDF corresponding to a
certain detection technique from the PDF of the other corresponding detection
technique via simple random variable transformation. For instance, (2.7) can
be easily derived from (2.6) by transforming the random variable, =, in (2.6) to
Y 11v/DD / Preterodyne Wherein this updated + will represent the random variable

of (2.7).

e There are two different expressions for the two different cases dependent on

the type of receiver detection and these differ in various aspects though it is
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important to be aware of the fact that this unification presented in this work
is 'unified’” in a rather notational point of view. This unification is classified in
terms of having, inclusive within a single expression as in (2.9), the parameters
that characterize the effects of turbulence i.e. « and [, the parameter that
characterizes the effect of pointing errorsi.e. &, the u,, and the ultimate unifying
parameter (notationally speaking) r wherein when one places r = 1, it gives the
PDF applicable to the heterodyne detection technique with its subsequent fq
and when one places r = 2, it gives the PDF applicable to the IM/DD technique

with its subsequent ps.

e Emphasizing on the notational importance of this unified expression, it is clar-
ified that for » = 1 case, u; represents the average SNR for the heterodyne
detection technique whereas for r = 2 case, o represents the electrical SNR for
the IM/DD technique for which its relation with the average SNR is shared in

(2.8).

2.3 Closed-Form Statistical Characteristics

In this section, we will derive the exact closed-form unified statistical characteristics

for our model.

2.3.1 Cumulative Distribution Function
Exact Analysis

Using [62, Eq. (07.34.21.0084.01)] and some simple algebraic manipulations, the CDF

for the M turbulence can be shown to be given by

) 8
r Y
) = [ 50d=DY Gl [EM—
m=1 r

1’“1}, (2.11)

HJQ,O
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where D = 24/ [27(27) Y, ¢y = A b r®t™1, E = BT /27, gy = £3L £

2 2 _ _
comprises of 7 terms, and ko = &, ..., &=L @ afr=l m mir-l

r ) r Yoyttt r 0ottt

comprises of
3r terms. The above CDF in (2.11) reduces to the CDF of Gamma-Gamma turbulence

as

r, v
Fw(’Y) = JG§+211,31”+1 [Ku_

].,Kll
2.12
0] (2.12)

where J = r*™ 722/ [2m) D (a)T(B)], K = (£apf)"/[(€+1)" r?"], and k3 =

ﬁ &24r—1
r
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r
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comprises of 3r terms. This unified expres-
sion for the CDF of a single unified FSO link in (2.12) is in agreement (for £ >> 1)
with the individual results presented in [63, Eq. (15)] (for & — oo and r = 2), [48, Eq.
(15)] and [64, Eq. (17)] (for r = 1), [65, Eq. (16)] and [51, Eq. (7)] (for £ — oo
and r = 1), and references cited therein. All these special cases are even tabulated
in Table 2.2. Mathematically, (2.12) can be easily derived from (2.11) by simply
setting p = 1 and Q = 1 in (2.11) i.e. all the sum terms in (2.11) become 0 except
for the term when m =  [61]. Hence, with this and with some simple algebraic

manipulations, (2.12) can be easily obtained from (2.11).

Asymptotic Analysis

Using [66, Eq. (6.2.2)] to invert the argument in the Meijer’s G function in (2.11) and
then applying (A.1) from the Appendix, the CDF for the M turbulence in (2.11) can
be given asymptotically, at high SNR, in a simpler form in terms of basic elementary

functions as

: (2.13)

/J«r >>1

) Hz 1; 14k U(K2g — o)

Ko k lel (Fd1,l - /iz,k)

oy (e

where k,, represents the v*™-term of x,. The asymptotic expression for the CDF in
(2.13) is dominated by the min(&, a, ) where £ represents the 15-term, « represents

the (r+ 1)™-term, and j3 represents the (27 + 1)®-term in k5 i.e. when the difference
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between the parameters is greater than 1 then the asymptotic expression for the CDF
in (2.13) is dominated by a single term that has the least value among the above three
parameters i.e. &, «, and 5. On the other hand, if the difference between any two
parameters is less than 1 then the asymptotic expression for the CDF in (2.13) is
dominated by the summation of the two terms that have the least value among the
above three parameters with a difference less than 1 and so on and so forth. As a
special case, the asymptotic CDF of the Gamma-Gamma turbulence can be obtained

as

3r —K3,k 3r T .
~ Mo [1Z : (K3 — K3k)
F,(y) = JZ( ) Lk (2.14)

k=1 Ky K3k H;:I (k11 — K3k) '

2.3.2 Moment Generating Function
Exact Analysis

The MGF defined as M., (s) £ E [e™7%], can be expressed, using integration by parts,

in terms of CDF as

M., (s) = 8/000 e PF (y)dy. (2.15)

By placing (2.11) into (2.15) and utilizing [58, Eq. (7.813.1)], after some manipula-

tions the MGF for the M turbulence is obtained as

’ 3r,2 E 07 17 K1
MV(S) =D mgl Cm GT+2,37’+1 m Ko, 0 . (216)
As a special case, the MGF for the Gamma-Gamma turbulence is derived as
K 0,1,k
3r,2 1, K1
Mfy(S) = JGT+2’3T+1 |:m K, 0 :| . (2].7)

This unified expression for the MGF of a single unified FSO link in (2.17) is in

agreement (for £ >> 1) with the individual result presented in [67, Eq. (3)] (for
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¢ — oo and r = 2), and references cited therein.

Asymptotic Analysis

Similar to the CDF, the MGF for the M turbulence can be expressed asymptotically,

at high SNR, as

m=1 " =1 F(l + Iigjk) H;ZI F(’fl,l _ /{2,k) )
(2.18)

MT >>1

for the Gamma-Gamma turbulence as

3r

Z ( > Thak Hl 1k D(Rss — Kag) Hl2:1 U1+ kgp — K1)
u,« >>1 F(l + Iig,k) H;Zl F(Fdl,l - /i37k) ’
(2.19)

k=1

and can be further expressed via only the dominant term(s) based on a similar ex-

planation to the one given for the CDF case earlier.

2.3.3 Moments

The moments are defined as E [y"]. Placing (2.1) into the definition and utilizing [58,
Eq. (7.811.4)], to the best of our knowledge, a new expression for the moments of
the M turbulence is derived in exact closed-form and in terms of simple elementary

functions as

ré& AT (rn+ «)
E[y" by T'( 2.2
h/] 9r (T?’L—|—£2 Brnz Tn_i_m ( 0>

and of the Gamma-Gamma turbulence as

&Ee+1)" (rn+a>F(rn+6)m
(Eap)" (rn+&)T(a)l(B) "

E[") = (2.21)

It is worthwhile to note that this simple result for the moments is particularly useful

to conduct asymptotic analysis of the ergodic capacity in the later part of this work.
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2.4 Applications

2.4.1 Outage Probability

When the instantaneous output SNR v falls below a given threshold ~;y,, a situation
labeled as outage is encountered and it is an important feature to study the OP of
a system. Hence, another important fact worth stating here is that the expressions
derived in (2.11), (2.12), (2.13), and (2.14) also serve the purpose for the results of
the OP for a FSO channel or in other words, the probability that the SNR falls below
a predetermined protection ratio 74, can be simply expressed by replacing v with ~y

in (2.11), (2.12), (2.13), and (2.14) as Pou(Veh) = F5(n)-

2.4.2 Higher-Order Amount of Fading

The AF is an important measure for the performance of a wireless communication
system as it can be utilized to parameterize the distribution of the SNR of the received
signal. In particular, the n'*-order AF for the instantaneous SNR 7 is defined as

AF§") = ERTJ — 1 [68]. Now, substituting (2.20) into this definition, the n*-order AF

and the classical AF can be easily obtained.

2.4.3 Average BER
Exact Analysis

Substituting (2.11) into [69, Eq. (12)] and utilizing [58, Eq. (7.813.1)], the average

BER P, of a variety of binary modulations for the M turbulence is obtained as

5 E

3r,2
Cm Gr+2,3r+1 {_ ‘
1 Hr g

P, = (2.22)

1 _p717"€1
K,Q,O ’

D
2T(p)

m=
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Table 2.1: BER Parameters of Binary Modulations

Modulation P q
Coherent Binary Frequency Shift Keying (CBFSK) 0.5 0.5
Coherent Binary Phase Shift Keying (CBPSK) 05 1
Non-Coherent Binary Frequency Shift Keying (NBFSK) 1 0.5
Differential Binary Phase Shift Keying (DBPSK) 1 1

and for the Gamma-Gamma turbulence as

- J 37,2 [K ’1—17;17/11]
Py=——G¥2. : 2.23
ZF(p) +2,3r+1 ( )

m 5370

where the parameters p and ¢ account for different modulation schemes. For an
extensive list of modulation schemes represented by these parameters, one may look
into [69-73] or refer to Table 2.1. This unified expression for the BER of a single
unified FSO link in (2.23) is in agreement (for £ >> 1) with the individual results
presented in [74, Eq. (5)] (for r = 2), [48, Eq. (24)] (for r = 1), [51, Eq. (10)]
and [75, Eq. (7)] (for & — oo and r = 1), and references cited therein. All these

special cases are even tabulated in Table 2.2.

Asymptotic Analysis

Similar to the CDF, the BER can be expressed asymptotically for the M turbulence,
at high SNR, as

P = Z C i (g )_@’k H?il;lik F(’%Q,l - '%Q,k) Hl2:1 F(l + Kok — /iu)
m E o

P, = - ; ,
" 1w >>1 2T (p) I(1+ Kog) [Ty T(k1g — Fzp)
(2.24)

m=1 k=1

50



for the Gamma-Gamma turbulence as

_ J 32 ( q >_ 10 e Dksg = risge) TTioy T(L+ Rs s — Kag)
" D1+ kap) [ oy T(k1g — Kap) 7
(2.25)

and can be further expressed via only the dominant term(s) based on a similar ex-

planation to the one given for the CDF case earlier.

Diversity Order and Coding Gain

Utilizing Py &~ (Ge 1)~ 9 [76, Eq. (1)], it can be easily derived for the M turbulence,

the diversity order is G4 = min(£2/r, /7, 3/7) =, min(&2/r, B/r) and the coding gain
a>

1s

1

1y 1 T2 = hi) Tl T+ bz — 1aa) | "
L1+ kog) [T T(k1y — ko) '

8
Ge=q/E (D/ 2T(P) D em

m=1

(2.26)
Similarly, for the Gamma-Gamma turbulence, the diversity order outcomes as Gy =

min(£2/r, /7, B/7) =, min(£2/r, 8/r) and the coding gain as

1

100 s D(sa g — map) Loy D1+ mg g — 1) | 7o
(1 + rsp) [T=y T(k1g — Kag) .

Ge=q/K <J/ (2T (p))
(2.27)

The authors in [77, Egs. (18) and (19)] have also derived the diversity order and
the coding gain for the Gamma-Gamma turbulence FSO channels though applicable
to the IM/DD technique under negligible pointing errors. Hence, the results for the
coding gain and the diversity order in this work are applicable to even the heterodyne
detection technique and also for non-negligible pointing error effects for both types

of detection techniques.
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2.4.4 Average SER

In [78], the conditional SER has been presented in a desirable form and utilized to
obtain the average SER of M-AM, M-PSK, and M-QAM. For example, for M-PSK the
average SER P, over generalized fading channels is given by [78, Eq. (41)]. Similarly,
for M-AM and M-QAM, the average SER P, over generalized fading channels is given
by [78, Eq. (45)] and [78, Eq. (48)] respectively. On substituting (2.16) into [78, Eq.
(41)], [78, Eq. (45)], and [78, Eq. (48)], one can obtain the SER of M-PSK, M-AM,
and M-QAM, respectively. The analytical SER performance expressions obtained via
the above substitutions are exact and can be easily estimated accurately by utilizing
the Gauss-Chebyshev Quadrature (GCQ) formula [79, Eq. (25.4.39)] that converges

rapidly, requiring only few terms for an accurate result [80].

2.4.5 FErgodic Capacity
Exact Analysis

The ergodic channel capacity C is defined as C = E[log,(1 + c7v)] where ¢ is a
constant term such that ¢ = 1 for heterodyne detection and ¢ = e/ (27) for IM/DD

81, Eq. (26)], [82, Eq. (7.43)]. Utilizing this equation by substituting (2.9) in

it, representing In(1 + c¢+v) in terms of Meijer’s G function as G%g [07 1’(1)}, and

using [83, Eq. (21)], the ergodic capacity for the M turbulence can be expressed as

B

_ D E 10,1, K
C: mG3r+2,1 — ) Ly 2 98
1n<2>mzzlc Ty 62,0,0 )7 22

and for the Gamma-Gamma turbulence as
Val J 3r+2,1 K 10,1, K1

C=— ) — 2.29
In(2) "R e | ks, 0,0 ] (2.29)
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where ) = cp,.. Specifically, u” = py for the heterodyne detection technique (i.e.
r = 1) and p3 = e/ (27m) ps for the IM/DD technique (i.e. r = 2). This unified
expression for the ergodic capacity of a single unified FSO link in (2.29) is in agreement
(for €2 >> 1) with the individual results presented in [50, Eq. (22)] (for r = 2), [63,
Eq. (21)] and [50, Eq. (11)] (for £ — oo and r = 2), [84, Eq. (10)] (for r = 1), [85, Eq.
(16)] and [86, Eq. (3)] (for & — oo and r = 1), and references cited therein. All these
special cases are even tabulated in Table 2.2.

For readers clarification, the Shannon ergodic capacity given as C' = E [log,(1 + c7)]
is true as an exact expression for deriving the respective ergodic capacity for hetero-
dyne detection technique whereas for IM/DD technique, it acts as a lower bound as
given in [81, Eq. (26)] and [82, Eq. (7.43)]. Hence, it can be safely claimed that
the ergodic capacity’s derived in (2.28) and (2.29) above are an exact solution for the
heterodyne detection technique (i.e. r = 1) whereas for the IM/DD technique (i.e.

r = 2), these solutions (as per above mentioned references) act as a lower bound.

Asymptotic Analysis

Similar to the CDF, the ergodic capacity for the M turbulence can be expressed
asymptotically via utilizing the Meijer’s G function expansion given in the Appendix,

at high SNR, as

6 ~ D i . 3TZ+2 (£> —K2 k F(l + Ii2,k) H?i;zbgk F(ligl — I{Q,k)' (23())
> " (1 — kog) HLl (k1 — Kog)

Similarly, the asymptotic expression for the Gamma-Gamma turbulence is derived as

5 N J ?WZ-FQ <Iu;,)—f<3,k F(l + lig,k) H?;—f?l;ék F(K,g’l — /i37k) (2 31)
Mr;>1 1H(2) 1 K F(l - /{3,k) H;Zl F(/{l,l — /{S,k) ’ ’
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and can be further expressed via only the dominant term(s) based on the similar
explanation as has been given for the CDF case earlier in Section I1.3.1 except with
min(¢, o, §,1,1 + €) instead of min(§, «, 3), where € is a very small error introduced
so as not to violate the conditions given in the Appendix, required to utilize (A.1).

Alternatively, a high SNR asymptotic analysis may also be done by utilizing the
moments as [68, Egs. (8) and (9)]

C = log(u,)+¢ (2.32)
pr >>1
where
¢ = ﬁAFW (2.33)
on 0

The expression in (2.32) can be simplified to

C §>110g(,u7,)+a£AF(”)
d 7”] N
log ,ur 8_ n ) S
~tog(u) + (i }+EW]§RE[1W) . (234)
~tog(i0) + (pegm BLY1~ grp s BRD)|
—tog(i) + (i anE[ - giloste))| = grEbT|

Hence, it is required to evaluate the first derivative of the moments in (2.20) at n =0
for high SNR asymptotic approximation to the ergodic capacity in (2.28). The first

derivative of the moments is given as

0 n_r§2AFTn+a
%E[’y] 2r(rn+§2 Brnzb FT’H—Fm

x {r[Y(rn+a)+ ¥(rn+m) —log(B)] +log(u.) —r/ (rn+&)} u"
(2.35)
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where 9(.) is the digamma (psi) function [79, Eq. (6.3.1)], [58, Eq. (8.360.1)]. Eval-

uating (2.35) at n =0,

o~ rAl(«)

L >>1 2"

b D(m) {r [-1/€% —log(B) + ¢ () + ¢(m)] +log(uy)}
(2.36)

Nl

is obtained. Hence, (2.36) gives the required expression for C' for the M turbulent
channel at high SNR in terms of simple elementary functions. A similar expression

is derived for the Gamma-Gamma turbulent channel as

2
C = owl) |- —tow (5 ) ~loslad) et (@) @3

Furthermore, for low SNR asymptotic analysis, it can be easily shown that the
ergodic capacity can be asymptotically approximated by the first moment. Now,
utilizing (2.20) via placing n = 1 in it to obtain the ergodic capacity approximate at
low SNR. Hence the ergodic capacity of a single FSO link under M turbulence can
be approximated at low SNR in closed-form in terms of simple elementary functions

as

C = E[y =

Hor Z<1

ré&2 AT (r + a) b N
> T ) B mz::l b T(r +m) 1, (2.38)

and under Gamma-Gamma turbulence as

=~ o EE+D) Tr+a)l(r+8)
¢ Bl = (©aB)y (r+ )T (B '

(2.39)

,Uf'rz<1

2.5 Numerical Results and Discussion

The FSO link is modeled as M turbulent channel with the effects of atmosphere as

(v =2.296; = 2), (¢ =4.2; §=3) and (a = 8; § =4), (2 = 1.3265, by = 0.1079),
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p = 0.596, and ¢4 — ¢p = ©/2.° In MATLAB, a M turbulent channel random
variable was generated via squaring the absolute value of a Rician-shadowed random
variable [56]. Additionally, please note that the Eq. (.) numbers referred to in all of
the following figures represent the equations in this chapter.

The OP is presented in Fig. 2.1 for both types of detection techniques (i.e. IM/DD
and heterodyne) across the normalized electrical SNR with fixed effect of the pointing
error (£ = 1). It can be observed from Fig. 2.1 that the simulation results provide

Comparison between Analytical and Simulation Results for Strong Pointing Error Effect § = 1)
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Figure 2.1: OP showing the performance of both the detection techniques (heterodyne
and IM/DD) under different turbulence conditions.

a perfect match to the analytical results obtained in this work. Additionally, it can
be observed that as the effect of atmospheric turbulence decreases, the performance
improves. It can be seen that at high SNR, the asymptotic expression derived in (2.13)

(i.e. utilizing all the terms in the summation) converges quite fast to the exact result

°Tt is important to note here that these values for the parameters were selected from [56,57,61]
subject to the standards to prove the validity of the obtained results and hence other specific values
can be used to obtain the required results by design communication engineers before deployment.
Also, for all cases, 10° realizations of the random variable were generated to perform the Monte-Carlo
simulations in MATLAB.
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proving this asymptotic approximation to be tight enough. Based on the effects of the
turbulence parameters and the pointing error, the appropriate dominant term(s) can
be selected as has been discussed earlier under the CDF subsection. Hence, it can be
seen that these respective dominant term(s) also converge though relatively slower,
specially for the IM/DD technique. More importantly, it can be observed that once
p=1and Q =1 is applied, the M turbulence matches exactly the special case of
the Gamma-Gamma turbulence. This can be depicted from the case wherein (o = 8;
p=4).

Furthermore, on applying p = 0 and ¢ — 0 to M atmospheric turbulence, one
can obtain an approximation to weak lognormal atmospheric turbulence [56]. Hence,
to analyze this, we derived the mapping for the lognormal parameter o, where o2 is
defined as the scintillation index [60], in terms of the parameters of M atmospheric
turbulence i.e. in terms of o, 3,&,m,Q’, and g. Specifically, o was obtained via the
moment matching method. The moments of lognormal turbulence are very well known
to be given as E[I"]|,, = % exp{ (n— 1)} [60] and the moments

for the M turbulence can be easily extracted from (2.20). On matching the third

moment, we obtained the mapping for o as

o= Gln{gmgilo‘H Zb Fm+4} (2.40)
The plot for this scenario can be easily depicted in Fig. 2.1 from the case wherein
(. = 8; B =4). It must be noted that the curve signified by the second last entry
in the legend depicts the lognormal special case approximate plotted via utilizing
the unified exact closed-form OP analytical expression in (2.11). The last entry in
the legend of Fig. 2.1 depicts the Monte-Carlo simulation/generation for lognormal
random variable with o acquiring values from (2.40). It can be clearly observed that

this approximation of M turbulence to lognormal is quite tight. Moreover, we had
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obtained expressions for o via matching the second moment as well and it was realized
that the expression derived via matching the third moment gave tighter approximate
results. Based on this, we can easily conclude that the higher moments we utilize to
derive the mapping expression for o, the tighter approximate may be obtained.
Additionally, another important outcome must be observed that the heterodyne
detection technique, being more complex method of detection technique, performs
better than the IM/DD technique. For instance, for o« = 2.296, 8 = 2, and p = 0.596,
at an electrical SNR of 15 dB, the heterodyne detection technique outperforms the
IM/DD technique in terms of the OP by 1.8852%10~'. On the other hand, for o = 8,
=4, p—1,and Q =1, for a desired OP i.e. lets say for P, = 7.6 * 1073, the
heterodyne detection technique outperforms the IM/DD technique by 20 dB.
Similarly, Fig. 2.2 presents the OP for varying effects of pointing error (§ =

1 and 6.7) under the IM/DD technique. It can be observed that for lower effect

Comparison between Analytical and Simulation Results under IM/DD (r = 2)
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Figure 2.2: OP showing the performance of IM/DD technique under different turbu-
lence conditions with varying effects of pointing error.

of the pointing error (i.e. higher value of ), the respective performance gets better

58



manifolds. Other outcomes, specially for the asymptotic approximations, can be ob-
served similar to Fig. 2.1 above except when the atmospheric effects get weaker and
weaker wherein the single dominant term of the asymptotic result converges faster
than the sum of all terms in the asymptotic result.

The average BER performance of DBPSK binary modulation scheme is presented
in Fig. 2.3. The effect of pointing error is fixed at £ = 1. Similar results can be ob-

Comparison between Analytical and Simulation Results for Strong Pointing Error Effect € = 1)
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Figure 2.3: Average BER of DBPSK binary modulation scheme showing the per-
formance of both the detection techniques (heterodyne and IM/DD) under different
turbulence conditions.

served as were observed for Fig. 2.1. Similarly, Fig. 2.4 presents the average BER for
varying effects of pointing error ({ = 1 and 6.7) under the IM/DD technique. It can
be observed that for lower effect of the pointing error (§ — 00), the respective per-
formance gets better. Other outcomes, specially for the asymptotic approximations,
can be observed similar to Fig. 2.2 above.

In Fig. 2.5 and Fig. 2.6, the lower bound ergodic capacity of FSO channel in

operation under IM/DD technique is demonstrated for varying effects of pointing
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Comparison between Analytical and Simulation Results under IM/DD (r = 2)
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Figure 2.4: Average BER of DBPSK binary modulation scheme showing the perfor-
mance of IM/DD technique under different turbulence conditions for varying effects
of pointing error.

error, £ = 1 and 6.7. Expectedly, as the atmospheric turbulence conditions get severe
and/or as the pointing error gets severe, the ergodic capacity starts decreasing (i.e.
the higher the values of « and /3, and/or £, the higher will be the ergodic capacity).
One of the most important outcomes of Fig. 2.5 and Fig. 2.6 are the asymptotic results
for the ergodic capacity via two different methods. It can be seen that at high SNR,
the asymptotic expression, via Meijer's G function expansion, derived in (2.30) (i.e.
utilizing all the terms in the summation) converges rather slowly. Based on the effects
of the turbulent parameters and the pointing error, the appropriate dominant term(s)
are selected and it can be seen that these respective dominant term(s) also converge
though relatively quite faster than the case where all the terms are employed. On the
other hand, the asymptotic expression, via utilizing moments, derived in (2.36) gives

very tight asymptotic results in high SNR regime. Interestingly enough, it can be
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Comparison between Analytical and Simulation Results under IM/DD (r = 2)
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Figure 2.5: Ergodic capacity results for the IM/DD technique for varying pointing
errors along with the asymptotic results in high SNR regime.

clearly seen that the two-dominant terms of (2.30) (derived via Meijer’s G function
expansion) signified by the two 1’s present in the Meijer's G function of the lower
bound ergodic capacity results in (2.28) and (2.36) (derived via moments) overlap.
Fig. 2.7 presents tight asymptotic results for the ergodic capacity in low SNR regime
derived in (2.38).

Finally in Fig. 2.8, the relative performance of M turbulent channels with Gamma-
Gamma turbulent channels is demonstrated. It is interesting to see how p and Q
behave. It can be observed that p has a significant effect on the performance though
as the Q' increases much beyond 60 dB, the effect of p nullifies. Similar trend is

observed for the variations with Q itself.
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Comparison between Analytical and Simulation Results under IM/DD (r = 2)
T T T

10 T T

T
—O—&=6.7 (Eq. (28))

—0—&=1(Eq. (28))

91 * Monte-Carlo Simulation

Asymptotic Result (via Meijer G Expansion) (All Terms) (Eq. (30))

-~ Asymptotic Result (via Meijer G Expansion) (Two Dominant Terms) (Eq. (30)
8H > Asymptotic Result (via Moments Method) (Eq. (36))

a=4.2andB=3;p=0.596

Ergodic Capacity, C' (Nats/Sec/Hz)

0 5 10 15 20 25 30 35 40 45
[n]
45 (dB)

Figure 2.6: Ergodic capacity results for the IM/DD technique for varying pointing
errors along with the asymptotic results in high SNR regime.

2.6 Concluding Remarks

Unified expressions for the PDF, the CDF, the MGF, and the moments of the aver-
age SNR of a FSO link operating over M turbulence were presented. Capitalizing
on these expressions, new unified formulas were presented for various performance
metrics including the OP, the higher-order AF, the error rate of a variety of modu-
lation schemes, and the ergodic capacity in terms of Meijer’s G function except for
the higher-order AF that was in terms of simple elementary functions. Further, novel
asymptotic expressions were derived and presented for the OP, the average BER, and
the ergodic capacity in terms of basic elementary functions via utilizing Meijer’s G
function expansion given in the Appendix and via utilizing moments too for the er-
godic capacity asymptotes. In addition, all the special cases of the Gamma-Gamma
atmospheric turbulence scenario are presented in Table 2.2. Finally, this work pre-

sented simulation examples to validate and illustrate the mathematical formulation
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Comparison between Analytical and Simulation Results under IM/DD (r = 2)

10 T T
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10°

Ergodic Capacity, C (Nats/Sec/Hz)

H, (dB)

Figure 2.7: Ergodic capacity results for the IM/DD technique for varying pointing
errors along with the asymptotic results in low SNR regime.

developed in this work and to show the effect of the atmospheric turbulence conditions
severity and the pointing errors severity on the system performance.

These results demonstrate the unification of various FSO turbulent scenarios into
a single expression allowing one to utilize this unified expression and derive the re-
quired expression for one’s objective. Additionally, one can easily utilize the unified
analysis over the M FSO turbulent channels to obtain many other atmospheric tur-
bulence channels, as per need, as its special case. Furthermore, having these unified
asymptotic results opens door for simpler further analysis over more complex systems

undergoing these FSO turbulence channels.
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Comparison between Gamma-Gamma and M Turbulence Models
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Figure 2.8: Comparison of the FSO link performance with Gamma-Gamma and M
turbulent channels with fixed «, 3, and &.
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Table 2.2: Special Cases for Gamma-Gamma Atmospheric Turbulence Performance Metrics

Performance Heterodyne Detection (r = 1) Heterodyne Detection (r = 1) IM/DD (r =2) IM/DD (r =2)
Metric With Pointing Errors Without Pointing Errors (§ — oo) With Pointing Errors Without Pointing Errors (§ — oo)
3,1 1,k _ 2,1 1 6,1 1,k 4,1 1
Outage Fw( )= JG24[ :1 HS,B] FW(V)—JGL?;[K% K3,0] F’Y( )= JG37[ s ,{3,6] Fw( )= JGls[ o K3,0]
Probability (OP) J=€/[D(@T(8)] J =1/ [D(@T(8)] J = 20482 2/ [2 mD(@)T () J = 2082/ [(2mD(@)T(B)]
K =¢2aB/ (e +1) K=ag K = (€ap)?/ 16 (&2 +1)°] K = (a8)?/16
2
k1 =£2+41 ”1:‘5;175;2
2
NS:éZ’O"ﬁ K3 =a,f KBZL g;lv%v%ﬂvgrﬁgl K3:%va717§7%1
(48, Eq. (15)], [64, Eq. (17)] (65, Eq. (16)], [51, Eq. (7)] (63, Eq. (15)]

. B _ J 3,2 K 1—p,1,Kk1 5 22| K 1-p,1 o J 6,2 K 1-p,1,k1 o J 42 K 1-p,1,k1
Bit-Error Py = 310y G3, [ul q| k3,0 ] Py = zr(p) Ga! [M q | r3,0 ] Py = 370 G4»7[uzq ‘ #3,0 ] Py = 216 G255 {qu ‘ #3,0 ]
Rate (BER) 5, Eq. (24)] (51, Bq. (10)], [75, Eq. (7) 74, Ea. (5)]

: =_ J 51 K |01,k 4,1 K | 0,1 F_ _J ~81[ K |01,k _ 6,1 Kk | 0,11
Ergodic C= In(2) G3 5 |:,u,1 53,0,%) :| C= 1n(2) 2,4 {“1 K3,0,0 :| C= In(2) G4,8 [f Hg,o,é :| C= 1n(2) G Lu; k3,0,0 :|
Capacity [84, Eq. (10)] (85, Eq. (16)], [86, Eq. (3)] [50, Eq. (22)] (63, Eq. (21)), [50, Bq. (11)]
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Chapter 3

Ergodic Capacity Analysis of
Free-Space Optical Links with

Nonzero Boresight Pointing Errors

3.1 Introduction

3.1.1 Motivation

Over the last couple of decades, a good amount of work has been done on studying the
performance of a single FSO link operating over weak turbulence channels modeled
by lognormal (LN) distribution (see [87-91] and references cited therein), operating
over composite turbulence channels (such as Rician-lognormal (RLN) (see [92-95]
and references cited therein)), and operating over generalized turbulence channels
modeled by Malaga (M) distribution (see [56,96,97] and references therein) and
Gamma-Gamma (GG) distribution (as a special case to M distribution) (see [12,
37-41,52,98,99] and references therein). All the above referred analysis has been

done under heterodyne detection as well as IM /DD techniques, though independently.



However, as per authors best knowledge, there are no unified exact expressions nor
asymptotic expressions that capture the ergodic capacity performance of both these
detection techniques with nonzero boresight pointing errors under such turbulence

channels.

3.1.2 Contributions

The key contributions of this chapter are stated as follows.

e The integrals are setup for the ergodic capacity of the LN, the RLN, and the M
(also GG as a special case of M) turbulence models in composition with nonzero
boresight pointing errors. On analyzing these integrals, it is realized that most
of these integrals are very complex to solve and to the authors best knowledge,
an exact closed-form solution to most of these integrals is not achievable. Hence,
it is required to look into alternative solutions to analyze the ergodic capacity

for such turbulence models.

e A unified approach for the calculation of the moments of a single FSO link is
presented in exact closed-form in terms of simple elementary functions for the
LN, the RLN, and the M (also GG as a special case of M) turbulence models.
These unified moments are then utilized, as an alternative solution, to perform

the ergodic capacity analysis for such turbulence models.

e A general methodology is presented for simplifying the ergodic capacity analysis
of composite FSO turbulence models by independently integrating the various
constituents of the composite turbulence model thereby trying to reduce the
number of integrals. If we are able to reduce to a single integral (that is not
solvable further) then various techniques such as Gauss-Hermite formula can be

utilized to obtain the required results.
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e Asymptotic closed-form expressions for the ergodic capacity of the LN, the RLN,
and the M (also GG as a special case of M) FSO turbulence models, applicable
at high as well as low SNR regimes, are derived in terms of simple elementary

functions via utilizing the derived unified moments.

3.1.3 Structure

The remainder of the chapter is organized as follows. Section 2 presents the chan-
nel and system model inclusive of the nonzero boresight pointing error model and
the various turbulence models applicable to both the types of detection techniques
(i.e. heterodyne detection and IM/DD) utilized in this work. Section 3 presents the
derivation of the exact closed-form channel statistic in terms of the moments in sim-
ple elementary functions for the various turbulence models introduced in Section 2
under the effects of nonzero boresight effects. Ergodic capacity analysis in terms of
approximate though closed-form expressions is presented along with some simulation
results to validate these analytical results in Section 4 for these turbulence channels
in terms of simple elementary functions. Finally Section 5 makes some concluding

remarks.

3.2 Channel and System Model

A FSO system with either of the two types of detection techniques i.e. heterodyne
detection (denoted in the formulas by r = 1) or IM/DD (denoted in the formulas
by r = 2) is considered. The transmitted data propagates through an atmospheric
turbulence channel in the presence of pointing errors. The received optical power
is converted into an electrical signal through either of the two types of detection

techniques (i.e. heterodyne detection or IM/DD) at the photodetector. Assuming
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AWGN N for the thermal/shot noise, the received signal y can be expressed as
y=Iz+ N, (3.1)

where x is the transmit intensity and [ is the channel gain. Following [59,95], the
off-axis scintillation is assumed to vary slowly near the spot of boresight displacement
and uses a constant value of scintillation index to characterize the atmospheric tur-
bulence. Hence, the atmospheric turbulence and the pointing error are independent.
Subsequently, the channel gain can be expressed as I = I; I, I,,, where I; is the path
loss that is a constant in a given weather condition and link distance, I, is a ran-
dom variable that signifies the atmospheric turbulence loss factor, and I, is another

random variable that represents the pointing error loss factor.

3.2.1 Pointing Error Models

Nonzero Boresight Pointing Error Model

Pointing error impairments are assumed and employed to be present for which the

PDF of the irradiance I, with nonzero boresight effects is given by ! [95, Eq. (5)]

folly) = € /AT exp =5/ (200)} 15"

x I, (s/os \/_252 1n{1,,/A0}) . 0< I, < A, 32

where £ is the ratio between the equivalent beam radius at the receiver and the
pointing error displacement standard deviation (jitter) o, at the receiver, A, is a
constant term that defines the pointing loss, s is the boresight displacement, and

I, (.) represents the v™-order modified Bessel functions of an imaginary argument of

the first kind [58, Sec. (8.431)].

IFor detailed information on this model of the pointing error and its subsequent derivation, one
may refer to [95].
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Zero Boresight Pointing Error Model

The PDF of the irradiance I, with zero boresight effects (i.e. s =0 in (3.2)) is given
by? [59, Eq. (11)]
foll) = IS7YAS, 0< 1, < A (3.3)

3.2.2 Atmospheric Turbulence Models

Lognormal (LN) Turbulence Scenario

The optical turbulence can be modeled as LN distribution when the optical channel
is considered as a clear-sky atmospheric turbulence channel [88]. Hence, for weak
turbulence conditions, reference [38] suggested a LN PDF to model the irradiance
that is the power density of the optical beam. Employing weak turbulence conditions,
with a log-scale parameter A, the LN PDF of the irradiance I,, is given by (please

refer to [38,88] and references therein)

fL(LzL) == ﬁ exp {—W} > IaL > 0, (34)

where 02 = E;[I?]/E3[I]—1 < 1is defined as the scintillation index [88, Eq. (1)] or the
Rytov variance 0% and is related to the log-amplitude variance by 0% = 0%/4 = 0%/4,
and A is the log-scale parameter [88].

Now, the joint distribution of I,y = I; I,, I, can be derived by utilizing

Flin) = / T i, (Iiwlay) fo(ly) dIL,

N /Ao
o 1 ILN
= f; < > fo(l,,)dl,, .
[LN/AO Il IaL b ]l ]aL g g

On substituting (3.4) and (3.2) appropriately into the integral in (3.5), the following

(3.5)

2For detailed information on this model of the pointing error and its subsequent derivation, one
may refer to [59].
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PDF under the influence of nonzero boresight effects is obtained as [95, Eq. (10)]

FUin) =€/ [2 (L A)T| 1" exp {2 [€20%/2 = \] + 5%/0?)

5202—)\+2§’2—Sag+ln{ﬁfo} (3.6)

2 <U§2§4 + 02>

x erfe

where erfc {.} is the complementary error function [79, Eq. (7.1.2)]. As a special case,
for s = 0, the integral in (3.5) results into the PDF that corresponds to the absence

of the boresight effects as

Flliw) = €/ |2 (1 A)] Iy exp {€? [¢20%/2 = ]}

(3.7)
X erfc{[§202 — A+ In{ln/ (L Ag)}] / [\/5 }}

Rician-Lognormal (RLN) Turbulence Scenario

In FSO communication environments, the received signals can also be modeled as
the product of two independent random processes i.e. a Rician small-scale turbulence
process and a lognormal large-scale turbulence process [92,93]. The Rician PDF

(amplitude PDF) of the irradiance I,, is given by [3, Eq. (2.16)]

fr(Tag) = (K* +1) /Q exp {=k* = [(F* +1) /Q] Lo, }

(3.8)
x I (2 k(R 1 1) /0 ]aR) , L, >0,

where () is the mean-square value or the average power of the irradiance being con-
sidered and 0 < k£ < oo is the turbulence parameter. This parameter k is related
to the Rician K factor by K = k? that corresponds to the ratio of the power of the
LOS (specular) component to the average power of the scattered component. The
LN PDF is as given in (3.4).

Now, with the presence of the nonzero boresight pointing errors whose PDF is
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given in (3.2), the combined PDF of Ir;n = I; 1,,, 1., I, is given as

f(Iron) = (K* +1) €/ [2 (i Ao)ﬂ exp {—k*}

2 2 2 © 1 k2 1
X exp 4 &2 &o - A +S— — exp<{ — + IrrN
2 o2 ) Jo z¢ Z
2 2 3s z
[k2 1 1 o —)\+Tﬂ+ln{—}
x 1, (2]{: —+IRLN> erfc 2o fi Ao dz.
z

Similarly, the combined PDF of Iriny = I 14, 14, I, in presence of zero boresight

pointing errors whose PDF is given in (3.3), is given as

f Urw) = (24 1) €/ 2 (14| exp {-k2}

, [£202 * 1 k41
xexp{f { 5 —)\}}/0 Z?exp{— . IRLN} (3.10)

2 5202—)\—1n{ £ }
XIO (2]{) K leRLN) erfc fi Ao dz.

V2o

The integrals in (3.9) and (3.10) are not easy to solve and hence the analysis will be

resorted based on moments as will be seen in the upcoming sections.

Mailaga (M) Turbulence Scenario

The optical turbulence can be modeled as M distribution when the irradiance fluc-
tuating of an unbounded optical wavefront (plane or spherical waves) propagates
through a turbulent medium under all irradiance conditions in homogeneous, isotropic
turbulence [56]. As a special case, the optical turbulence can be modeled as GG dis-
tribution when the optical channel is considered as a cloudy/foggy-sky atmospheric

turbulence channel [48-51,100]. Hence, employing generalized turbulence conditions,
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the PDF of the irradiance 1,

anr

apl,
I.,,) AZam o (2,/%), I,,, >0, (3.11)

where all the parameters® in (3.11) have been defined in Section 2.2.14.

is given by [56]

Now, with the presence of the nonzero boresight pointing errors whose PDF is

given in (3.2), the combined PDF of Iy, = I, 1,,, I, is given as

2A152 ! )
5 ep{ Q}Z/ 15
IS A8 20 /Ao

l
S | o In aBlay
X[0<o—s\/ 2 1“{ IWAODK?"(Q\/MW o

The integral in (3.12) is not easy to solve in closed-form and hence the analysis will

fUn) =

(3.12)

be resorted based on moments as will be seen in the upcoming sections. Similarly,
the combined PDF of I, = I;1,,, I,, in presence of zero boresight pointing errors

(i.e. s =0in (3.12)) whose PDF is given in (3.3), is known to be given by [56]

(3.13)

=
~
=

™"

[N}

i

M=

o

G3,0{ af I_M
"9 B+ ) Ag

§2+1]

527a7m ’

(a+m)/

where b, = a, [a 8/ (98+Q)]
in [58, Eq. (9.301)].

? and GJ.] is the Meijer’s G function as defined

3A generalized expression of (3.11) is given in [56, Eq. (22)] for real 3 number though it is less
interesting due to the high degree of freedom of the proposed distribution (Sec. III of [56]).

4Detailed information on the M distribution, its formation, and its random generation can be
found in [56, Eqgs. (13-21)].
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3.2.3 Important Outcomes and Further Motivations

To the best of our knowledge, it is quite tedious to manipulate the expressions in (3.6)-
(3.13)5. As will be shown in Section 3.4, it is in most cases not possible or challenging
to deal with such expressions to obtain some further exact closed-form results for the
ergodic capacity of such a FSO channel. Therefore, the capacity analysis of such FSO

link is carried out utilizing moments as will be derived in the following section.

3.3 Exact Closed-Form Moments

As has seen above that it is quite a challenge to obtain closed-form PDF and even if it
is possible to find one, the expression(s) are not simple enough to be utilized further
for the analysis of the ergodic capacity as will be seen in the following section. Hence,
the analysis is resorted to moments based for which the moments for the various
turbulence scenarios discussed in the previous section are derived here.

For the heterodyne detection technique case, the instantaneous SNR v = 7, I /Ny
and the average SNR ® develops a8 fiueterdoyne = Enpesagyos 1] = Tueterodsne = 1 Erl11/No,
where 7. is the effective photoelectric conversion ratio, Ny symbolizes the AWGN
sample, and E [.] denotes the expectation operator.

Similarly, for the IM/DD technique, v = n? I?/N, and the electrical SNR” devel-

®Similar results corresponding to (3.12) and (3.13) have also been derived for the GG turbu-
lence scenario though those have not been presented here as GG turbulence is a special case of M
turbulence.

Giheterodyne is the average SNR for coherent/heterodyne FSO systems given by ¥pterodyne =
C. [60, Eq. (7)], where C. = 2R?APro/[2qRAfPro+2Af(qRAIL, +2ky Ty F,,/RL)] =~
R A/ (¢ Af) is a multiplicative constant for a given heterodyne/coherent system, where R is the pho-
todetector responsivity, A is the photodetector area, Pro is the local oscillator power, Af denotes
the noise equivalent bandwidth of a FSO receiver, ¢ is the electronic charge, I is the background
light irradiance, k;, is Boltzmann’s constant, Ty, is the temperature in Kelvin, F;, represents a thermal
noise enhancement factor due to amplifier noise, and Rj, is the load resistance. It is evident that
C¢ = lheterodyne in this work.

"Fm/pp 15 the average SNR for IM/DD FSO systems given by Fnypp = Cs Er[I%]/E7[I], where

Co=(RAE?/2AF (qRAIL, +2ky Ty, F,,/Ry1)] [60] is a multiplicative constant for a given IM/DD
system. It is evident that Cs = p\/pp in this work.
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0ps a5 /0D = By Y EZ/E1[12] = Fongyo E31/Ed[12] = n2 E3[1]/No [50).
Now, on combining the SNR expressions above for both the detection types, v, =
n. I" /Ny and p, = n E7[I]/Ny are obtained. Since, I, and I, are independent random

variables, the unified moments are defined as®?

Ely] =n"E[I™/Ng = p E(1a 1,)""]/E"" 1o T

(3.14)
= B[N E [L"]/ (BT [L] E™[L)]) -
3.3.1 Lognormal (LN) Turbulence Scenario
The unified moments for this particular scenario are defined as
E iy =n" BTN = 1 E (Lo, 1p)" "] /E™" Loy, 1] (3.15)

= CE [ B[/ (B L, E L),

ar

Utilizing the definition of the moments, E []gﬂ and E []; "] for nonzero boresight
pointing errors are easily obtained after some manipulations as E [[gﬂ =exp{rnAi
+(rno)’ /2} and E[I'"] = A" &2/ (&2 +rn) exp{—rns®/[202 (& +rn)]} [95,
Eq. (6)], respectively. Substituting these back into (3.15), the unified exact closed-
form moments for LN atmospheric turbulence in presence of nonzero boresight point-

ing errors are obtained as

§2(17r n)

n rno? B
Elvly = E1rn)(Ee+1) " exp{ 5 (rn—1)

+rns?/(202) [1/ (& +1) =1/ (&€ +rn)]|} ul.

(3.16)

81;, Ao, and A cancel out being deterministic parameters.

9%, is the first moment (i.e. n = 1) for the heterodyne (r = 1) case as can be seen from (3.14).
Based on this substitution, we obtain 7; = p; signifying that 7, and p; are the same quantity
defined as the average SNR for the heterodyne FSO systems. Similarly, 7, is the first moment (i.e.
n = 1) for the IM/DD (r = 2) case as can be seen from (3.14). Based on this substitution, we obtain
Yo = E[I2] E [12]/ (E*[1.] B2[L,)) po = B [I2]/E2[I] o or pp = B2[L)E[1,]/ (B [I12) E [I2]) 7, =
E2[I]/E [I?] 7, signifying that 7, and pso are different quantities defined as the average SNR and
the electrical SNR for the IM/DD FSO systems, respectively [60].
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Similarly, when considering zero boresight pointing errors (i.e. special case with
s = 0), the E [IT"] = Aj" €%/ (£ 4+ rn) and the corresponding unified exact closed-
form moments for LN atmospheric turbulence in presence of zero boresight pointing

errors are obtained as

. §2(17r n) rn o2
E [y, ]LN = exXp

(E+rn)(E+1)7""

(rn— 1)} . (3.17)

3.3.2 Rician-Lognormal (RLN) Turbulence Scenario

I

Since 1, aLs

an> and I, are independent random variables, the unified moments for

RLN turbulence scenario are defined as

E hmRLN =n"E [Irn]/]\/v(;I =, E [(IGR I, ]p)rn]/Ern[]aR I, Ip] (3.18)

= W E (I E (I E (1] (B (L, B 1, ET(E)).

Utilizing the definition of the moments, E [I ;"L"} and E [I; "} for nonzero boresight
pointing errors were easily obtained in previous subsection i.e. Section 3.3.1 whereas
E[1;m] =[Q/ (K2 +1]"" T (rn+1) F [-rn;1;—k* [3, Eq. (2.18)], where ,F, [; .; ]
represents the generalized hypergeometric F' function [58, Eq. (9.14.1)] and more
specifically, |F} [.;.;.] represents the confluent hypergeometric F' function [58, Eq.
(9.210.1)]. Substituting these back into (3.18), the unified exact closed-form moments

for RLN turbulence under nonzero boresight pointing errors are obtained as '°

E 0yl py = €07/ (€ +rn) (€+1)77]
><e><p{r"2‘72 (rn—1)+m52( ! ! )} (3.19)

20?2 §2+1_§2+rn

xT(rn+1) F [-rn L=k /(K +1)"" pp

.

107t must be noted that | F} [—1; 1; —k2] =k2+1.
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Similarly, when considering zero boresight pointing errors (i.e. special case with
s = 0), the corresponding unified exact closed-form moments for RLN atmospheric

turbulence in presence of zero boresight pointing errors are obtained as

E [7?]RLN - 52(1_”1)/ [(52 + Tn) (52 T 1)_”‘}

2 F _ -1 — 2
xexp{rna (rn—l)} ! 1[m7"n, k] — .
2 (B24+1)""T(rn+1)

(3.20)

3.3.3 Malaga (M) Turbulence Scenario

Since [,,, and I, are independent random variables, the unified moments for M
turbulence scenario are defined as
E 0y = ne" EUT/NG = 1 B ((Lay, 1))/ Loy, 1)

(3.21)
~ W E (1) [ (B

anr apn

JE™[1,]) -

Utilizing the definition of the moments, E []; ”} for nonzero boresight pointing errors

was easily obtained in previous subsection i.e. Section 3.3.1 whereas E [17"] /E""[1,,,]

=rAl(rn+ «) Zizl b I'(rn +m)/ (2" B™) where B = aB(g+Q)/(gf + Q).
Substituting these back into (3.21), the unified exact closed-form moments for M

turbulence under nonzero boresight pointing errors are obtained as

E[y)]y = €07/ [(€ +7n) (€ 4+ 1)
x exp{rns’/(202) [1/ (£ +1) =1/ (& +rn)]} (3.22)

xrAT'(rn+a)/ (2"B"”)Z b (rn+m) py.

m=1
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As a special case, the unified exact closed-form moments for GG turbulence under

nonzero boresight pointing errors are obtained as

E Voo = g (@ 4+1)"T(rn+a) T (rn+p)
Maa @t rm) @B T(a) T(5) (3.23)

x exp{rns®/(202) [1/ (&€ +1) =1/ (& +rn)]} u.

Similarly, when considering zero boresight pointing errors (i.e. special case with
s = 0), the corresponding unified exact closed-form moments for M atmospheric

turbulence in presence of zero boresight pointing errors are obtained as

ré& AT(rn + a)
E [, = I( 24
v = 5t ) BMZb (rn+m) p (3.24)

As a special case, the corresponding unified exact closed-form moments for GG at-

mospheric turbulence in presence of zero boresight pointing errors are obtained as

w (@ )" Dirn+ o)l (rn+8)
Eblee =@ @@

(3.25)

3.3.4 Important Outcomes and Further Motivations

e Interestingly enough and expectedly, the expressions in (3.16), (3.17), (3.19),
(3.20), and (3.22)-(3.25) reduce to simply pf} for r = 1 (heterodyne detection
technique case) which is in line with the difference between the definitions of

average SNR vs. electrical SNR.

e [t is worthy to note that these simple results for the moments can be directly
plugged into [68, Eq. (3)] to obtain the n'"-order AF for the instantaneous SNR,
. These interesting results can be then utilized to parameterize the distribution

of the SNR of the received signal.

e More importantly, these simple results for the moments are useful to conduct
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asymptotic analysis of the ergodic capacity as shown in the following section of

this work.

3.4 FErgodic Capacity

3.4.1 General Methodology

The ergodic channel capacity C is defined as [81, Eq. (26)], [82, Eq. (7.43)]
C2E[n{l+cy}], (3.26)

where ¢ is a constant term such that ¢ = 1 for heterodyne detection giving an exact
result and ¢ = ¢/ (27) for IM/DD giving a lower-bound result [81,82] 1. Additionally,
knowing that I, and I, are independent random variables, the definition of the ergodic

capacity can be re-written as

U:E[In{lJr%H :/OOO 1n{1+%eoj)r} f(I)dI
:/OOO/OAO h{HW} £ (L) £, (L) dI, dI,.

Since, I, is the common random variable in all the different atmospheric turbulence

(3.27)

scenarios, (3.27) can possibly be solved for the two types of pointing errors. By
substituting (3.2) into (3.27), to the best of our knowledge, it is not possible to find

an exact closed-form solution for the inner integral. On the other hand, if (3.3) is

1 For readers clarification, to the best of the authors knowledge based on the open literature, there
does not exists any actual mathematical formulation for analyzing the ergodic capacity of such FSO
channels.
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placed into (3.27), we obtain

e L1,1,)" 21, e
C’:/ / 1n{1+—c (e 11, 1,) }5215 AS I fa (1) dI,
0 0

No
~ ¢ (ne Ao i 1) } c(ne Ao 1)
= Iy —F——+1lp—— 3.28
/0 [ { No Ny ( )
r 2
B (_c (e Ao I, 1) 71’5 —i—r)] £2(L) dl,.
No r

where @ (.) is the LerchPhi function [62, Eq. (10.06.02.0001.01)].

If an exact closed-form is not obtainable via either (3.26) and/or (3.27) and/or
(3.28), the ergodic capacity can be analyzed utilizing the moments. At high SNR, an
asymptotic analysis can be done by utilizing the moments yielding an asymptotically

tight lower bound given by '2 [68, Eqs. (8) and (9)]

C = log(cu,)+¢, (3.29)
e >>1
where
(= 9/onEN]/E[v]" —1)],—- (3.30)

This expression can be simplified to

0

c S = gy

C = log(cu,)+ ((% <— — 1>

31
pr >>1 E [v,]" (3:31)

Similarly, at low SNR, it can be easily shown that the ergodic capacity can be

asymptotically approximated by the first moment.

12For readers clarification, it is possible to use SNR moments as an efficient tool for deriving even
higher order ergodic capacity statistics utilizing [68, Eq. (6)]
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3.4.2 Lognormal (LN) Turbulence Scenario

Exact Analysis

For LN atmospheric turbulence scenario under nonzero boresight pointing errors and
zero boresight pointing errors, (3.6) and (3.7) are respectively substituted in (3.26).
Both the above scenarios can not be solved in exact closed-form.

Additionally, a conclusion has already been obtained that it is not possible to
solve the inner integral for nonzero boresight pointing errors in (3.27) with (3.2).
Alternatively, by substituting (3.4) in (3.27), the outer integral for LN PDF f; (I,,)
in (3.27) does not lead to possible exact closed-form results. On the other hand, the
inner integral for zero boresight pointing errors in (3.27) with (3.3) was successfully

solved to obtain (3.28) and hence on placing the LN PDF f;, (I,,) (3.4) into (3.28),

_ 1 o 1 In{I, }—Ar
C = . S B ke "
\/271'0’/0 I, exp{ [ V20
c(neAoli L) Cc(meAolily)" (3.32)
X {ln { No +1 N,

C (776 AO Il IaL)T 52 +r
| — 1 dl, . .
% ( N() T T L

is obtained. On applying simple change of random variable z = (In{I,, } — ) / (V20),
we get [,, = exp{ﬂam—i— )\} and dl,, = V20 exp{\/ﬁax—i- )\} dz and we can

write

— 1 o0 9
C= NG /_Oo exp {—2*} f, (z) d, (3.33)

where

fz () zln{c(ne—AO[l)r exp{r (\/§Jm+)\>}+1}

No
_c (776]1\20 L)’ exp {T (@m n A)} (3.34)
x ® <_W exp{'r’ (\/ﬁa:c—k)\)},L 52:”) )
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The integral in (3.33) is solvable with the help of N = 20-point Gauss-Hermite

formula [79, Eq. (25.4.46)] leading to

C

12

% > (), (3.35)

where w; and x; are the weights and the abscissas that can be acquired from [79, Table

25.10).

Approximate Analysis

Reverting back to LN atmospheric turbulence under nonzero boresight pointing er-
rors, since it is not feasible to obtain an exact closed-form solution, the moments
derived earlier are utilized to deduce the asymptotic results. Hence, based on (3.31),
the first derivative of the moments in (3.16) is required to be evaluated at n = 0 for
high SNR asymptotic approximation to the ergodic capacity. The first derivative of

the moments in (3.16) is given as

O/onE ;] =€/ (€ 4+ rn) (€2+1) "]

» rna2( 1>+Tn52 1 1
ex rn — —
P12 202 \&+1 &+rn

) 1 rs? rn 1 1 (3:36)
X{TO (Tn_§>+203 [(§2+rn)2+§2+1_§2+7‘n}
—r/(rn+&) —rm{€/ (€ + 1)} +In{cu}} (cm)",
and at n = 0, it evaluates to
C = Infep}—r i+0—2+ - +In{&/ (& +1)} (3.37)
PSSRl 22 To2e (21 1) ‘ '

Similarly, for LN atmospheric turbulence under zero boresight pointing errors (i.e. for

s = 0), the asymptotic approximation to the ergodic capacity at high SNR is derived
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as

C = Infeu}—r[1/€+0%/24+4{/ (€ +1)}]. (3.38)

Hor >>1

Similarly, for LN atmospheric turbulence under no pointing errors (i.e. for s = 0
and £ — 00), the asymptotic approximation to the ergodic capacity at high SNR is
derived as

C = In{cu}—ro?/2. (3.39)

M >>1

Furthermore, for low SNR asymptotic analysis, it can be easily shown that the
ergodic capacity can be asymptotically approximated by the first moment. Utilizing
(3.16) via placing n = 1 in it, the ergodic capacity of a single FSO link under LN
turbulence effected by nonzero boresight pointing errors can be approximated at low

SNR in closed-form in terms of simple elementary functions by

— 52(1—7‘) {7,_0.2 B
¢ pr<<1(&2+47r)(2+1)"" P2 (r=1)

+rs°/(202) [1/(€4+1) =1/ (£ +7)]} cpn

(3.40)

Similarly, for LN atmospheric turbulence under zero boresight pointing errors (i.e. for
s = 0), the asymptotic approximation to the ergodic capacity at low SNR is obtained

as

— 62(1_T) E B
C W e @i exp{ 5 (r 1)} C . (3.41)

Similarly, for LN atmospheric turbulence under zero pointing errors (i.e. for s = 0
and £ — 00), the asymptotic approximation to the ergodic capacity at low SNR is
obtained as

C = exp{ro®(r—1)/2} cp,. (3.42)

pr <<1

83



Results and Discussion

As an illustration of the mathematical formalism presented above, simulation and
numerical results for the ergodic capacity of a single FSO link transmission system
under LN turbulent channels are presented as follows.

The FSO link is modeled as a LN turbulence channel with nonzero boresight
pointing errors. The dotted lines marked as simulation in the figures represent the
Monte-Carlo generation for the exact results to observe the asymptotic tightness of
the approximated results and to prove their validity. The ergodic capacity of the
FSO channel in operation under heterodyne detection technique as well as IM/DD
technique is presented in Fig. 3.1 and Fig. 3.2, respectively, for high SNR scenario.

Subsequently, the ergodic capacity of the FSO channel in operation under IM/DD

Comparison between Analytical and Simulation Results for High SNR Asymptote
I I I I I I I

104 —©—s=0
—=—s=3
- — - Simulation

r = 1 (Heterodyne Detection)
8 =035

Ergodic Capacity, C (Nats/Sec/Hz)

10 15 20 25 30 35 40 45

Figure 3.1: Ergodic capacity results for varying pointing errors at high SNR regime
for LN turbulence under heterodyne detection technique (r = 1).

technique is presented in Fig. 3.3 for low SNR scenario '*. These figures demonstrate

13For readers clarification, the low SNR asymptote in (3.40) is actually the average SNR and hence
the plot in Fig. 3.3 is against the electrical SNR.
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Comparison between Analytical and Simulation Results for High SNR Asymptote
I I I I

—©—s=0
14H —H—-s=3
- — - Simulation

r =2 (IM/DD) 0
0=0.35

Ergodic Capacity, C (Nats/Sec/Hz)

70
7, (dB)

Figure 3.2: Ergodic capacity results for varying pointing errors at high SNR regime
for LN turbulence under IM/DD technique (r = 2).

the obtained results for varying effects of pointing errors with o = 0.35. 14
Expectedly, for high SNR regime (i.e. Fig. 3.1 and Fig. 3.2), as the pointing error
gets severe, the ergodic capacity starts decreasing (i.e. the lower the value of s and/or
the higher the value of £, the higher will be the ergodic capacity). Interestingly, for
low SNR regime (i.e. Fig. 3.3), as the pointing error gets severe, the ergodic capacity
starts increasing (i.e. the lower the value of s and/or the higher the value of £, the
lower will be the ergodic capacity). This can be explained by the dominant nature
of the pointing error effects in (3.40) i.e. the pointing error inversely effects the
ergodic capacity in the low SNR regime relative to the high SNR regime. Hence, we
can conclude that under such given scenarios, the pointing error effects in low SNR

regime assist to have a better ergodic capacity performance.

11t is important to note here that these values for the parameters were selected from the cited
references subject to the standards to prove the validity of the obtained results and hence other
specific values can be used to obtain the required results by design communication engineers before
deployment.
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Comparison between Analytical and Simulation Results at Low SNR for IM/DD (r = 2)
I I I I
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\
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Figure 3.3: Ergodic capacity results for varying pointing errors at low SNR regime
for LN turbulence under IM/DD technique (r = 2).

Furthermore, it can be seen that at high SNR, the asymptotic expression de-
rived in (3.37) via utilizing moments gives very tight asymptotic results in high
SNR regime and the same can be observed for the low SNR regime too correspond-
ing to (3.40). Fig. 3.4 presents the effect of varying scintillation index parameter
o = 0.1,0.2,0.3,0.4,0.5. The pointing error effect is fixed at s = 0 and & = 1.1,
and the ergodic capacity is plotted for the IM/DD technique (i.e. » = 2). It can be

observed that as the scintillation index increases, the ergodic capacity degrades.

3.4.3 Rician-Lognormal (RLN) Turbulence Scenario

Exact Analysis

For RLN atmospheric turbulence scenario under nonzero boresight pointing errors
and zero boresight pointing errors, (3.9) and (3.10) are respectively substituted in

(3.26). To the best of our knowledge, both the above scenarios can not be solved in
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Comparison between Analytical and Simulation Results at High SNR for IM/DD (r=2)
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Figure 3.4: Ergodic capacity results for IM/DD technique and varying o at high SNR
regime for LN turbulence.

exact closed-form.

Additionally, a conclusion has already been obtained that it is not possible to solve
the inner integral for nonzero boresight pointing errors in (3.27) with (3.2). Hence,
a three-integral expression is encountered involving the I,, and I,, independently.
It was already learned from the previous subsection that the middle integral for LN
PDF f1, (1,,) in (3.27) with (3.4) does not lead to possible exact closed-form results
and similarly the outer integral for the Rician PDF fg (1,,) in (3.27) with (3.8) also
does not lead to possible exact closed-form results.

On the other hand, although the inner integral has been solved for zero boresight
pointing errors in (3.27) with (3.3) to obtain (3.28) but on placing the LN PDF
fr(Is,) (3.4) and the Rician PDF fg(I,,) (3.8) into (3.28), a double integral is
obtained. To the best of our knowledge, this double integral does not has an exact
closed-form solution nor this double integral can be reduced further to a single integral

for other possible solutions. Therefore, the ergodic capacity is analyzed utilizing the
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moments derived in previous section.

Approximate Analysis

Based on (3.31), the first derivative of the moments derived in (3.19) is obtained as

o 2(1—rn) T 1
%E h/;b] - 9 é 2 <7::ln+ ) 2\T N
(E+rn)(E2+1)7"" (1+k2)

rno? rn s’ 1 1
XeXp{ =D+ 55 (§2+1_52+rn)}
< (1B [-rm L =k*] [=r/ (& +rn) +ro® (rn—1/2) (3.43)
+rs°/(202) [rn/ (§2+7“n)2—|—1/ (&+1) -1/ (52—1—7"71)}

—rIn{&/(+1)}+r(rn+1) —r n{k*+1}

+In{cp}] — rd/on Fy [—rn; 1, —k*] } (cp,)" .

It can be seen from (3.43) that the last term is in form of derivative definition. The
derivative of 0/0a | F) [a;b; z] or 0/0bF] [a;b; z] is not available in the open mathe-
matical literature though this can be solved for the special case when the variable be-
ing derived with respect to, is set to 0 i.e. d/0a F) [a;b; z] |a=o or O/0b | F] |a; b; 2] |p=0

(101, App. A]. Hence, 8/0n F, [—rn;1; —k?] .= can be solved as [102, Eq. (38a)]
O/On Fy [—rn;1; —k?] |nmo = —K° ,Fy [1,1;2,2; —K*] . (3.44)

Now, substituting (3.44) into (3.43) and evaluating (3.43) at n = 0 yields

o? 52

_ 1
0,2 mlewt—r |G+ T e

o >>1 52

2
+ 1n{£fj} +In{k*+ 1} + 9 — K, F, [1,1;2,2; k%] |,

(3.45)
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where v & 0.577216 denotes the Euler-Mascheroni constant/Euler’'s Gamma/Euler’s

constant [103]. This can be further simplified to

o? 52

— 1
C E 1 rf = Py a
pir >>1 nieu) = Lﬁ " 2 i 2078 (€ +1) (3.46)

+In{&/ (€ +1)} —In{k/ (K +1)} —T(0,k%)].

Equation (3.46) can be further simplified via utilizing [79, Eq. (6.5.15)] to obtain

o? 52

_ L
CMT§>1 In {C,U/T} [52 + 5 + 20_3 52 (52 + ]_) (347)
+In{&/ (€ + 1)}~ {k/ (1 +1)} = B (V)]

where F,, (z) is an exponential integral [79, Sec. 5.1]. Hence, eq. (3.47) gives the
required expression for the ergodic capacity C at high SNR in terms of simple elemen-
tary functions for RLN FSO turbulent channels under the effect of boresight pointing
errors. Similarly, for RLN atmospheric turbulence under zero boresight pointing er-
rors (i.e. for s = 0), the asymptotic approximation to the ergodic capacity at high

SNR is derived as

- 1 2 2 12
¢ = ln{cur}—rL_—Q—l-%jtln{ff_i_l}—ln{m}—l?l (k2)] (3.48)

pr >>1

Similarly, for RLN atmospheric turbulence under no pointing errors (i.e. for s = 0
and £ — o0), the asymptotic approximation to the ergodic capacity at high SNR is
derived as

C =
Mo >>1

In{cp,} —r[o?/2—I{k*/(1+K*)} — E (K)]. (3.49)

Furthermore, for low SNR asymptotic analysis, it can be easily shown that the

ergodic capacity can be asymptotically approximated by the first moment. Utilizing
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(3.19) via placing n = 1 in it, the ergodic capacity of a single FSO link under RLN
FSO turbulence effected by nonzero boresight pointing errors can be approximated

at low SNR in closed-form in terms of simple elementary functions by

% s T (@)
TR Vi U R T =R Ry § (R,
x(r+1) F [-r; 1=K/ (K + 1) cp,.

Similarly, for RLN atmospheric turbulence under zero boresight pointing errors (i.e.
for s = 0), the asymptotic approximation to the ergodic capacity at low SNR is

obtained as

T o~ g {@ - } D(r+1)  F -1~k
L Eaern@erny P12 Y A+ k) s
(3.51)

Similarly, for RLN atmospheric turbulence under zero pointing errors (i.e. for s =0
and £ — 00), the asymptotic approximation to the ergodic capacity at low SNR is

obtained as

— ro? C(r+1) F [-r;1; —k?]
~ —(r—1 — . .H2

Results and Discussion

As an illustration of the mathematical formalism presented above, simulation and
numerical results for the ergodic capacity of a single FSO link transmission system
under RLN turbulent channels is presented as follows.

The FSO link is modeled as composite RLN turbulent channel. The ergodic
capacity of the FSO channel in operation under heterodyne detection technique as
well as IM/DD technique is presented in Fig. 3.5 and Fig. 3.6, respectively, for high

SNR scenario. Subsequently, the ergodic capacity of the FSO channel in operation
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Comparison between Analytical and Simulation Results for High SNR Asymptote
8
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Ergodic Capacity, C (Nats/Sec/Hz)
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Figure 3.5: Ergodic capacity results for varying pointing errors at high SNR regime
for RLN turbulence under heterodyne detection technique (r = 1).

under IM /DD technique is presented in Fig. 3.7 for low SNR scenario !°. These figures
demonstrate the obtained results for varying effects of pointing error with £ = 5 and
o = 0.35.16 Similar trend in results can be observed here as were observed for the
LN only scenario in Fig. 3.1, Fig. 3.2, and Fig. 3.3. Fig. 3.8 presents the effect of
varying k turbulence parameter k — 00,4,2,1. The pointing error effect is fixed at
s =0 and £ = 1.1, and the LN scintillation index is fixed at ¢ = 0.35. The ergodic
capacity is plotted for the IM/DD technique (i.e. r = 2). It can be observed that as
the turbulence parameter k increases, the ergodic capacity improves and ultimately
matches with LN turbulence (signified with a diamond shape symbol in Fig. 3.8) as

k — oo (i.e. Rician turbulence becomes negligible).

15For readers clarification, the low SNR asymptote in (3.50) is actually the average SNR and hence
the plot in Fig. 3.7 is against the electrical SNR.

16Tt is important to note here that these values for the parameters were selected from the cited
references subject to the standards to prove the validity of the obtained results and hence other
specific values can be used to obtain the required results by design communication engineers before
deployment.
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Comparison between Analytical and Simulation Results for High SNR Asymptote
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Figure 3.6: Ergodic capacity results for varying pointing errors at high SNR regime
for RLN turbulence under IM /DD technique (r = 2).

Moreover, it is important to note that these plots are very useful to easily obtain
the approximation error of the asymptotic results obtained by the proposed moments-
based approximation method or in other words to find the accuracy of the proposed
moments-based approximation method. For instance, let us refer to the third curve
from the top that corresponds to s = 3, 0, = 3, and £ = 1.1 in Fig. 3.6. Let us
assume that we want to control the approximation error to, lets say, around 3.9%
or less. Now, we can easily deduce the channel performance i.e. at 7 = 30 dB;
C = {4.66 (exact), 4.482 (simulaiton)} with approximation error = 3.8197%. Based
on this, we can easily conclude that for an acceptable approximation error of 3.9%
or less, our average SNR must be at least 7 = 30 dB or more. Similarly, if we want
to look at this in another way i.e. our system is operating at a certain average SNR
and we would like find out the accuracy of our approximation then this can also be
obtained easily as follows. We can easily deduce that at ¥ = 30 dB, C' = {4.66 (exact),

4.482 (simulaiton)} that leads to an approximation error = 3.8197%. Similarly, at
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Comparison between Analytical and Simulation Results at Low SNR for IM/DD (r = 2)
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Figure 3.7: Ergodic capacity results for varying pointing errors at low SNR regime
for RLN turbulence under IM/DD technique (r = 2).

5 =35 dB; C = {5.741 (exact), 5.633 (simulaiton)} leads to an approximation error
= 1.8812%, and at 5 = 40 dB; C = {6.849 (exact), 6.784 (simulaiton)} leads to an

approximation error = 0.949%.

3.4.4 Malaga (M) Turbulence Scenario

Exact Analysis

For M atmospheric turbulence scenario under nonzero boresight pointing errors,
(3.12) and (3.13) are respectively substituted in (3.26). To the best of our knowledge,
both the above scenarios can not be solved in exact closed-form.

Additionally, a conclusion has already been obtained that it is not possible to solve
the inner integral for nonzero boresight pointing errors in (3.27) with (3.2). Hence, a

double-integral expression is encountered involving the I,,,. The integral with respect

93



Comparison between Analytical and Simulation Results at High SNR for IM/DD (r = 2)

12= T T T i
Actual Asymptote
- — = Simulation
{ LN with pointing errors only
10— —
£=11
6=0.35
N s=0
=
g o8 P B
5 K->w, 4,2 1 >
w0 A Z
—~ 7 z
£ ' /
Z A = Z
S} 2 =
- el - |
‘é 6 "~ o
8 7~ 2
I 7~ -
3 P
© P % -
g P -
g 0 G -2
5@ 4= L = < -
- ~
Py e Phe -
- Ay
£ e
- z7 <
L LT <
P
_Z
L 02 i
_z s
-z L
Al
= 5112,5,:”’ B
fem==7 I I I I
0 10 20 30 40 50 60

¥, (dB)

Figure 3.8: Ergodic capacity results for IM/DD technique and varying k at high SNR
regime for RLN turbulence.

to I,,, can be solved in exact closed-form to obtain

5::/%i/mln{1+00kééwlﬁr}fMU@Hj;UQdQMd@
—ear) 245 @y [(98+9) /@) ew {5/ (202))

S [0 (s 2l (/20

m=1

XGuwzdmL@Y@5+QyiLL@ o
27422 T_QT N(] (Oé ﬁ)r 1, 0 D)

(3.53)

—1—(a—m)/2 —2—(a—m)/24r —1—(m—a)/2 —2—(m—a)/2+r

r g e e ey r 9 p 9 e e ey IS

where kg =

comprises of
2r terms. To the best of our knowledge, this single integral in (3.53) does not have

an exact closed-form solution !7.

On the other hand, for M atmospheric turbulence under zero boresight pointing

17Please note that similar integral results/outcomes were obtained for GG turbulence scenario
under nonzero boresight pointing errors.
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errors, utilizing (3.26) by placing (3.11) in it results into an exact closed-form result

as (2.28)

0717ﬁ1:|

3.54
/<;2,0 0 ( )

B
- D 3r+2,1 E
C = g 2 om Grhivea
where D = 24/ [27(27)" 7Y, € = am b 7T E = (BE)" / [(E2+ 1) 1*7], k1 =

£2+1 5 +r

o PR

E4r-1 o atr—1 m m+r—1
P T P e R -

comprises of r terms, and kg = %, cee
comprises of 3r terms. Similarly, as a special case, an exact closed-form result for
the moments of GG atmospheric turbulence under zero boresight pointing errors is
obtained as (2.29)

_ K
. J 3r+2,1 |: (355>

C=— -
111(2) r+2,3r+2 C iy

0, ]_, K1
K3, 0, O:| ’
where J = 122/ [(2m) ' T(@) T(B)], K = (€ap)/ [(€+1) r7], and sy =

ﬁ &24r—1
r

g e e ey r 9

_ -1 .
U == é, e fir-t comprises of 3r terms.
T T T

3R

Approximate Analysis

Reverting back to M atmospheric turbulence under nonzero boresight pointing errors,
since it is not feasible to obtain an exact closed-form solution, the moments derived
earlier are utilized to deduce the asymptotic results. Hence, based on (3.31), the first
derivative of the moments in (3.22) is required to be evaluated at n = 0 for high
SNR asymptotic approximation to the ergodic capacity. The first derivative of the

moments in (3.22) is given as
O TP AT (rn+ )
%E[%] C(@+rn) (241 2rBrn -
x exp{rns’/(207) [1/ (& +1) =1/ (&€ +rn)]}
x [-r/ (€ +rn) —rn{/ (€ +1)} —r n{B}
+rs°/(202) [rn/ (& +rn)2+ 1/(&+1)-1/(& —H"n)}

Zb I'(rn+m)

(3.56)

+rp(rn+a)+re(rn+m)+In{cu}] (cp)".
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and at n = 0, it evaluates to

B
c » M zbmr [~1/€* = m(B) + ¥(a)

pr >>1
520.82 52
T 2g (@41 ln{£2+1}+w( )} Hn(c“’")}'

For GG atmospheric turbulence, as a special case to M turbulence, the first derivative,

(3.57)

evaluated at n = 0, of the moments in (3.23) is derived as

320 2

_ 1
O S temt = [5 RAGESY

s >>1

2

i b mias) - v@-v ).
(3.58)

Now, for M and GG atmospheric turbulences under zero boresight pointing errors

(i.e. for s = 0), the asymptotic approximations to the respective ergodic capacity’s

at high SNR are derived as

B
C M%ﬂ%{@ Z b T'(m) {r [-1/&* — In(B)

- { i ) + vt e b,

(3.59)

and

C = In{cu}—r [;2+ln{£2£2 }—i—ln{&ﬁ} Y () — w(ﬁ)}. (3.60)

pr >>1

Alternatively, for M and GG atmospheric turbulences under zero boresight pointing
errors (i.e. for s = 0), the ergodic capacity’s in (3.54) and (3.55) can be expressed

asymptotically via utilizing the Meijer’s G function expansion as (2.30)

w
+

r

D Xﬁ: 3 <cur> ~iae D(1+ #00) T3y Ty — i)
Cm T )
o1 (2) - I'(1 = fop) [ 1121 Tk1g — Fa2)

(3.61)

m=1

B
Il
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and (2.31)

6 ~ A ?)TZH (%)—H&k F(l + I€37k) H?L—le#k F(li37l — I€37k) (3 62)
W§>1ln(2) 1 B F(l — /i37k) H;Zl F(/iLl — Hg’k) ’ '

respectively, where k,,,, represents the v*™-term of k,. Similarly, for M atmospheric
turbulence under zero pointing errors (i.e. for s = 0 and £ — o0), the asymptotic

approximation to the ergodic capacity at high SNR is derived as

B
¢ EA%@ Z b D(m) {7 [~ In(B) + v(a) + (m)] +In(cp,)} . (3.63)
and
C = fem}—rinfap)—v(a) - (). (3.64)

Furthermore, for low SNR asymptotic analysis, it can be easily shown that the
ergodic capacity can be asymptotically approximated by the first moment. Utilizing
(3.23) and (3.22) via placing n = 1 in them, the ergodic capacity’s of a single FSO link
under M and GG FSO turbulences effected by nonzero boresight pointing errors can
be approximated at low SNR in closed-form in terms of simple elementary functions

by

C = 52(14)/ [(52 +7’) (52 + 1)_T] exp {T s%/ (2 03) [1/ (52 + 1) -1/ (52 —1-7’)”

pr <<1
g
xrAT(r+a)/ (2" B") Z by, I'(r +m) c p,

m=1

(3.65)

and
_ 0 (241" T'(r+a) T (r+p)

~
~

pr <<1 (& +7r) (aB) T'(a) T(B) (3.66)
X exp {7"32/ (203) [1/ (52 + 1) -1/ (52 +r)]} C by,

respectively. Similarly, for M and GG atmospheric turbulences under zero bore-
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sight pointing errors (i.e. for s = 0), the asymptotic approximations to the ergodic

capacity’s at low SNR are obtained, respectively, as

O = @7/ [(@40) (€4 1) | rAG o)/ (2 B) S T+ my e,
(3.67)
and
L €0 @) T(r+a)T(r+h) (3.68)

~ = C .

weat (@40 (@p) T "
Similarly, for M and GG atmospheric turbulences under zero pointing errors (i.e. for
s = 0 and £ — o0), the asymptotic approximations to the ergodic capacity’s at low

SNR are obtained, respectively, as

isy)

C = rATl(r+a)/(2"B") Z by, L'(r +m) c pu, (3.69)

o <<1

and

(3.70)

Results and Discussion

As an illustration of the mathematical formalism presented above, simulation and
numerical results for the ergodic capacity of a single FSO link transmission system
under M turbulence channels is presented as follows. The FSO link is modeled as M
turbulence channel with the effects of atmosphere as (o = 2.296; 8 = 2), (o = 4.2;
f=3)and (o =38; B =4), (2 =1.3265, by = 0.1079), p = 0.596, and ¢4 — pp = 7/2
unless stated otherwise. ¥ In MATLAB, a M turbulent channel random variable was

generated via squaring the absolute value of a Rician-shadowed random variable [56].

181t is important to note here that these values for the parameters were selected from [56] subject
to the standards to prove the validity of the obtained results and hence other specific values can
be used to obtain the required results by design communication engineers before deployment. Also,
for all cases, 10° realizations of the random variable were generated to perform the Monte-Carlo
simulations in MATLAB.
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The ergodic capacity of the FSO channel in operation under heterodyne detection
technique as well as IM/DD technique is presented in Fig. 3.9 and Fig. 3.10, respec-

tively, for high SNR scenario. Subsequently, the ergodic capacity of the FSO channel

Comparison between Analytical and Simulation Results for High SNR Asymptote
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Figure 3.9: Ergodic capacity results for varying pointing errors at high SNR regime
for M turbulence under heterodyne detection technique (r = 1).

in operation under IM/DD technique is presented in Fig. 3.11 for low SNR scenario '°.
These figures demonstrate the obtained results for varying effects of pointing error
with a = 2.296 and § = 2. Similar trend in results can be observed here as were
observed for the LN only and the RLN scenarios in Fig. 3.1, Fig. 3.2, Fig. 3.3, Fig. 3.5,
Fig. 3.6, and Fig. 3.7. Additionally, Fig. 3.9 and Fig. 3.10 plots the new Meijer’s G
function expansion based ergodic capacity approximate for the zero boresight point-
ing error case under the M turbulence scenario where the exact closed-form ergodic

capacity involves the Meijer’s G function that is given in (3.61). The plots con-

firm that both the approaches i.e. the moments-based approach and the Meijer's G

9For readers clarification, the low SNR asymptote in (3.65) is actually the average SNR and hence
the plot in Fig. 3.11 is against the electrical SNR.
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Comparison between Analytical and Simulation Results for High SNR Asymptote
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Figure 3.10: Ergodic capacity results for varying pointing errors at high SNR regime
for M turbulence under IM/DD technique (r = 2).

function expansion based approach provide similar results for the ergodic capacity of
such FSO atmospheric turbulence channel as the curves from both these approaches
overlap simultaneously with the simulation curves nearly at a similar average SNR.
Fig. 3.12 presents the effect of varying atmospheric turbulences (i.e. varying «’s and
B’s). The pointing error effect is fixed at s = 3, 0, = 1.5, and £ = 1.1. The er-
godic capacity is plotted for the IM/DD technique (i.e. r = 2). It can be observed
that as the turbulence gets severs, the ergodic capacity degrades and vice versa. An
important observation is that it can be observed that once p — 1 and Q = 1 are
applied, the M turbulence matches exactly the special case of the Gamma-Gamma

turbulence. This can be depicted from the case wherein (o = 8; f = 4).
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Comparison between Analytical and Simulation Results at Low SNR for IM/DD (r = 2)
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Figure 3.11: Ergodic capacity results for varying pointing errors at low SNR regime
for M turbulence under IM/DD technique (r = 2).

3.4.5 Important Outcomes and Further Motivations

e Hence, eqgs. (3.37), (3.47), and (3.57) give the required expressions for the

ergodic capacity C at high SNR in terms of simple elementary functions.
e Some special cases of these ergodic capacity results are presented in Table 3.1.

e Furthermore, at high SNR, the ergodic capacity for the optimal rate adaptation
(ORA) policy and the optimal joint power and rate adaptation (OPRA) policy
perform similarly. Therefore, these ergodic capacity results are applicable to

both the ergodic capacity policies (i.e. ORA as well as OPRA).

e Interestingly, the low SNR asymptotic ergodic capacity for the heterodyne de-
tection technique (i.e. r = 1 case) in (3.40)-(3.42), (3.50)-(3.52), and (3.65)-

(3.70) is actually the average SNRie. C = 7, = ;.

101



Comparison between Analytical and Simulation Results at High SNR for IM/DD (r = 2)
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Figure 3.12: Ergodic capacity results for IM/DD technique and varying atmospheric
turbulence effects at high SNR regime for M turbulence.

3.5 Concluding Remarks

Unified expression for the moments of the average SNR of a FSO link operating over
the LN, the RLN, and the M atmospheric turbulences under nonzero and zero bore-
sight pointing errors were derived. Capitalizing on these expressions, new unified
asymptotic formulas were presented that are applicable in high and low SNR regimes
for the ergodic capacity in terms of simple elementary functions for the respective tur-
bulence models. Subsequently, some special cases were also summarized in Table 3.1.
In addition, this work presented simulation examples to validate and illustrate the
mathematical formulations developed in this work and to show the effect of the scin-
tillation index, the pointing errors, and the respective turbulence parameters severity

on the system performance.
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Table 3.1: Special Cases for LN, RLN, and M Atmospheric Turbulent High SNR Ergodic Capacities

Turbulence Model

With Nonzero Boresight Pointing Errors

With Zero Boresight Pointing Errors (s = 0)

Without Pointing Errors (s = 0;¢ — c0)

Lognormal (LN)

(k — o0)

2

Inf{cu} —r L+L+L+]n{i}
Hr 22 2 202 €2 (£2+1) 211

In{cur}—r [5%4’%4’111{525%}]

_rl

nfep} —r 5

Rician-LN (RLN)

2

-2
ln{cw}—’“[é+%+zaz§w

+ln{£§%} 7ln{k§—il} —E (kQ)]

In{cur}—r [g%—l- %—i—ln{gf%}

~n{ &5} - Bu (k)]

In{cur}—r [%2 —ln{%} —E; (kQ)]

Rician

(0 —0)

2
In{cur}—r [%2 + To7€? (241) 528(§2+1)

+in{efir} - {5} - 1 ()]

In{cur}—1r [éﬂn{é%}
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In{cur} —7r [E% +%2 +1n{%}+yE]
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Rayleigh
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Chapter 4

On the Performance of Mixed RF

and FSO Transmission Systems

4.1 Asymmetric RF-FSO Dual-Hop Relay Trans-

mission Systems

4.1.1 Introduction

Motivation

Relaying technology has gained enormous attention for quite a while now since it not
only provides wider and energy-efficient coverage but also an increased capacity for
wireless communication systems. As such, many efforts have been made to study
the relay system performance under various fading conditions [21,80,104,105]. These
independent studies consider symmetric channel conditions i.e. the links at the hops
are similar in terms of the fading distributions though it is more practical to experience
different /asymmetric link conditions at different hops i.e. each link may differ in the

channel conditions from the other link [53,67,106-108]. This is due to the fact that



the signals on each hop are transmitted either via different communication systems or
the signals might have to commute through physically different paths. For instance,
as proposed in [53], a relaying system based on both radio frequency (RF) as well
as free-space optical (FSO) characteristics can be expected to be more adaptive and
constitute an effective communication system in a real-life environment.

Another aspect considering an uplink scenario, besides all the advantages of FSO
over RF, that very much motivates this work is the concept of multiplexing i.e. RF
users can be multiplexed into a single FSO link. This comes with the reasoning
that there exists a connectivity gap between the backbone network and the last-
mile access network and hence this last mile connectivity can be delivered via high-
speed FSO links [109]. For instance, in developing countries where there might not
be much of a fiber optic structure and hence to increase its reach and bandwidth
to the last mile, it will require huge amount of economic resources to dig up the
current brown-field. It will be much better to simply install FSO transmitters and
detectors on the high-rise buildings and cover the last mile by having the users with
RF capability to communicate via their respective RF bands and let the rest be taken
care of by the FSO links to get it through to the backbone as can be observed from
Fig. 4.1. In Fig. 4.1, there exists no fiber optics structure between the buildings. Since
similar optical transmitters and detectors are used for FSO and fiber optics, similar
bandwidth capabilities are achievable [109]. Therefore, this will get the required
job done saving numerous amount of economic resources by utilizing FSO instead
of digging up the current brown-field to install fiber optics between the different
buildings. In another instance, we can think of a building floor (femto-cell in a
heterogeneous network) where the users can send and receive through the backbone
via FSO transmitter and detector respectively, placed at one of the corners of that
floor. This FSO transmitter/detector can communicate with other such devices over

other high-rise buildings and ultimately hop to the backbone. Above all, having FSO
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Figure 4.1: System model block diagram of an asymmetric RF-FSO dual-hop uplink
transmission system.

will avoid any sort of interference(s) due to its point-to-point transmission feature
unlike RF where the transmission is a broadcast leading to possible interference(s).
Recently, some work has been published on the asymmetric relay networks (so-
called mixed fading channels) that have different fading channel distributions for each
link [53,106,107]. The RF link is assumed to be operating over Rayleigh fading envi-
ronment [3] whereas the FSO link is considered to be operating over Gamma-Gamma
fading environment [37,39] under the effect of pointing errors. Here, an amplify-and-
forward (fixed gain and variable gain) relay scheme system is considered. For the
amplify-and-forward relay system, a subcarrier intensity modulation (SIM) scheme is
adopted to convert the input RF signals at the relay to the optical signals for retrans-
missions from the relay [67,108]. However, the results presented in [53] were derived
under the assumption of non-pointing errors in the FSO link with intensity modu-
lation/direct detection (IM/DD) technique only. In this work, the model presented
in [53] is built upon to study the impact of pointing errors on the performance of
asymmetric RF-FSO dual-hop transmission systems with amplify-and-forward relays

including the heterodyne detection technique and the IM/DD technique.
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Contributions

The key contributions of this chapter are:

e Statistical characterizations of the end-to-end signal-to-noise ratio (SNR) of the
asymmetric RF-FSO transmission system is studied. This includes the cumu-
lative distribution function (CDF), the probability density function (PDF), the
moment generating function (MGF), and the moments of SNR of such asym-
metric RF-FSO dual-hop transmission systems are derived for fixed gain relays

as well variable gain relays.

e This statistical characterization of the SNR is then applied to derive the exact
closed-form expressions for the performance metrics such as the outage proba-
bility (OP), the higher-order amount of fading (AF), the average bit-error rate
(BER) of binary modulation schemes, the average symbol error rate (SER) of
M-ary amplitude modulation (M-AM), M-ary phase shift keying (M-PSK) and
M-ary quadrature amplitude modulation (M-QAM), and the ergodic capacity
in terms of Meijer's G functions for both types of amplify-and-forward relay

schemes.

Organization

The remainder of the chapter is organized as follows. Subsection 2 introduces the
channel and systems models. Subsection 3 presents the statistical characterizations
and the performance analysis of fixed gain relay asymmetric RF-FSO dual-hop trans-
mission systems whereas Subsection 4 presents the similar study for variable gain
relays. Specifically, the statistical characterizations include the PDF, the CDF, the
MGF, and the moments and the performance metrics include, namely, the OP, the
higher-order AF, the BER, the SER, and the ergodic capacity. Subsection 5 presents

some simulation results to validate these analytical results followed by concluding
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remarks in Section 3.

4.1.2 Channel and System Models

A single user/RF link is assumed along with an amplify-and-forward relay leading
to a FSO link to destination as can be seen from the Fig. 4.1. The Source(S)-
Relay(R) link experiences Rayleigh fading which is most frequently used to model
the multipath fading with non-line-of-sight path in the RF propagation environments
[3,21]. Similarly, Relay(R)-Destination(D) link experiences Gamma-Gamma fading
distribution that is widely used to model the atmospheric turbulence in the FSO
communication environments [37,39,40] for negligible pointing errors case and under
the effect of pointing errors for non-negligible pointing errors case.

Therefore, the received signal at the relay R can be expressed as

Ysr = hsp® + ngsg, (4.1)

where hgg is the fading amplitude of the Rayleigh fading channel for the S-R link,
x is the transmitted RF signal from the source S, and nggr is the AWGN with the

power spectral density (PSD) of NV, Now, when the SIM scheme is applied in the

OSR*

relay, the transmitted optical signal at the relay R will be

Loptical = G<1 + nySR)a (42)

where G is the fixed relay gain at the relay R, and 7 is the electrical-to-optical
conversion coefficient. The received optical signal at the destination D can be written
as

yrp = Ao I{G[1 +n(hsrx + nsr)|} + nrp, (4.3)
where A, is the constant for propagation, I is a stationary random variable following
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the Gamma-Gamma distribution for the FSO link, and ngp is the AWGN with the

PSD of N,

onp- Now, when the direct current (DC) component is filtered out at the

destination, the received signal becomes as

YrD = ]G?’](hSRCC + TLSR) + NRrD- (44)

Therefore, the overall SNR at the destination D can be expressed as [21]

h%'RPSR 12772

o PG**hirPsr Nogn Nomp (4.5)
TOT2(2 42 ToI2g2 1 ’ ’
[ G 77 NOSR + NORD NO}ZD + G2 NOSR

where the Pgp is the power transmitted at the source S.

For fixed gain amplify-and-forward relay, it can be assumed that (G* N,,)™" = C.
Also, the SNRs of each hop can be equated as ysgr = h%\’fﬂ and Ygrp = ]{,2 . So,

°SR °RD
(4.5) can now be written as
_ JSRYRD (4.6)

Yrp +C’
where vggr represents the SNR of the RF hop i.e. S-R link, vgzp represents the SNR
of the FSO hop i.e. R-D link, and C is a fixed relay gain [3,21,53].
Similarly, for variable gain amplify-and-forward, the end-to-end SNR can be given

as

_ VSR YRD ( 4 7)
Ysr +Yrp + 1 .

Since the closed-from analysis of the statistical characteristics of v is complicated,
the standard approximation v = % ~ min(vysr Yrp) [106,110,111] is utilized.

Therefore, the RF link (i.e. S-R link) is assumed to follow Rayleigh fading whose

SNR follows an exponential distribution, parameterized by the average SNR 74 of
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the S-R link, with a PDF given by [3]

frsr(vsr) = 1/Vsp exp(—=Vsr/Tsr)- (4.8)

On the other hand, it is assumed that the FSO link (i.e. R-D link) experiences

Gamma-Gamma fading with pointing error impairments whose SNR PDF is given by

_ £ 3,0 YRD : &+1
Funn o) = Ry Ty 1 | (@g) eap| 49

where ug/)j is the electrical SNR of the FSO link, o and [ are the fading parameters
related to the atmospheric turbulence conditions [37,39] with lower values of a and
£ indicating severe atmospheric turbulence conditions, £ is the ratio between the
equivalent beam radius at the receiver and the pointing error displacement standard
deviation (jitter) at the receiver [59] (i.e. when £ — oo, (4.9) converges to the non-
pointing errors case), r is the parameter defining the type of detection technique (i.e.
r = 1 represents heterodyne detection and r = 2 represents IM/DD), I'(.) is the
Gamma function as defined in [58, Eq. (8.310)], and G(.) is the Meijer’s G function

as defined in [58, Eq. (9.301)].

4.1.3 Fixed-Gain Relay System

This section presents exact closed-form results on the statistical characteristics in-
cluding the CDF, the PDF, the MGF, and the moments of the asymmetric dual-hop
RF-FSO relay transmission systems in terms of the Meijer’s G functions. Addition-
ally, this section also presents new performance analysis results, in particular the OP,
the higher-order AF, the BER analysis, the SER analysis, and the ergodic capacity

of asymmetric dual-hop RF-FSO relay transmission systems with fixed gain relay.
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Closed-Form Statistical Characteristics

Cumulative Distribution Function: The CDF is given by [21]

VSR YRD
F,(vy) = Pr | B2EED 4.10
0) = Pr | 2222 (4.10)
which can be written as
> YSRYRD
F,(vy) = / Pr {— < ’7|’7RD:| frwp (YRD) dYRD- (4.11)
0 Yrp +C

Using [62, Eq. (07.34.03.0228.01)], exp (—y C/ (Yrp Ygr)) can be re-written as

Gé;? [V—R'L% 0} Further using [66, Eq. (6.2.2)], Gé:tl) [WR;%R |0] can be alternated
to G(l)j(l) [% ‘1 } . Now, along with the above modifications, applying [83, Eq. (21)]
to (4.11), and with some simple algebraic manipulations along with utilizing [66, Eq.

(6.2.4)], the CDF of v can be shown to be given by

BC K

— 3r+1,0 1

Ey(y) = 1= Aexp (=v/Tsr) Gl | =7 7|, o]’ (4.12)
VsrHMRD >

where A = %, B = (ifry, K1 = 52:1, e 52;”" comprises of r terms, and

Ko = %, o 52++_1, g, el é, o % comprises of 37 terms. The above re-

sult presented in (4.12) reduces to [53, Eq. (15)] when { — oo and r = 2.
Probability Density Function: Differentiating (4.12) with respect to -, using the
product rule then utilizing [62, Eq. (07.34.20.0001.01)], after some algebraic manip-

ulations the PDF in exact closed-form is obtained in terms of Meijer’'s G functions
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as

BC

Ar2t=n) 2r+1,0
w7

() = m exp (—7/Vsr) (7” Vsr Gozri1

VSR MRD
R1
Y Ko, 0 )

"1 0 comprises of 27 + 1 terms. Additionally, the

. ey r

ﬁg] (4.13)
BC

Ysr Ngg)

+(ry — EFgr) Graril

a atr—1 B B+
r r?’

g e ooy r 5

where k3 =

PDF was also derived by placing (4.9) into f,(7) = 5 frex (VVED) fyrn (YD) dVRD,
utilizing [62, Eq. (0.34.03.0228.01)], using [66, Eq. (6.2.2)], using [83, Eq. (21)], and

obtaining after some simple algebraic manipulations

A _
f(7) = =— exp (—7/Tsr)
Ysr
x (Gigti? a

N
Ysr HrD

BC

Vsr Hg/)j

K1 Vsr G310

+ r,3r
,3r+1
Y

; (4.14)
7 th]) '

The exact closed-form PDF expressions in (4.13) and (4.14) are numerically equivalent

52,0

and hence further validating the derived results.

Moment Generating Function: The MGF is defined as
M, (s) £E [e7] = /000 e Py (v)dy. (4.15)
Using integration by parts, MGF can be defined in terms of CDF as
M., (s) = S/OOO e PF (v)dy. (4.16)

Placing (4.12) into (4.16) and utilizing [58, Eq. (7.813.1)], after some manipulations
the MGF of v is obtained as

M, (s) =1~

s A G?”“’l[ BC
L

(s +1/3gp) 0 g)(s Ysr+1)

O,Hl
. 4.17
0] (.17)
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Moments: The moments are defined by

Ep = [ ho)d (4.18)

0

Using integration by parts (with v =", dv = f,(y) dvy, and v = F,(y) — 1), (4.18)

can be presented in terms of the CDF of 7 as

E[y"] =n /OOO VTS () dy, (4.19)

where, F<(v) = 1 — F,(v) is the complementary CDF (CCDF) of 7. Now, placing

(4.12) into (4.19) and utilizing [58, Eq. (7.813.1)], the moments are obtained as

E["] = n A73r Gyl | = (4.20)

T)
HRrD

BC‘l—n,ffl]

/12,0

Applications to the Performance of Asymmetric RF-FSO Dual-Hop Relay

Transmission Systems with Fixed Gain Relay

Outage Probability: When the instantaneous output SNR ~ falls below a given
threshold ~,, a situation labeled as outage is encountered and it is an important
feature to study OP of a system. Hence, another important fact worth stating here
is that the expression derived in the (4.12) also serves the purpose for the expression
of OP for the system or in other words, the probability that the SNR falls below a
predetermined protection ratio vy can be simply expressed by replacing v with
in (4.12) as

Pout(7n) = F5(7n)- (4.21)

Higher-Order Amount of Fading: The AF is an important measure for the
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performance of a wireless communication system as it can be utilized to parameterize
the distribution of the SNR of the received signal. In particular, the n**-order AF for

the instantaneous SNR 7 is defined as [68]

AFM = —1. (4.22)

The n'-order AF for the instantaneous SNR v can be obtained by utilizing (4.22).

On substituting (4.20) into (4.22), the n'"-order AF is obtained as

BC|1-nx BC |0,k ]

n —n13r+1,1 s vl 3r+1,1 y vl

AFV( ) = nAl GT+—~i,137"+1 W ’ O GT+—~i,3T+1 W O] — 1. (423)
frp | 2 firp 172

For n = 2, as a special case, the classical AF [112] is obtained as

)
BC |-1 BC |0
AF = AF® =2 A7 @¥ALL |22 |70 g (22 1R (g9g)
v A I B B Rela Ko IO P
HRrD ' Hrp 17

Average BER: Substituting (4.12) into [69, Eq. (12)] and utilizing [58, Eq. (7.813.1)],

the average BER P, is obtained for a variety of binary modulations as

(4.25)

= 1 A¢T(p)™" a1 [ BC ‘1 - D, Hl]

Pb =z - — T T
2 2(g+1/7s0) T WO (g7 g + 1) | #2,0

where the parameters p and ¢ account for different modulation schemes as discussed
earlier in Chapter 2.

Average SER: In [78], the conditional SER has been presented in a desirable form
and utilized to obtain the average SER of M-AM, M-PSK, and M-QAM. For example,
for M-PSK the average SER P, over generalized fading channels is given by [78, Eq.
(41)]. Similarly, for M-AM and M-QAM, the average SER P, over generalized fading

channels is given by [78, Eq. (45)] and [78, Eq. (48)] respectively. On substituting
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(4.17) into [78, Eq. (41)], [78, Eq. (45)], and [78, Eq. (48)], the SER of M-PSK,
M-AM, and M-QAM, respectively can be obtained.

Ergodic Capacity: The ergodic channel capacity C is given by

1

C= In(2)

/0 n(L +7)f, () dn. (4.26)

Alternatively, using integration by parts (with v = In(1 4+ v), dv = f,(y)dy, and
v = F,(y) — 1), C can also be presented in terms of CDF as [113, Eq. (15)]

— 1 [ F5(y)
C = n(2) /0 | +7d7. (4.27)

Utilizing (4.27) by exploiting the identity [114, p. 152] (1+az)™* = ﬁ GH [az | 1617}
in it and using the integral identity [69, Eq. (20)], the ergodic capacity can be ex-
pressed in terms of the extended generalized bivariate Meijer’s G function (EGBMGF)

(see [69] and references therein) as

— Ay 115 0 | K _ BC
=) Cioninant | 1 Tsr: | (4.28)
n 0 Ko, 0 HRD

The expression in (4.28) can be easily and efficiently evaluated by utilizing the MATH-
EMATICA®) implementation of the EGBMGF given in [69, Table II.

4.1.4 Variable-Gain Relay System

This section presents exact closed-form results on the statistical characteristics in-
cluding the CDF, the PDF, the MGF, and the moments of the asymmetric dual-hop
RF-FSO relay transmission systems in terms of the Meijer’s G functions. Addition-
ally, this section also presents new performance analysis results, in particular the OP,

the higher-order AF, the BER analysis, the SER analysis, and the ergodic capacity

115



of asymmetric dual-hop RF-FSO relay transmission systems with variable gain relay.

Closed-Form Statistical Characteristics

Cumulative Distribution Function: It is well known that the CDF of v =

min(ysg, Yrp) can be expressed as

F,(v) = Pr(min(vysr, 7rp) < 7). (4.29)

The expression in (4.29) can be re-written as [115, Eq. (4)]

F’Y(V) = F’YSR (’VSR) + F’YRD (’VRD) - F’YSR(/}/SR) F’YRD (7RD)' (430)

Now, using F,,,(vsr) = 1 —exp(—7/7gr) as the CDF of the Rayleigh channel, (2.12)

(with v = vgp and p, = Mﬁ;})), and some simple algebraic manipulations, the CDF

of v can be shown to be given after some simplifications by

]-a"il
) 4.31
v @70]) (4.31)

Probability Density Function: Differentiating (4.31) with respect to =, using

B

F'Y(’V) =1—exp <_7/75R) (1 - AGEE,MH ,u(_r)
RD

the product rule then utilizing [62, Eq. (07.34.20.0001.01)], after some algebraic

manipulations the PDF is obtained in terms of Meijer’s G functions as

— 1 A _ 3 B K1
f(7) =exp (=v/Fsr) | =— + —= Vsr Gi,ég 7
Tsr  V7Vsr Mrp 1H2
5 X (4.32)
3r,1 y K1
—y Gr+1,3r+1 (r) Y Ko 0 ) ] :
D 29

Moment Generating Function: Substituting (4.31) into (4.16) and utilizing [58,
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Eq. (7.813.1)], after some manipulations the MGF of v is obtained as

0717"{'1
) 4.33
/{270 ]) ( )

S 3r,2 B
M(s)=1——>[1-aa¥2,
! s+1/7sr ( e Lﬁ%(s +1/7sg)

Moments: Placing (4.31) into (4.19) and utilizing [58, Eq. (7.813.1)], the moments

are obtained as

B7sr
(r)

E [VTL] =Nn%gr <P(”) —A G?ié,:&rﬂ
HRrD

1—n,1,K
. 4.34
’i270 ]) ( )

Applications to the Performance of Asymmetric RF-FSO Dual-Hop Relay

Transmission Systems with Variable Gain Relay

Outage Probability: Similar to the OP derived earlier for the fixed gain relay
scenario, utilizing (4.31), the required OP of a variable gain relay system can be
obtained.

Higher-Order Amount of Fading: Utilizing (4.22) by substituting (4.34) into

it, the n'"-order AF is obtained as

n (H”) —A Giig,:arﬂ {BWSR

1—-n,1,k1
)
—1. (4.35)

(r)
AF™ = fap
vy - n
i 3r,2 Byggr |0,1,k1
<1 A Gr+2,3r+1 |: (r) k2,0
HRD

For n = 2, as a special case, the classical AF [112] is obtained as

—1,1,k1
)
~1. (4.36)

2
0,1,k1
k2,0

Average BER: Substituting (4.31) into [69, Eq. (12)] and utilizing [58, Eq. (7.813.1)],

3r,2 B7Ygr
2 <]' —A Gr+2,3r+1 [T

HRrRD

AF = AF® =

3r,2 B7sr
(1 —A Gr+273r+1 |: (r)
HRrD
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the average BER P, is obtained for a variety of binary modulations as

P 1 q* 1 A Q32 B 1—p, 1,k
b— 7 — — R RTZRY T T r — ’
2 2(q+1/79gg) L(p) "y (g + 1/9gm) | 2,0
(4.37)

Average SER: Substituting (4.33) into [78, Eq. (41)], [78, Eq. (45)], and [78, Eq.
(48)], the SER of M-PSK, M-AM, and M-QAM, respectively can be obtained.

Ergodic Capacity: Utilizing (4.27) by exploiting the identity [114, p. 152] (1 +
az)™ = ﬁGH [az‘lgb] in it and using the integral identity [69, Eq. (20)], the

ergodic capacity can be expressed in terms of the EGBMGF (see [69] and references

therein) as

_ 1 . . .
C= m (E1(1/7sR) exp(1/7sr) — A¥sr
4.38)
3 0 kK1 | _  B# (
XG% 8 i i;i‘,—’iSr-ﬁ-l 1 SR+ (r?R ;
0 Ko RD

where E;(.) is an exponential integral [79, Eq. (5.1.45)].

4.1.5 Results and Discussion
Fixed-Gain Relay System

As an illustration of the mathematical formalism, simulation results for different
performance metrics of an asymmetric dual-hop RF-FSO fixed gain relay transmission
system with pointing errors are presented in this section. The RF link (i.e. the S-R
link) is modeled as Rayleigh fading channel and the FSO link (i.e. the R-D link) is
modeled as Gamma-Gamma fading channel with atmospheric turbulence parameters
a = 2.1 and 8 = 3.5. The relay is set such as C' = 0.6 and the pointing error is set
such as & = 1.2. The average SNR per bit per hop in all the scenarios discussed is

assumed to be equal.
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Comparison between Analytical and Simulation Results
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Figure 4.2: Average BER of different binary modulation schemes showing impact of
pointing errors (varying £) with fading parameters o = 2.1, § = 3.5, and C' = 0.6.

The average BER performance of different digital binary modulation schemes are
presented in Fig. 4.2 based on the values of p and ¢ as presented in Table 2.1 where
= 0.5 and ¢ = 1 represents CBPSK, p = 1 and ¢ = 1 represents DBPSK, CBFSK
is represented by p = 0.5 and ¢ = 0.5, and NBFSK is represented by p = 1 and
q = 0.5. Hence, it can be observed from Fig. 4.2 that the simulation results provide a
perfect match to the analytical results obtained in this work. Also, the results are as
expected i.e. the BER decreases as the SNR increases. It is important to note here
that these values for the parameters were selected arbitrarily to prove the validity of

the obtained results and hence specific values based on the standards can be used to
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obtain the required results. It can be seen from Fig. 4.2 that, as expected, CBPSK
outperforms NBFSK. Also, the effect of pointing error can be observed in Fig. 4.2
i.e. as the effect of pointing error (as the value of ¢ increases, the effect of pointing
error decreases) increases, the BER deteriorates and vice versa. It can be shown that
as the atmospheric turbulence conditions get severe i.e. as the values of o and (8
start dropping, the BER starts deteriorating and vice versa. Additionally, PSK in
general performs better than FSK, as expected. Similar results for any other binary
modulations schemes and any other values of a’s, 8’s, ¢’s, and £’s can be observed.
Also, in Fig. 4.3, it can be observed that as the atmospheric turbulence conditions
get severe i.e. as the values of a and [ start dropping, the BER starts deteriorating
and vice versa. Similarly, in Fig. 4.4, as the atmospheric turbulence conditions get
severe, the ergodic capacity starts decreasing (i.e. the higher the values of o and g,
the higher will be the ergodic capacity). Also, the effect of pointing error can be
observed in Fig. 4.4. Note that as the value of ¢ increases (i.e. the effect of pointing

error decreases) the ergodic capacity decreases.

Variable-Gain Relay System

As an illustration of the mathematical formalism, simulation results for different
performance metrics of an asymmetric dual-hop RF-FSO variable gain relay trans-
mission system are presented in this section. For the asymmetric RF-FSO relay
transmission systems with variable gain scenario, the RF link (i.e. the S-R link) is
modeled as Rayleigh fading channel and the FSO link (i.e. the R-D link) is modeled as
Gamma-Gamma fading channel with atmospheric turbulence parameters o = 2.1 and
B = 3.5. The average SNR per bit per hop in all the scenarios discussed is assumed
to be equal. The average BER performance of DBPSK with heterodyne detection
and CBPSK with IM/DD are presented in Fig. 4.5 with varying effects of pointing

error (£ = 1.2,1.6,and 6.7). It can be observed from Fig. 4.5 that the simulation
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Comparison between Analytical and Simulation Results
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Figure 4.3: Average BER of CBPSK modulation scheme with varying fading param-
eters a’s and (’s.
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Comparison between Analytical and Simulation Results
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Figure 4.4: Effect of pointing errors (varying &) on the ergodic capacity with varying
fading parameters a’s and (§’s, and C' = 0.6.
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Comparison between Analytical and Simulation Results
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Figure 4.5: Average BER of variable gain relay dual-hop for different binary modula-
tion schemes showing the performance of both the detection techniques (heterodyne

and IM/DD) with varying effects of pointing error and with fading parameters o = 1.2
and [ = 3.5.
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results provide a perfect match to the analytical results obtained in this work. It is
observed that as the effects of pointing error get severe, BER starts increasing (i.e.
the higher the values of &, the lower will be the BER). It is important to note here
that these values for the parameters were selected arbitrarily to prove the validity of
the obtained results and hence specific values based on the standards can be used to
obtain the required results by design communication engineers before deployment.
Similarly, in Fig. 4.6, the effect of pointing error is set such that £ = 2.1 to see the
effect of varying fading parameters. It can be seen that as the atmospheric turbulence
conditions get severe, BER starts increasing (i.e. the higher the values of a and 3, the
lower will be the BER). Also, similar results on the ergodic capacity can be observed
for heterodyne detection and IM/DD techniques as were seen above in Fig. 4.5 and

Fig. 4.6 for the BER case.

4.2 Hybrid RF/RF-FSO Transmission Systems

4.2.1 Introduction

Motivation

In this work, a dual-path transmission system is considered utilizing a SC diversity
receiver. It involves a direct RF link/path and an asymmetric RF-FSO dual-hop path
as can be seen from Fig. 4.1. The motivation behind such a system involves a fact
that the users are mostly mobile and with only RF capabilities (no FSO capabilities).
Installing FSO capability on these mobile users does not seem to be a justified ap-
proach. Another source of motivation is the fact that we fall short of bandwidth (BW)
every now and then. Hence, to save on BW and to save on the economic resources
by avoiding unnecessary modifications to the current mobile devices, such a system

is introduced wherein the users remain as is with RF only capability(s) and yet can
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Comparison between Analytical and Simulation Results

=}

10" ¢ T T T T T
/2
107
> L
8
~ -2
o 10°F E
g F ]
o4 r i
S r .
b5 L ]
5
% 10° E E
E\ E / ]
< r r=2; IM/DD ]
L CBPSK i
10" E - - - E
[[| —O— 0=0.5; p=0.5 ]
| —O— a=0.5; p=2 . r=1; Heterodyne Detection 3
| —0— a=2: p=a DBPSK T
7 *  Simulation ‘ : |
10-5 | ! ! ! ! ! |
0 5 10 15 20 25 30 35 40

Average Signal-to—Noise Ratio (SNR) per Hop (dB)

Figure 4.6: Average BER for variable gain relay dual-hop for different binary modu-
lation schemes showing the performance of both the detection techniques (heterodyne
and IM/DD) with varying fading parameters a’s and §’s and with effect of pointing
error £ = 2.1.
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Figure 4.7: System model block diagram of a hybrid RF /RF-FSO uplink transmission
system.

be part of and/or make use of the FSO featured network. Essentially, as can be seen
from Fig. 4.1, mobile devices/users with RF only capability will be transmitting in
phase 1 that shall be heard by the relay and the destination. During phase 2, the relay
will be transmitting the RF converted to FSO and shall be heard by the destination.
Then both these messages received in phase 1 and phase 2 at the destination will
be dealt with under SC diversity scheme. Furthermore, the performance measures
of the system under the SC diversity scheme are compared with the maximal ratio
combining (MRC) diversity, which is an optimal diversity combining scheme where all
the diversity branches are processed to obtain the best possible devised and improved
single output that possibly stays above a certain specified threshold [3,9,10]. An im-
portant point to note here is that during phase 2, the RF BW is completely free from
the systems current use and hence can still be utilized by surrounding users/devices
as it will cause no interference to the FSO simultaneous transmission.

Recently, some work has been published on the asymmetric relay networks (so-
called mixed fading channels) that have different fading channel distributions for
each link [53,106,107] but to the best of the authors knowledge, no work involves

performance study of a dual-branch diversity system with a direct RF link and an
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asymmetric relay link. The main objective of this work is to bring forth the essence of
utilizing FSO technology in the current traditional RF based communication systems
thereby increasing the performance of the system manifolds. In this proposed work,
the asymmetric RF-FSO link is up and being utilized at all times along with the direct
RF link. In this way, the asymmetric RF-FSO is always complementing the direct RF
link via SC or MRC diversity schemes thereby improving the performance relative to
the current traditional systems. On the other hand, as can be seen from the Fig. 4.1,
RF user(s) being part of the macro-cell might at times be far away from the macro-cell
BS and the received signal might not be good enough. This RF user(s), also being
part of the micro-cell with a micro-cell BS in its much closer vicinity, is being heard
by the micro-cell BS. This micro-cell BS is ultimately connected to the macro-cell BS
via FSO technology and is assisting the RF user(s) message to reach the macro-cell
BS via SC or MRC diversity scheme. Therefore, such a proposed hybrid system will
always be beneficial and more specifically when the direct RF link is weak.
Interestingly enough, having FSO technology on the second link of the RF-FSO
link also provides a solution to the current traditional communication system in case
when the direct RF link is reaching a saturation in terms of its BW. In such a situation,
the RF link of the asymmetric RF-FSO link can combine/multiplex multiple RF users
to its maximum capability in a single instance and send all through the FSO link to
the other end. In this way, the major advantage of FSO technology of having much
higher BW is also utilized, again as a great benefit to the current traditional systems.
In this work, the authors consider a RF based communication system i.e. RF is
the main mode of communication though the receiver benefits from the presence of
the diverse asymmetric RF-FSO channel too. This RF-FSO asymmetric link utilizes
the FSO technology and as discussed earlier in detail, this can prove to be handy
manifolds. In this work, the RF links are assumed to be operating over Rayleigh

fading environment [3] whereas the FSO link is considered to be operating over unified
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Gamma-Gamma fading environment [37,39,40] under the effect of pointing errors.
Here, the authors would like to bring to the notice of the readers that this Gamma-
Gamma model is unified in terms of inculcating both types detection techniques
(i.e. heterodyne and IM/DD) and additionally also includes the effects of pointing
error. Indeed, this unified model increases the complexity and hence providing a
comprehensive study on such a proposed hybrid system makes this an interesting
problem to study. Such a unified model, to the authors best knowledge, has not been

seen in the literature for the study of such proposed hybrid communication systems.

Contributions

The key contributions of this work are stated as follows.

e The statistical characterizations such as the CDF, the PDF, the MGF, and
the moments of the end-to-end SNR of such hybrid RF/RF-FSO transmission

systems are derived for fixed gain relays as well variable gain relays.

e This statistical characterization of the SNR is then applied to derive the exact
closed-form expressions for the performance metrics such as the OP, the higher-
order AF, the average BER of binary modulation schemes, the average SER of
M-AM, M-PSK and M-QAM, and the ergodic capacity in terms of Meijer’s G

functions for both types of amplify-and-forward relay schemes.

Organization

The remainder of the chapter is organized as follows. Subsection 2 introduces the
channel and systems models. Subsection 3 presents the statistical characterizations
and the performance analysis of fixed gain relay hybrid RF/RF-FSO transmission
systems in collaboration with the SC diversity scheme whereas Subsection 4 presents

the similar study for variable gain relays in collaboration with the SC as well as
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the MRC diversity schemes. Specifically, the statistical characterizations include the
PDEF, the CDF, the MGF, and the moments and the performance metrics include,
namely, the OP, the higher-order AF, the BER, the SER, and the ergodic capac-
ity. Subsection 5 presents some simulation results to validate these analytical results

followed by concluding remarks in Section 3.

4.2.2 Channel and System Models

Based on the discussion earlier in the Introduction and Fig. 4.7, a dual-path trans-
mission system model is employed with a direct RF link that indicates mobile user-
s/devices with RF only capabilities (no FSO capability) and a relay consisting RF-
FSO branch. This signifies that the buildings/base stations (BSs) near these mobile
users/devices have FSO capability too and so do all the subsequent BSs ultimately
reaching the internet backbone. Also, it is worthwhile to assume that the RF BW is
getting scarce and there is no additional availability of RF BW thus leading to the
utility of freely available FSO features. The SNR of the direct RF link is denoted by

YsD-

Now, the end-to-end SNR of the fixed gain relay branch can be given as

JSRIRD.

Yrp +C’ (4.39)

YSRD =

where S, R, and D refer to source, relay, and destination respectively and C'is a fixed
relay gain [3,21,53].
Similarly, for variable gain amplify-and-forward, the end-to-end SNR can be given

as

YSR YRD (4'40)

SRD = -
SRD Ysr +7Yrp + 1

Since the closed-from analysis of the statistical characteristics of vsgp is complicated,

~

the standard approximation ysrp = % ~ min(ysgYrp) [106, 110, 111] is
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utilized.

The RF links (i.e. S-R link and S-D link) are independent and non-identically
distributed (i.n.i.d.) and are assumed to follow Rayleigh fading whose SNR follows
an exponential distribution, parameterized by the average SNR 745 of the S-R link
and Jgp of the S-D link, with a PDF given by [3]

Jrso (vsp) = 1/7sp exp(—vsp/7Vsp), (4.41)

for S-D link and similarly for S-R link by replacing the subscripts SD with SR in
the above given PDF [3]. On the other hand, it is assumed that the FSO link (i.e.

R-D link) experiences Gamma-Gamma fading with pointing error impairments whose

SNR PDF is given by (4.9).

4.2.3 Fixed-Gain Relay System

This section presents exact closed-form results on the statistical characteristics in-
cluding the CDF, the PDF, the MGF, and the moments of the hybrid RF/RF-FSO
transmission systems in terms of the Meijer’s G functions. Additionally, this section
also presents new performance analysis results, in particular the OP, the higher-order
AF, the BER analysis, the SER analysis, and the ergodic capacity of hybrid RF/RF-

FSO transmission systems with fixed gain relay in presence of SC diverse receiver.

Closed-Form Statistical Characteristics

Cumulative Distribution Function: In SC diversity scheme, the highest SNR
branch is selected. In this case, for dual-branch diversity, the end-to-end SNR 7 is
given by

v = max(Ysp, VSRD)- (4-42)
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The CDF of « is given by

F(’Y) = Pr(maX(VSDy YSRD < 7)) - F’YSD (7) F’YSRD (7) (443)
Using
F’YSD (7) =1- eXp(_W//ﬁSD% (444)

as the CDF of the Rayleigh channel,

BC
=~ )

YSrRMRD

F’YSRD (7) =1-A eXp<_’7/75R) Gigvt}k’?

i ] , (4.45)

Iig,O

from (4.12), and some simple algebraic manipulations, the CDF of v can be shown

to be given by

F,(v) =1 —exp(=7/7sp) — Aexp (—7/Tsr) (1 — exp (=7/7sp))
4.4
w Q310 BC K1 ( 6)
r3r+1 | _ (r) Y Ko 0 .
VYsr MRD 2

Probability Density Function: Differentiating (4.46) with respect to v, using the
product rule then utilizing [62, Eq. (07.34.20.0001.01)], after some algebraic manip-

ulations the PDF is obtained in exact closed-form in terms of Meijer’s G functions

as
D (=1/Tsp) . A mina| BC | - _
fy() = SRTs) 4 St 2E o) 7 | (exp (/s
Vsp VsrHrp 118

_ _ 1 1 2 _ _
—exp (—=v/Fsp — V/7sr)) — A { (_— + — - g_) exp (—Y/¥sp — 7/Vsr)
Ysp Vsr T
BC K1
7 KJQ,O '

Ysr :ug)D

— [1/3sr — &/ (rv)] exp (—7/7sr) } fo":i?ﬂ

(4.47)
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Moment Generating Function: The MGF can be defined in terms of CDF as
given in (4.16). Placing (4.46) into (4.16) and utilizing [58, Eq. (7.813.1)], after some

manipulations the MGF of v is obtained as

S SA 3r+41.1 BC O,/ﬁll
M (S) =1- — - — r 77"
K s+1/3sp s+ 1/qsp T Mg)(S%*R +1) [K2,0 (4.48)
+ sA @3l BC 0, K1
— — r+1,3r+1 r _ _ _ ’
s+1/Fsp+1/7sn T /lga/):)(s Vs +Vsr/Tsp + 1) 1£2,0

Moments: The moments defined as E [7"] can be expressed in terms of the CCDF
as givein in (4.19). Now, placing (4.46) into (4.19) and utilizing [58, Eq. (7.813.1)],

the moments are obtained as

n —n —n T —B C 1= s i1
E [/y ] =MN%Ysp F(n) +n A’YSR Gi‘:i’léi"'l (r) Ko 0 ]
UrD (4.49)
B n A Q3rtLl BC ‘ L= m
(1/7sp + 1/Asp)" THHIH Ng)D (Tsr/Tsp +1) | #£2,0 |

Applications to the Performance of Hybrid RF/RF-FSO Transmission Sys-

tems under Fixed Gain Relay

Outage Probability: Similar to the OP derivation presented earlier in Section 4.1.3,
the required OP of a dual-branch system comprising of a fixed gain relay is obtained
as (4.46).

Higher-Order Amount of Fading: The n'"-order AF for the instantaneous SNR
7 is defined in [68, Eq. (3)] or in (4.22). Now, utilizing this equation by substituting
(4.49) into it, the n'*-order AF can be obtained. Similarly, for n = 2 as a special
case, the classical AF can be obtained [112].

Average BER: Substituting (4.46) into [69, Eq. (12)] and utilizing [58, Eq. (7.813.1)],
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the average BER P, of a variety of binary modulations is obtained as

P 1 q’ AqP 3r+1,1 BC ‘ 1 —p, k1
b= 5 ~ - ~ r T r —
2 2(¢+1/3sp)"  2T(p) (¢ +1/7sp)" 0" 1 (qFgp +1) | 2,0
AqP 3r+1,1 BC I —p, K1
+ 27 1/~ 1/~ p Gr+1,3r+1 (r) _ _ . 0 .
() (¢ +1/7sp +1/7sr) trp(@7sr + Vsr/Tsp +1) | K2
(4.50)

Average SER: Substituting (4.48) into [78, Eq. (41)], [78, Eq. (45)], and [78, Eq.
(48)], the SER of M-PSK, M-AM, and M-QAM, respectively can be obtained.

Ergodic Capacity: The ergodic channel capacity can be expressed in terms of
the CCDF of v as (4.27). Utilizing (4.27) by exploiting the identity [114, p. 152]
(1+a2)™ = 5 Ginfaz|'g"] in it, using [79, Eq. (5.1.28)], and using the integral

identity [69, Eq. (20)], the ergodic capacity can be expressed in terms of the EGBMGF

(see [69] and references therein) as

C =1/In(2) (E1(1/7sp) exp(1/7sp) + ATsr

1.1:3¢ 0 K1 _ BC _ »
Gtgﬁiiizﬁr’? 1 Tsro | T A/ (1/7sp + 1/7sr)
0 Ka,0 HRD
0 K1 1 BC

1,0:1,1: 3r41,0
XGroi s | 1

0 K, 0 1/7sp +1/7sr N(Pfl)) (Fsr/Vsp + 1)
(4.51)

4.2.4 Variable-Gain Relay System

This section presents exact closed-form results on the statistical characteristics in-
cluding the CDF, the PDF, the MGF, and the moments of the hybrid RF/RF-FSO
transmission systems in terms of the Meijer’s G functions. Additionally, this section

also presents new performance analysis results, in particular the OP, the higher-order
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AF, the BER analysis, the SER analysis, and the ergodic capacity of hybrid RF/RF-
FSO transmission systems with variable gain relay in presence of SC diverse receiver

as well as MRC diverse receiver.

PERFORMANCE OVER SC DIVERSITY SCHEME

Closed-Form Statistical Characteristics

Cumulative Distribution Function: 1t is well known that the CDF of yggrp =

min(ysr, Yrp) can be expressed as

F’YSRD (7) = Pr(min('VSR7 ’YRD) < ’7>' (4.52)

The expression in (4.52) can be re-written as [115, Eq. (4)]

Fonn (V) = Frgn (V) + Frpp (V) = Frgn (V) Frpp (7)- (4.53)

The result of (4.53) is given by (4.31)

. B
Fyorp (7) =1- eXp(_7/7SR) (1 - AG?#%,&"H

17'%1
. 4.54
v /@,OD (4.54)

() into (4.43), and with some simple algebraic

(r)
HRrD

Now, substituting F,,(v) and F.

YSRD

manipulations, the CDF of v can be shown to be given after some simplifications by

F (v) =1=2exp (—=v/7sp) +exp (=7/Vsp — V/Tsr)

+ Aexp (—7/7sr) (1 —exp (—7/7sp)) Giﬁ,srﬂ ko, 0

L ] (4.55)

— 7
iz

Probability Density Function: Differentiating (4.55) with respect to ~, using
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the product rule then utilizing [62, Eq. (07.34.20.0001.01)], after some algebraic

manipulations the PDF is obtained in terms of Meijer’s G functions as

() =2/7spexp (—=v/7sp) — (1/Asp + 1/7sr) exp (=v/Vsp — ¥/Vsr)

— Aexp (=7/7sr) [1/7sr — exp (=7/Vsp) (1/7sr + 1/7sp)]

. B |k _ 4.56
X Gl | —or V| g | A exp (=71/Tsn) (4:56)
frp  1F2
_ r B R1
X (1 —exp(—=7/¥sp)) Gi,ég EEl ]
rp 112

Moment Generating Function: Substituting (4.55) into (4.16) and utilizing [58,

Eq. (7.813.1)], after some manipulations the MGF of v is obtained as

25 s As
M, (s)=1-— — + — — + —
! s+1/7sp  s+1/3sp+1/7sr s+ 1/7sr
% G3T’2 B 0, 1, K1 B A S
r+2,3r+1 _ng)j<s n 1/753) Ky, 0 s+ 1/731) T 1/75%2 (4.57)
B 0,1
X G§i3,3r+1 (r) — — . ] :
(s +1/3sp +1/7gg) | F2s 0

Moments: Placing (4.55) into (4.19) and utilizing [58, Eq. (7.813.1)], the moments

are obtained as

— 1 _ 2 BVSR 1—?7,,1,51
E[’yn] :nF(n) 2771 - — — n:| _An’yn G::r, r B
P (1/7sp +1/7sr) SR ) re, 0
n An 3.2 B 1—n,1,k
(1/7sp + 1/3sp)" "2 1L (1 /Asp +1/7gg) | K20 '
(4.58)
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Applications to the Performance of Hybrid RF/RF-FSO Transmission Sys-

tems under Variable Gain Relay and SC diversity receiver

Outage Probability: Tthe required OP of a dual-branch system comprising of a
variable gain relay link can be obtained as (4.55).

Higher-Order Amount of Fading: On substituting (4.58) into [68, Eq. (3)], the
n'-order AF can be obtained. Similarly, for n = 2 as a special case, the classical
AF [112] can be obtained.

Average BER: Substituting (4.55) into [69, Eq. (12)] and utilizing [58, Eq. (7.813.1)],

the average BER P, of a variety of binary modulations is obtained as

¢’ 7’ AgP

1
Py=-— — + — — + —
2 (¢+1/7sp)"  2(q+1/3sp +1/9sr)"  2T(p) (¢ +1/7sr)"
« G3'r,2 B 1 _p71>/{1 . qu
rsr _ug,)j(q +1/95g) ke, 0 20(p) (¢ + 1/7sp + 1/7sr)"
B 1—p.1
X Gilé,i&r—i—l ) — — bt .
| tpp(a+1/5sp + 1/7sr) 2, 0
(4.59)

Average SER: Substituting (4.57) into [78, Eq. (41)], [78, Eq. (45)], and [78, Eq.
(48)], the SER of M-PSK, M-AM, and M-QAM, respectively can be obtained.

Ergodic Capacity: Utilizing (4.27) by exploiting the identity [114, p. 152] (1 +
az)"b = ﬁ GH [az | 161’} in it, using [79, Eq. (5.1.28)], and using the integral identity

(69, Eq. (20)], the ergodic capacity can be expressed in terms of the EGBMGF
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(see [69] and references therein) as

C = 1/In2)[(2E:(1/7sp) exp(1/7sp) — E1(1/7sp + 1/Tsr) exp(1/7sp + 1/Tsr))

0 1 K1 B~ A
— 1,0:1,1: 3r,1 ) — Tsr
— A%sr Glor a1 | 1 YSR: ~ Ve + 177
0 Ka,0 HRD Vsp Vsr
s 1011311 1 0 L, K 1 B
1,0:1,1: r41,3r+1 — — ) T — —
0 K, 0 1/7sp +1/7sr M%d)) (1/%sp + 1/7sr)

(4.60)

PERFORMANCE OVER MRC DIVERSITY SCHEME

For the sake of comparison, in this section, the MGF of such a system employed
under MRC diverse receiver at the destination is derived and utilized to study various
performance metrics, namely, the OP, the BER analysis, the SER analysis, and the

ergodic capacity.

Closed-Form Statistical Characteristics

In MRC diversity scheme, the SNRs of all the branches are added to achieve the
end-to-end SNR of the system. In this case, for dual-branch diversity, the end-to-end
SNR ~ is given by

Y = Ysp + VYSRD- (4.61)

Deriving the CDF and/or the PDF of the above given end-to-end SNR in (4.61) can
prove to be very complicated and cumbersome yet not certain to have a useful result.
Hence, the MGF of this end-to-end SNR is derived and further utilized to derive
various performance metrics.

Under the independence assumption between vsp and ysgp, the MGF of (4.61)
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can be easily attained by
MV(S) = M’YSD (S> MWSRD(‘S)' (4'62)

It is well known that the MGF of a Rayleigh (S-D link) channel is given by 1/(1 +
$%gp)- The MGF of the RF-FSO path (S-R-D link) can be obtained by placing (4.54)
in (4.16) as N

Migup(5) = s [~ e [ = exp(=1sr Tsr)

1 ke ] )1 (4.63)
dYsrD-
Ko, 0

On utilizing [58, Eq. (7.813.1)] along with some simple algebraic manipulations,

0717"431
I{Q,O ‘

(4.64)

B
o YSRD
RD

3r,1
X (1 —A G131

Mygp () is derived as (4.33)

_ . B
M’YSRD (3) =1- S/ (S + 1/75}2) (1 —A qué,?&wrl [ (r) —
trp(s +1/9sr)

To get the end-to-end MGF at the receivers end, the product of both the required

MGF’s given above is obtained to get

My(s) = [1/ (1 +sTsp)l [1 = s/ (s +1/7sR)
4.65
X (1 —A Giig,srﬂ [ b 0;:7 gl ] )] : e

Hin (s +1/7sr)
Applications to the Performance of Hybrid RF/RF-FSO Transmission Sys-

tems under Variable Gain Relay and MRC diversity receiver

Outage Probability: The MGF-based approach proposed in [116, Eq. (11)] is
utilized to derive the OP of the MRC diverse system in closed form. By placing
(4.65) in the above reference, the required result is derived. The obtained result was

successfully tested via Monte-Carlo simulations for its validity and correctness.
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Average BER: Resorting to MGF-based approach as described and presented in
[117], the BER expression in terms of MGF is given as [117, Eq. (33)]

w/2
P, — 1/x / M, (~g/sin?()) do, (4.66)

where, g = 1 for CBPSK. Now, substituting (4.65) into (4.66), the desired BER
expression for CBPSK modulation scheme applicable to the proposed system under
the MRC diversity scheme is successfully derived.
Average SER: On substituting (4.65) into [78, Eq. (41)], [78, Eq. (45)], and [78,
Eq. (48)], the SER of M-PSK, M-AM, and M-QAM, respectively can be obtained.
The analytical SER performance expressions obtained via the above substitutions
are exact and can be easily estimated accurately by utilizing the Gauss-Chebyshev
Quadrature (GCQ) formula [79, Eq. (25.4.39)] that converges rapidly, requiring only
few terms for an accurate result [80].
Ergodic Capacity: The ergodic capacity is given in terms of MGF as [118, Eq.
(7). [119, Eq. (8)

C =1/1n(2) / h Ei(—s) MW (s)ds, (4.67)

0

where, E;(.) is the exponential integral function as defined in [79, Eq. (5.1.2)]. Based
on (4.67), the first derivative of the MGF in (4.65) is derived as
MD(s) = — Vsp Vsr

! (1+57sp) (14 57sp) (1+57s8)

x {[1 = 5%sp/ (1 +5%sp) — sTsr/ (1 + 57sR)]

—A[(l— $Tsp  SAse__ &87sn )
L+s%sp 14595z 1(1+57sp)
) B
X G7?“)+711,37"[ (r) _
trp(s +1/Ysp)

]_, K1
)
SYSR  ~orl B 1
K3 ’

— G | —
1+ 575k Mgu))(5+1/’YSR)

(4.68)
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Now, by placing (4.68) in (4.67), the desired ergodic capacity is obtained.

4.2.5 Results and Discussion

As an illustration of the mathematical formalism, simulation results for different
performance metrics of a dual-branch transmission system comprising of a RF direct
link and an asymmetric dual-hop RF-FSO relay branch with fixed gain relay as well

as variable gain relay are presented in this section.

Fixed Gain Relay Scenario

The RF links (i.e. the S-D link and the S-R link) are modeled as Rayleigh fading
channel and the FSO link (i.e. the R-D link) is modeled as unified Gamma-Gamma
fading channel. The average SNR per bit per hop in all the scenarios discussed
is assumed to be equal. The different binary modulation schemes utilized here for
demonstration are based on the values of p and ¢ as presented in Table 2.1. The
average BER performance of DBPSK with heterodyne detection and CBPSK with
IM/DD are presented in Fig. 4.8 for fixed gain relay. The effect of pointing error
is set such that & = 2.1 to see the effect of varying fading parameters. It can be
seen that as the atmospheric turbulence conditions get severe, BER starts increasing
(i.e. the higher the values of a and [, the lower will be the BER). Also, similar
results on the ergodic capacity can be observed for heterodyne detection and IM /DD
techniques as was seen above in Fig. 4.8. It can be observed from Fig. 4.8 that the
simulation results provide a perfect match to the analytical results obtained in this
work. It is important to note here that these values for the parameters were selected
arbitrarily to prove the validity of the obtained results and hence specific values based
on the standards can be used to obtain the required results by design communication
engineers before deployment.

Finally, Fig. 4.9 demonstrates varying effects of pointing error (§£ = 1.2,1.6,and 6.7),
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Comparison between Analytical and Simulation Results
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Figure 4.8: Average BER of different binary modulation schemes showing the per-
formance of both the detection techniques (heterodyne and IM/DD) over fixed gain

relay with varying fading parameters o’s and (’s and with effect of pointing error
£=2.1.

with fixed fading parameters o = 2.1 and 8 = 3.5 for fixed gain relay and variable
gain relay, respectively. For fixed gain scenario, the relay is set such as C' = 1.1. The
graphical presentations also demonstrate the comparison in performance between this
proposed diverse system and the traditional simple RF (S-D) link. Also, the average
SNRs of each link is different i.e. the average SNR between the relay and the des-
tination (R-D link) is fixed at 75, = 20 dB, and the average SNR from the source
to relay (S-R link) depends on the average SNR from the source to the destination
(S-D link) as gz = Jgp + 6 dB. It is observed that as the effects of pointing error

get severe, BER starts increasing (i.e. the higher the values of &, the lower will be the
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Comparison between Analytical and Simulation Results
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Figure 4.9: Average BER of CBPSK modulation scheme comparing the performance
of a simple Rayleigh fading scenario and an IM/DD technique over fixed gain relay
with varying effects of pointing error on the current system, with fading parameters
a=1.2and 8 =3.5. Ypp is fixed at 20 dB and ygp =7gp + 6 dB.
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BER). As can be seen from Fig. 4.9 for fixed gain relay, the proposed diverse system

performs way better than the traditional RF path only.

Variable Gain Relay Scenario

The RF links (i.e. the S-D link and the S-R link) are modeled as Rayleigh fading
channel and the FSO link (i.e. the R-D link) is modeled as Gamma-Gamma fading
channel. The electrical and average SNRs of each link are different i.e. the electrical
SNR ug,)j between the relay and the destination (R-D link) is fixed at ,ug])j = 20 dB,
and the average SNR from the source to relay (S-R link) depends on the average SNR
from the source to the destination (S-D link) as F¢z = F¢p + 6 dB. The different
binary modulation schemes utilized here for demonstration are based on the values
of p and ¢ as presented in Table 2.1. The average BER performance of DBPSK
with heterodyne detection and with IM/DD are presented in Fig. 4.10 with varying
effects of pointing error (£ = 1.1 and 6.7) under moderate turbulence conditions (i.e.
a = 2.296 and = 1.822) [120, Table I]. It can be observed from Fig. 4.10 that
the simulation results provide a perfect match to the analytical results obtained in
this work. It is observed that as the effects of pointing error get severe, BER starts
increasing (i.e. the higher the values of ¢, the lower will be the BER). !

Similarly, in Fig. 4.11, the effect of pointing error is set such that £ = 2.1 to see
the effect of varying turbulence conditions. It can be seen that as the atmospheric
turbulence conditions get severe, BER starts increasing (i.e. the higher the values
of a and 3, the lower will be the BER). Similar results on the ergodic capacity can
be observed for heterodyne detection and IM/DD techniques as were seen above in
Fig. 4.10 and Fig. 4.11 for the BER case.

Fig. 4.12 demonstrates the comparison in performance between the proposed sys-

Tt is important to note here that these values for the parameters were selected from the cited
references subject to the standards to prove the validity of the obtained results and hence other
specific values can be used to obtain the required results by design communication engineers before
deployment.
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Comparison between Analytical and Simulation Results
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Figure 4.10: Average BER of DBPSK modulation scheme showing the performance
of both the detection techniques (heterodyne and IM/DD) over variable gain relay
with varying effects of pointing error under moderate turbulence conditions.

tem and the traditional simple RF link. The turbulence conditions are considered
to be moderate with the pointing error effect varying ({ = 1.1,1.6,and 6.7). As can
be seen from Fig. 4.12, the diverse system performs way better than the traditional
RF path only. Utilizing similar configuration as in Fig. 4.12, Fig. 4.13 presents an
additional comparison of the SC diverse system with the performance of MRC diverse
system thereby proving that the later outperforms the former.

Finally, Fig. 4.14 presents a performance comparison between both the diverse
schemes i.e. SC as well as MRC in terms of the ergodic capacity. The turbulence
conditions are considered to be moderate. The curves are plotted with varying effects

of pointing errors as shown in the figure. The outcome is expectedly such that the
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Comparison between Analytical and Simulation Results
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Figure 4.11: Average BER of DBPSK modulation scheme showing the performance
of both the detection techniques (heterodyne and IM/DD) over variable gain relay
with varying turbulence conditions with effect of pointing error fixed at £ = 2.1.

MRC diversity scheme outperforms the SC diversity scheme.

4.3 Concluding Remarks

Novel exact closed-form expressions were derived for the CDF, the PDF, the MGF,
and the moments of an asymmetric dual-hop RF-FSO relay transmission system
composed of both RF and FSO environments with fixed gain relays as well as variable
gain relays in terms of Meijer’s G functions. Further, analytical expressions were
derived for various performance metrics of such a transmission system including the
OP, the higher-order AF, the error rate of a variety of modulation schemes, and the

ergodic capacity in terms of Meijer’s G functions.
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Comparison between Analytical and Simulation Results for IM/DD Technique (r = 2)
T T T T I I
Direct RF (S-D) Link Only
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Figure 4.12: Average BER of CBPSK modulation scheme comparing the performance
of a simple Rayleigh fading scenario and an IM/DD technique over variable gain relay

with varying effects of pointing error on the current system under moderate turbulence
conditions.

Additionally, novel exact closed-form expressions for the CDF, the PDF, the MGF,
and the moments of a dual-branch transmission system comprising of a RF direct
branch and an asymmetric RF-FSO dual-hop relay branch were derived. The asym-
metric dual-hop RF-FSO relay branch is composed of both RF and FSO environments
with fixed gain relays as well as variable gain relays in terms of Meijer’s G functions.
Further, analytical expressions were derived for various performance metrics of such a
dual-branch transmission system under the influence of SC diversity scheme including
the OP, the higher-order AF, the error rate of a variety of modulation schemes, and
the ergodic capacity in terms of Meijer’s G functions.

Furthermore, the MGF expression was derived for the proposed system under the
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Comparison between Analytical and Simulation Results for IM/DD Technique (r = 2)
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Figure 4.13: Average BER of CBPSK modulation scheme comparing the performance
of a simple Rayleigh fading scenario and an IM/DD technique over variable gain relay
with varying effects of pointing error on the current system under the effect of SC
and MRC diversity schemes under moderate turbulence conditions.

influence of MRC diversity scheme and it was capitalized to derive various perfor-
mance metrics, such as, the OP, the error rate of a variety of modulation schemes,
and the ergodic capacity leading to a fine comparison between the two diversity
schemes i.e. the SC and the MRC, expectedly resulting in later outperforming the
former. This work also presented simulation examples to validate and illustrate the
mathematical formulations developed in this work and to show the effects of the at-
mospheric turbulence conditions severity and pointing errors in the FSO link on the

overall system performance.
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Comparison between Analytical and Simulation Results for IM/DD Technique (r = 2)
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Figure 4.14: Ergodic capacity comparing the performance of a simple Rayleigh fading
scenario and an IM/DD technique over variable gain relay with varying effects of
pointing error on the current system under the effect of SC and MRC diversity schemes
under moderate turbulence conditions.
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Chapter 5

Performance Analysis of Mixed
Underlay Cognitive RF and FSO

Wireless Fading Channels

5.1 Introduction

5.1.1 Motivation

In cognitive radio networks (CRNs), an underlay network setting is considered where
the secondary users (SUs) are allowed to share the spectrum with the primary users
(PUs) under the condition that the interference observed at the PU is below a pre-
determined threshold. As can be seen from Fig. 5.1, where it is assumed that there
exists no fiber optics structure between the buildings, a dual-hop transmission system
is proposed with an asymmetric relay link wherein the first link is applying power
control to maintain the interference at the primary network within a predetermined
threshold (i.e. the underlay/secondary/cognitive radio user transmission) and the

second link is trailed by free-space optical (FSO) technology. Recently, some work
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Figure 5.1: System model block diagram of an asymmetric mixed RF-FSO dual-hop
transmission system wherein the desired (cognitive/secondary) users transmit to the
secondary base station using the resources of the primary network.

has been published on the asymmetric relay networks (so-called mixed fading chan-
nels) that have different fading channel distributions for each link [106] but to the
best of the authors knowledge, no work has been seen involving performance study
of such a proposed system in Fig. 5.1.

Hence, the main objective of this work is to bring forth the essence of utilizing
FSO technology in the CRN based communication systems thereby increasing the
performance of the system manifolds. In this proposed work, unlike previously pub-
lished literature, the secondary radio frequency (RF) user/link can not transmit at
its maximum power as its transmit power must be adjusted to maintain the inter-
ference at the primary network below a pre-specified threshold. To the best of the
authors knowledge, an outage analysis of such a novel proposed system, where in the
secondary RF user’s/link’s transmission is dependent on the resources of the primary
network and ultimately is relayed to the destination or to the internet back-haul via

FSO technology, has not been seen in the open literature.

5.1.2 Contributions

The key contributions of this work are stated as follows.
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e Qutage analysis is carried out via deriving the cumulative distribution function
(CDF) for such a proposed system model when the relay is governed by fixed

gain amplify-and-forward scheme.

e The statistical characterizations such as the CDF, the probability density func-
tion (PDF), the moment generating function (MGF), and the moments of the
end-to-end signal-to-noise ratio (SNR) of such asymmetric RF-FSO dual-hop

transmission system are derived for variable gain relay scenario.

e This statistical characterization of the SNR is then applied to derive the exact
closed-form expressions for the performance metrics such as the outage proba-
bility (OP), the higher-order amount of fading (AF), the average bit-error rate
(BER) of binary modulation schemes, and the average symbol error rate (SER)
of M-ary amplitude modulation (M-AM), M-ary phase shift keying (M-PSK)
and M-ary quadrature amplitude modulation (M-QAM) in terms of Meijer’s G

functions for variable gain amplify-and-forward relay scheme.

5.1.3 Structure

The remainder of the chapter is organized as follows. Section 2 introduces the system
and channel models followed by the evaluation of the statistical characteristics of the
end-to-end SNR of such systems inclusive of the CDF for the fixed gain as well as
the variable gain scenarios whereas the PDF, the MGF, and the moments applicable
for the variable gain scenario, all in Section 3. All these expressions are derived in
terms of the Meijer’s G function and the Fox’s H functions. Then, in Section 4, this
statistical characterization of the SNR is applied to derive closed-form expressions of
the OP for both the fixed gain and the variable gain scenarios whereas the higher-
order AF, the average BER of binary modulation schemes, and the average SER of
M-AM, M-PSK and M-QAM are derived for the variable gain scenario. All these
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expressions are derived in terms of Meijer’'s G functions. Finally, some results are

demonstrated in Section 5 along with concluding remarks in Section 6.

5.2 Channel and System Models

In this work, the underlay cognitive RF links are assumed to be operating over
Rayleigh fading whereas the FSO link is considered to be operating within a Gamma-
Gamma turbulence environment and is subject to the effect of pointing errors.

As shown in Fig. 5.1, a primary network is considered that consists of M PUs along
side their primary BS and a secondary network that consists of N SUs along side their
secondary BS, respectively. To maintain the quality of service (QoS) requirements of
the primary network, the peak interference power levels caused by SU-transmitters
at the primary base station (BS) must not exceed a predefined value (¢), referred to
as the interference temperature (IT), for each PU [55]. Additionally, it is assumed
that the SU-transmitters employ a peak transmission power, P,, and hence the SU

transmit power can be written as follows

Py, if > P, hy,
Top = g :min{Pn,hi}, (5.1)
ey Y < Pyl "

where h,,, is the channel power gain between the SU-transmitter and the PU-receiver
as can be seen in Fig. 5.1.

In this work, a dual-hop transmission system model is employed with the first
hop being a cognitive RF link that indicates mobile users/devices (i.e. SUs) with
RF only capabilities (no FSO capability) and the second hop utilizing the FSO tech-
nology. This signifies that the BSs near these SUs have FSO capability too and so
do all the subsequent BSs ultimately reaching the internet backbone. The RF link

(i.e. Source(S)-Relay(R) link) is assumed to follow Rayleigh fading and hence the
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respective channel power gains will be exponentially distributed. The received SNR
for the RF link (i.e. the respective SU) follows (in absence of interference caused by

the primary network)

-
nVSE, (5.2)

VSR =

where h,, is the channel between the SU-transmitter and the SU-receiver as can be
seen in Fig. 5.1, J4p is the average SNR of the S-R link as defined in (5.1), and 7 is
the thermal additive white Gaussian noise (AWGN).

On the other hand, it is assumed that the FSO link (i.e. R-Destination(D) link)
experiences Gamma-Gamma turbulence with pointing error impairments whose SNR

PDF is given by (2.10)

£ +1
527a76

£ Q3.0

f’YRD (’YRD) = T YRD F(Oé) F(ﬁ) 1,3 ) (53)

af (’YRD) "
MRD

where ¥, = pgp is the average SNR when 7 = 1 of the FSO link, ¥pp = prp (o + 1)

(B+1) &/ ]ap (£ +2)] is the average SNR when r = 2! of the FSO link, a and
3 are the scintillation parameters [48,50,75] 2 related to the atmospheric turbulence
conditions with lower values of o and [ indicating severe atmospheric turbulence

conditions, £ is the ratio between the equivalent beam radius at the receiver and

n (5.3), ¥ p is the average SNR either for IM/DD FSO systems (when r = 2) or for heterodyne
FSO systems (when r» = 1). In case of IM/DD FSO systems, the average SNR is given by ¥pp =
Cy(a+1)(B+1)/(aB) [60, Eq. (8)], where Cy = (RAE)*/[2Af (qRATL, +2ky Ty Fr/Ry)] is a
multiplicative constant for a given IM /DD system, where R is the photodetector responsivity, A is the
photodetector area, A f denotes the noise equivalent bandwidth of a FSO receiver, ¢ is the electronic
charge, I is the background light irradiance, k; is Boltzmann’s constant, T} is the temperature in
Kelvin, F,, represents a thermal noise enhancement factor due to amplifier noise, and Ry, is the load
resistance. On the other hand, the average SNR for coherent/heterodyne FSO systems is given by
Frp = C. [60, Eq. (7)], where C. = 2 R2A Pro/[2q RAf Pro +2Af (qRAI, + 2k, Ty F,/RL)] =
R A/ (qgAf) is a multiplicative constant for a given heterodyne/coherent system, where Pro is the
local oscillator power.

2Note that the parameters o and 3 vary depending on the type (plane or spherical) of wave
propagation being assumed. Hence, o and 3 are not chosen arbitrarily instead they can be deter-
mined from the Rytov variance [60]. In case of plane wave propagation, o and 8 may be determined
via [48, Eq. (3)] whereas in case of spherical wave propagation, a and § may be determined utiliz-
ing [50, Egs. (4) and (5)].
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the pointing error displacement standard deviation (jitter) at the receiver [49] (i.e.
when & — oo, (5.3) converges to the non-pointing errors case), r is the parameter
defining the type of detection technique (i.e. 7 = 1 represents heterodyne detection
and r = 2 represents intensity modulation/direct detection (IM/DD)), T'(.) is the
Gamma function as defined in [58, Eq. (8.310)], and G(.) is the Meijer’s G function
as defined in [58, Eq. (9.301)].

Here, fixed gain as well as variable gain amplify-and-forward relay schemes are
considered. For the amplify-and-forward relay system, a subcarrier intensity modu-
lation (SIM) scheme [37] is adopted to convert the input RF signals at the relay to
the optical signals for retransmissions from the relay.

For fixed gain scenario, the end-to-end SNR of the system can be given as

YSR YRD
= 2t i 54
Yrp + C’ ( )

where C' is the fixed relay gain [21].

For variable gain scenario, the end-to-end SNR of the system can be given as

VSR YRD
Ysr +Yrp + 1

YSRD = (5.5)

where [3,21,53]. Since the closed-from analysis of the statistical characteristics of

vsrp is complicated, the standard approximation

ISRIRD oy min(ysr, Yrp) = 7, (5.6)

YSRD = ~
Ysr +Yrp + 1

is utilized.
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5.3 Closed-Form Statistical Characterization

5.3.1 Fixed Gain Relay Scenario
Cumulative Distribution Function

When the instantaneous output SNR v falls below a given threshold, a situation
labeled as outage is encountered and it is an important feature to study the OP of a

system that is usually quantified by the CDF. Hence, the CDF is given by [21]

VSR
F) = o | 28000 o 57)

which can be written as

Fy(v) = /0 Pr [M <Y\ fyan(V&D) dVRD, (5.8)

Yrp + C

YSRY —
where Pr [% < 7} = F,,

(M) The CDF of the first hop ., (Vsg),

YRD

under the assumption that n = 1, is given as [55, Eq. (5)]
Fygn(ysr) = 1 — e 500 g/ (1 4 ygp) e Osnt o)/ Po, (5.9)

Now, on placing (5.9) into (5.8), the following is obtained

00 L 0o 4C o1
Fv(’V):/O fyvep (YRD) dYRD — € P"/O e P rp f . (yrD) dYRD

A 1>

_un [ Y VrD e
N Pn/o vap @+ ) 470" Pu TR0 f o (YRD) dYRD

I3

/

(5.10)

J/

~C _—1

vy [ v C L
e Pn/o 7RD(¢+7)+706 P D fn (YRD) dVRD -

1y

J/
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The integral in Z; simply reduces to 1 as it is the CDF evaluated at oc.

For the integral in Z,, ¢~ P YRD s altered to an appropriate Meijer’s G function
representation via the usage of [62, Eq. (07.34.03.0228.01)] and [66, Eq. (6.2.2)]
yielding

7C -1 P
Ity _ (101 n

e o 'v0 = Gyl | —= VRD
~vC

! } (5.11)

With this alteration, the integral in Z; now has the product of two Meijer’s G functions
along with the random variable being integrated over itself that can be easily solved

utilizing [83, Eq. (21)] to get

. ~ 2 3410
IQ - Al e fn Gr,37‘+1 |:Bl Y

R1
5.12
ol (5.12)

__ rotfee _ _(@prC _ 41 E+r ;

where A; = BT @) T ) B, = P F1 = S, .., 2 comprises of r terms,
2 2 _ _ _ .

and kg = %,...,5 tr-l e ..,%”,g,...,% comprises of 3r terms.

Now, for the integrals in Z3 and Z,, the exponential term is represented al-
ternatively, similar to as was done earlier for the integral in Z,, to an appropri-
ate Meijer’s G function representation followed by representing the fractional part,

vC/ (¥ + ) vrp + v C], in terms of Meijer’s G function as

1,1 Y+
0

YC/ (¥ +7)vrp +7C] = Gy WVRD

O}, (5.13)

via the exploitation of the identity (1 + az)™® = ﬁ(}ﬂ [az|15b] (114, pg. 152].
Subsequently, all the Meijer’s G functions in the integral present in Z3 and Z, are
altered to Fox’s H functions via the utilization of [66, Eqs. (6.2.8) and (6.2.3)] to
give an integral with three Fox’s H functions. This is solved using [121, Eq. (2.3)] to,

respectively, get Z3 and Z, in terms of extended generalized bivariate Fox’s H function
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(EGBFHF) (see [121] and references therein) as

K3 (0,1) (1,1) | B, B4

Ty = Ase” ™ H3inio =2 (5.14)
kg | (0,1) — T
.
where AQ = M)SC:Y%’ k3 = (1 - §2 - ’T‘,T’;T),(l - a— T,T;T),(l - /B - T’,T;T‘),
ko= (=E*—r,m;71), By = —(ﬁ:g))jg’), and Bs = (IZ‘;)’T*% and

. K 0,1 1,1 B, B
N 1 I I e 1 P EED
Rg (0,1) — v v
where A3 - F(a?i‘(ﬁ)’ ks = (1 _5277.;7”)7 (1 o Oé,?”;’f’), (1 - 5,7";7"), and Re = (_52,7’;7’).

The expressions in (5.14) and (5.15) can be easily and efficiently evaluated by utilizing
the MATLAB®) implementation given in [122] and/or by extrapolating and utiliz-
ing the MATHEMATICA®) implementation of the extended generalized bivariate
Meijer’s G function (EGBMGF) (see [69] and references therein) given in [69, Table
I1].

Now, on combining 7, = 1, Z, from (5.12), Z3 from (5.14), and Z, from (5.15),
the desired exact closed-form expression for the CDF of the proposed system, F, ()
is attained in (5.10), in terms of extended generalized bivariate Fox’s G functions
(EGBFHFSs). As a special case, for heterodyne detection case (i.e. when r = 1), after
altering the representations of the exponential and the fractional terms to Meijer’s
G functions in Z3 and Z,, the respective integral with three Meijer’s G functions can
be solved directly via utilizing [123, Eq. (12)] to get the required exact closed-form
expression for the CDF, F., (), of the proposed system in a rather simpler form in
terms of EGBMGF's.

In the absence of IT (i.e. non-cognitive scenario on the RF link wherein the user

is always transmitting with constant (peak) power, P,), the CDF in (5.10) simplifies
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to (4.12). This can be easily deduced as follows. When ¢ — oo, e™%/» — 0 and
hence the expression for the CDF, F, (y) in (5.10) simply reduces to the non-CRN
case as I3 — 0 and Z, — 0. Additionally, for the IM/DD scheme (i.e. when r = 2)
under non-CRN case, F, () in (5.10) reduces to [124, Eq. (2)] and further in the
absence of pointing errors (i.e. when £ — 00), F, (7y) in (5.10) subsequently reduces

to [124, Eq. (3)] and reference therein.

5.3.2 Variable Gain Relay Scenario

Cumulative Distribution Function

It is well known that the CDF of the SNR, v = min(ysg, Yrp), can be expressed as

F,(v) = Pr(min(ysg, yrp) < 7). This expression can be re-written as [115, Eq. (4)]

FL(v) = Fogn () + Frpp (V) = Frsn (V) Fop (7). (5.16)

The CDF of the first hop, F

vsn(Vsr), with no interference from primary network,

is given in (5.9) and the CDF of the second hop, F,,, (vrp), can be easily derived by

integrating the PDF in (5.3) as (2.12)

TRD 3r,1 B L, k1
En(YRD) = S (@) dt = AG 500 | =— VRD ol (5.17)
0 “RD Ka,
where A = %, B = (O;Q)T, T 52:1, o 52;”" comprises of r terms, and
Ky = %, o 52+:_1, a el 80 B comprises of 3r terms. Now, with the

help of some simple algebraic manipulations, the CDF of v can be shown to be given

after some simplifications by

F(y)=1—e P [1—v/ (@ +7)e ¥/

gl - 3r,1 B
_A ]_ — e Pn G ’ [
( P+ ) rHart |:7RD !
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In the absence of IT (i.e. non-cognitive scenario on the RF link wherein the user is
always transmitting with constant (peak) power, P, ), the CDF in (5.18) simplifies to
(4.31). This can be easily deduced as follows. When 1) — oo, the expression in (5.18)

simply reduces to the non-CRN case.

Probability Density Function

Differentiating (5.18) with respect to v, using the product rule then utilizing [62, Eq.
(07.34.20.0001.01)], after some algebraic manipulations the PDF of the end-to-end

SNR is obtained in exact closed-form in terms of Meijer’s G functions as

LA S | }
W+ v+y P +7)

“J (5.19)
+ AP (W +9) (v @ +7) = 1)

1,/€1

5270} } .

1 g —’”)] 3r,1 [B
L E e e T | KEE o
Pn< Y+ I Yo

Similar to the CDF case, in the absence of IT from the RF link, the PDF in (5.19)

simplifies to (4.32) for the non-CRN scenario.

Moment Generating Function

The MGF defined as M., (s) £ E[e™*] where E[.] denotes the expectation operator,
can be expressed, using integration by parts, in terms of the CDF as M., (s) =
sfooo e 7F,(y)dy. On placing (5.18) into this relation and expanding the brackets
in order, five integrals are required to be solved to obtain the required result. Of
these, the first three integrals are trivial. The fourth integral can be easily solved by
utilizing [58, Eq. (7.813.1)]. Finally, for the fifth integral, the identity [114, p. 152]
(1+az)" = ﬁ GH [az ‘ lab} is first exploited to represent the fractional component

in terms of Meijer’s G function and then utilize the integral identity [69, Eq. (20)].
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On combining all these terms, after some algebraic manipulations, the MGF of ~ is

obtained in terms of the EGBMGF (see [69] and references therein) as

M(s)=1—s/(s+1/P,)+se ¥ [1/(s+1/P,)

—p PGP0, (s + 1/P,)]] + As/ (s + 1/P,)

B 0.1 K1 AS’@Dil
e [ 1, } __Asy 5.20
2340 5 (s+1/Py) | ks, 0 (s+1/P,)° 20
0 1,k
X e Pa Gigﬂiﬁ 3r41 | 2 1 D, Da
0 5270

where I'[., .] refers to incomplete Gamma function [58, Eq. (8.350.2)], Dy =

1/[¢¥(s+1/P,)], and Dy = B/ [Jrp (s+1/P,)]. The expression in (5.20) can be
easily and efficiently evaluated by utilizing the MATHEMATICA®) implementation
of the EGBMGF given in [69, Table II]. Additionally, similar to the CDF case, in
absence of the IT from the RF link, the MGF in (5.20) simplifies to (4.33) for the

non-CRN scenario.

Moments

The moments defined as E [7’“} can be expressed in terms of the complementary CDF
(CCDF) F<(y) = 1 — F,(v), via integration by parts, as E [y*] = k [ 7" 1 F<(v)dy.
Now, placing (5.18) into this relation and utilizing [58, Eq. (7.813.1)], the moments

are obtained as

E[v*] =kPYT(k) — ky*T (k+1) D [—k,o/P,) — k AP

- BP,|1—k 1,k kAP
XGE+§3T‘+1|:— O 1:| +—n€ Pp,
Trp | K2, ¥ (5.21)
. 0 | Lsw | P, BP,
<L o | B P
0 Ka, 0 YrD
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Similar to the CDF case, in absence of the IT from the RF link, the moments in

(5.21) simplifies to (4.34) for non-CRN scenario since, as ¢ — oo, I'|—k, 00/ P,] — 0.

5.4 Applications

5.4.1 Fixed Gain Relay Scenario

Outage Probability

When the instantaneous output SNR v falls below a given threshold ~;y, a situation
labeled as outage is encountered and it is an important feature to study OP of a
system. Hence, another important fact worth stating here is that the expression
derived in (5.10) also serves the purpose for the expression of OP for this system or in
other words, the probability that the SNR falls below a predetermined protection ratio

Y can be simply expressed by replacing v with 4, in (5.10) as Pow(Yen) = F5(7tn)-

5.4.2 Variable Gain Relay Scenario

Outage Probability

Similar to the fixed gain relay scenario, the expression of OP can be obtained by

replacing v with v, in (5.18) as Pow(yn) = Fy (V).

Higher-Order AF

The AF is an important measure for the performance of a wireless communication
system as it can be utilized to parameterize the distribution of the SNR of the received
signal. In particular, the k"-order AF for the instantaneous SNR # is defined in [68,

Eq. (3)]. Now, utilizing this equation by substituting (5.21) into it, the k'-order

3In order to justify the behavior of the system, Meijer’s G function can be expressed in terms of
simpler elementary functions, under high SNR regime, via utilizing the asymptotic expansion of the
Meijer’s G function given in (A.1), Appendix.

161



AF can be obtained. Similarly, for £ = 2 as a special case, the classical AF can be

obtained.

Average BER

Substituting (5.18) into [69, Eq. (12)] and utilizing exactly the same procedure as
employed in case of MGF, the average BER, P, is obtained for a variety of binary

modulations as

Py=1/2—=¢"/[2(q+1/P,)] +pg” ¢ ¥ T [—p, 0 (¢ + 1/P,)] /2

B 1—p, 1,k
+Ag?/2D(p) (¢ + 1/P,)"] G¥2 . [_ o ]
/[ ( )( / )] +2,3r+1 fyRD(q_i_l/Pn) 52,0
Ag’ — % \1,0:1,1:30,1 0 1, k1
- e G1Z0§1:1§r+’1,3r+1 p+ 1 D37D4 >
20(p) ¥ (¢ +1/P,)"" 0 | k2,0

(5.22)
where D3 = 1/t (¢ +1/P,)], Dy = B/ [7gp (¢ + 1/P,)], and the parameters p and
q account for different modulation schemes. Similar to the moments case, in absence
of the IT from the RF link, the average BER in (5.22) simplifies to (4.37) for the

non-CRN scenario.

Average SER

In [78], the conditional SER has been presented in a desirable form and utilized to
obtain the average SER of M-AM, M-PSK, and M-QAM. For example, for M-PSK the
average SER P, over generalized fading channels is given by [78, Eq. (41)]. Similarly,
for M-AM and M-QAM, the average SER P, over generalized fading channels is given
by [78, Eq. (45)] and [78, Eq. (48)] respectively. On substituting (5.20) into [78, Eq.
(41)], [78, Eq. (45)], and [78, Eq. (48)], the SER can be obtained for M-PSK, M-AM,
and M-QAM, respectively. The analytical SER performance expressions obtained via

the above substitutions are exact and can be easily estimated accurately by utilizing
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the Gauss-Chebyshev Quadrature (GCQ) formula [79, Eq. (25.4.39)] that converges

rapidly, requiring only few terms for an accurate result [80].

5.5 Results and Discussion

5.5.1 Fixed Gain Relay Scenario

The underlay cognitive SU transmission link (i.e. the RF link/S-R link) is mod-
eled as Rayleigh fading channel and the FSO link (i.e. the R-D link) is modeled as
Gamma-Gamma turbulence channel. The OP performance with IM/DD is presented
in Fig. 5.2 for a range on the transmit power restriction on the SU, P, = —10 — 30

dB. The effect of the pointing error is varying (£ = 1.2,6.7) and so is the effect of in-

Comparison between Analytical and Simulation Results
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Figure 5.2: OP showing the performance of IM/DD technique over fixed gain relay
with varying pointing errors (£’s), I'T’s (’s), and scintillation parameters (a’s and

fs).

terference i.e. the IT (¢vp = —5,0,5 dB). Hence, Fig. 5.2 demonstrates simultaneously
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the effects of interference as well as pointing errors for weak (o = 2.902; = 2.51) and
strong (a = 2.064; 5 = 1.342) turbulence FSO channels [120, Table I]. The average
SNR of the FSO link is arbitrarily set to ¥zp = 17 dB, C' = 1.1, and the threshold
is set as v = 0.16 all throughout. It can be seen that as the atmospheric turbulence
conditions get severe, the OP starts increasing (i.e. the higher the values of o and
B, the lower will be the OP). Also, similar results can be observed for the case of
pointing errors i.e. as the pointing errors increase (i.e. the value of ¢ decreases),
the OP starts increasing and vice versa. Additionally it can be observed that as the
IT increases, the OP performance starts getting better and the OP saturates while
P, keeps increasing as the performance is dominated by the IT condition. It can
be observed from Fig. 5.2 that the Monte Carlo simulation results provide a perfect
match to the analytical results obtained in this work. 4

Fig. 5.3 demonstrates similar results as in Fig. 5.2 instead on the scale of a range
of IT, v = —10 — 30 dB with varying effects of maximum transmit power restriction
(P, = 0,5,and 10 dB) and with the rest of the parameters being treated similar to
Fig. 5.2. Similar results are observed and additionally it can be observed that as the
transmit power restriction on the SU increases, the OP performance starts getting

better.

5.5.2 Variable Gain Relay Scenario

The SU transmission link (i.e. the RF link/S-R link) are modeled as Rayleigh fading
channel suffering interference and the FSO link (i.e. the R-D link) is modeled as
Gamma-Gamma fading channel. The average BER performance of CBPSK (p = 0.5

and ¢ = 1) with IM/DD is presented in Fig. 5.4 for a range on the transmit power

41t is important to note here that these values for the parameters were selected from the cited
references subject to the standards to prove the validity of the obtained results and hence other
specific values can be used to obtain the required results by design communication engineers before
deployment.
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Comparison between Analytical and Simulation Results
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Figure 5.3: OP showing the performance of IM/DD technique over fixed gain relay
with varying pointing errors (£’s), transmit power restriction’s on the SU (P,’s), and
scintillation parameters (a’s and (’s).

restriction on the SU, P, = —10 — 30 dB. The effect of pointing error is varying
(€ =1.2,6.7) and so is the effect of interference i.e. the IT (¢ = —5,0,5 dB). Hence,
Fig. 5.4 demonstrates simultaneously the effects of interference as well as pointing
errors for weak (o = 2.902; § = 2.51) and strong (a = 2.064; § = 1.342) turbulence
FSO channels. The average SNR of the FSO link is arbitrarily set as 7z, = 17 dB
all throughout. It can be seen that as the atmospheric turbulence conditions get
severe, BER starts increasing (i.e. the higher the values of o and £, the lower will
be the BER). Also, similar results can be observed for the case of pointing errors i.e.
as the pointing errors increase (i.e. the value of ¢ decreases), BER starts increasing
and vice versa. Additionally it can be observed that as the IT is increased, the BER
performance starts getting better. It can be observed from Fig. 5.4 that the Monte

Carlo simulation results provide a perfect match to the analytical results obtained in
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Comparison between Analytical and Simulation Results
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Figure 5.4: Average BER of CBPSK modulation scheme showing the performance
of IM/DD technique over variable gain relay with varying pointing errors (§’s), IT’s
(¢’s), and fading parameters (o’s and (’s).

this work. ®

Fig. 5.5 demonstrates similar results as in Fig. 5.4 instead on the scale of a range
of IT, v = —10 — 30 dB with varying effects of maximum transmit power restriction
(P, = 0,5,and 10 dB) and with the rest of the parameters being treated similar to
Fig. 5.4. Similar results are observed and additionally it can be observed that as
the transmit power restriction is increased on the SU, the BER performance starts

getting better.

5Tt is important to note here that these values for the parameters were selected from the cited
references subject to the standards to prove the validity of the obtained results and hence other
specific values can be used to obtain the required results by design communication engineers before
deployment.
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Comparison between Analytical and Simulation Results
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Figure 5.5: Average BER of CBPSK modulation scheme showing the performance of
IM/DD technique over variable gain relay with varying pointing errors (£’s), transmit
power restriction’s on the SU (P,’s), and fading parameters (a’s and (s).

5.6 Concluding Remarks

Novel exact closed-form expression was derived for the outage probability of an asym-
metric RF-FSO dual-hop transmission system with the RF link under the influence of
interference (i.e. the secondary user transmission link is under interference constraint)
with the relay being operated with fixed gain. The result was in terms of EGBFHF.
Furthermore, novel exact closed-form expressions were derived for the CDF, the PDF,
the MGF, and the moments of an asymmetric RF-FSO dual-hop transmission system
with the RF link under the influence of interference (i.e. the SU transmission link is
under interference constraint) with the relay being operated with variable gain. The

results were obtained in terms of Meijer’s G functions. Further, analytical expressions
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were derived for various performance metrics for such a dual-hop transmission system
including the OP, the higher-order AF, and the error rate of a variety of modulation
schemes in terms of Meijer’s G functions. In addition, this work presented simulation
examples to validate and illustrate the mathematical formulation developed in this
work to show the severity of the effects of the atmospheric turbulence conditions, the
pointing errors in the free-space optical link, the interference temperature’s set for
the secondary user transmission, and the maximum transmit power restrictions on

the secondary user, on the overall system performance.
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Chapter 6

Concluding Remarks and Future

Work

6.1 Summary

An extensive analysis was conducted on the performance of an asymmetric radio
frequency (RF)-free-space optical (FSO) dual-hop transmission systems with various
different developments towards generalization, unification, and practical applicability
in each subsequent study/work relative to the previous one. At first, the single FSO
link was unified by integrating all the previous related work on single FSO link into
a single expression. This unification included both types of detection techniques i.e.
heterodyne as well as intensity modulation/direct detection (IM/DD) and it also
included the effect of pointing errors as well as negligible pointing errors. Specifically,
the cumulative distribution function (CDF), the probability density function (PDF),
the moment generating function (MGF), and the moments were derived. These lead
to the derivation of the outage probability (OP), the higher-order amount of fading
(AF), the average bit-error rate (BER) of binary modulation schemes, the average

symbol error rate (SER) of M-ary amplitude modulation (M-AM), M-ary phase shift



keying (M-PSK) and M-ary quadrature amplitude modulation (M-QAM) schemes,
and the ergodic capacity. Specifically, this analysis was focused on the Mélaga (M)
atmospheric turbulence with zero boresight pointing errors.

A comprehensive ergodic capacity analysis was conducted over various atmo-
spheric turbulences in composition with nonzero boresight pointing errors. These at-
mospheric turbulence included the log-normal (LN) turbulence, the Rician-LN (RLN)
turbulence, and the M turbulence. It was concluded that finding exact closed-form
solutions to the ergodic capacity’s of these atmospheric turbulences along with in
composition with nonzero boresight pointing errors is not possible and hence asymp-
totically very tight upper-bound approximations were demonstrated for the above.
Many special cases, too, were derived and deduced based on the results obtained
above.

Utilizing the unification for Gamma-Gamma turbulence demonstrated as a special
case of the M turbulence, a simple asymmetric RF-FSO dual-hop was studied for
amplify-and-forward relay schemes i.e. for both fixed gain relay as well as variable
gain relay. This was followed by a diverse system having a direct RF link comple-
menting the asymmetric RF-FSO dual-hop transmission system. Selection combining
(SC) and maximal-ratio combining (MRC) schemes were assumed to study the per-
formance of such a hybrid RF/RF-FSO transmission system with a direct RF link
as well as an asymmetric RF-FSO dual-hop link. For all the above transmission
systems under study, exact closed-form analytical expressions were derived for statis-
tical characteristics such as the CDF, the PDF, the MGF, and the moments. These
unified statistical characteristics were utilized to derive exact closed-form analytical
expressions for the OP, the higher-order AF, the BER for various binary modulation
schemes, the SER for various M-ary modulation schemes, and the ergodic capacity. It
was satisfactorily demonstrated that the proposed hybrid RF/RF-FSO transmission

system performed highly better than the traditional RF path.
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Finally, the asymmetric RF-FSO dual-hop transmission system analyzed above
was further enhanced via integrating it with the cognitive radio network (CRN) tech-
nology. Specifically, the RF end users were considered to be secondary (underlay
cognitive) users in a cognitive setup and their performance to the destination via a
relay and the FSO link was analyzed in terms of the OP and the BER for both fixed
gain relay as well as variable gain relay.

A summary of the all the work presented in this thesis is tabulated in Table 6.1.
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Table 6.1: Contributions to Mixed RF and FSO Transmission Systems

RF Link FSO Link Pointing Errors System Model Performance Metrics Publication
- M Zero Boresight Heterodyne Detection & IM/DD OP, AF, BER, SER, Capacity [J.1]
- GG Zero Boresight Heterodyne Detection & IM/DD OP, AF, BER, SER, Capacity [C.3]
- LN, RLN, M, & GG  Nonzero Boresight Heterodyne Detection & IM/DD Capacity [J.2]
- LN & RLN Zero Boresight Heterodyne Detection & IM/DD Capacity [C.7]
Rayleigh GG No IM/DD, Fixed Gain OP, AF, BER, SER, Capacity [C.13]
Rayleigh GG Zero Boresight IM/DD, Fixed Gain OP, AF, BER, SER, Capacity [J.7]
Rayleigh GG Zero Boresight Heterodyne Detection & IM /DD, Variable Gain OP, AF, BER, SER, Capacity [C.12]
Rayleigh GG Zero Boresight Heterodyne Detection & IM /DD, Direct+Fixed Gain, SC OP, AF, BER, SER, Capacity [C.15]
Rayleigh GG Zero Boresight Heterodyne Detection & IM/DD, Direct+Variable Gain, SC OP, AF, BER, SER, Capacity [C.11]
Rayleigh GG Zero Boresight Heterodyne Detection & IM/DD, Direct+Variable Gain, MRC OP, BER, SER, Capacity -
Rayleigh GG Zero Boresight Heterodyne Detection & IM/DD, CRN & Fixed Gain oP [C.6]
Rayleigh GG Zero Boresight Heterodyne Detection & IM/DD, CRN & Variable Gain OP, BER [C.9]




6.2 Future Research Work

The results presented on hybrid RF/RF-FSO transmission systems have indeed fur-
ther motivated to explore and pursue the following possible venues for further research
work with a practical application quite applicable to the region and globally. The

different tasks possible are:

6.2.1 Performance Analysis of N-Best Select Users in Hybrid

RF/RF-FSO Transmission Systems

Extending the basic work presented in Chapter 4, the performance of such a hybrid
RF/RF-FSO may be improved manifolds. At present, the hybrid transmission system
presented in Chapter 4 is losing on capacity since it is taking only a single RF (lesser
bandwidth (BW)) user’s message and transmitting over a high BW FSO link. The
system may be improved by selecting N-best users i.e. N can be set in such a
way that the high BW FSO link can be utilized to the maximum. Hence, N-best
users may be selected based on certain SNR threshold and multiplexed together to
be transmitted over the high BW FSO link ultimately utilizing one of the main
advantages of a FSO link. This must definitely improve the performance and utility of
such a hybrid RF/RF-FSO transmission system especially by utilizing the maximum

possible capacity.

6.2.2 Performance Analysis of a Hybrid RF/RF-FSO trans-
mission system with Incremental Relaying

At present, the hybrid transmission system presented in Chapter 4 is losing a time slot
each time the relay is sending the RF message over the FSO link, assuming that the

destination receives the message correctly via the direct RF link. To overcome this
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issue, the relay can be made to transmit only in the case when the destination does
not receives the transmitted message from the source as error-free. This will reduce
the time loss that was caused due to unnecessary transmissions every time slot at
the relay end ultimately improving the performance of such a hybrid RF/RF-FSO

transmission system.

6.2.3 Performance Analysis of Asymmetric RF-FSO Dual-
Hop Transmission Systems with Multiple Parallel Re-
lays under Selective Relaying/Best Relay Selection

Considering a scenario wherein there are multiple parallel relays between the users
and the BS and/or the internet backbone, there can be many possibilities of improv-
ing the performance of the system. Either all the relays may be utilized or just the
best relay or may be N-best relays by setting a certain threshold. Besides this, if there
is also a presence of direct RF path(s) between the users and BS then there can be a
possibility of applying the diversity techniques to further improve the performance.
Hence, in this way many possibilities are open for study to improve the performance

of such asymmetric transmission systems.

NOTE: For proposed works in above three sections 6.2.1, 6.2.2, and 6.2.3, it is worth
to note that the RF band is in any case free whenever the FSO link is under trans-
mission (since FSO and RF operate on completely different set of frequency bands)
and hence can yet be utilized by other surrounding users. Therefore, considering a
vast heterogeneous (femto-cell) network, as can be extrapolated from Fig. 4.7, the

performance of such a network must definitely improve.
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6.2.4 Experimental Data Setup

It is worth mentioning that, since FSO is relatively a new technology, many research
groups over the globe are investing their resources in acquiring experimental data to
support the theoretical study. Authors in [125-128] have presented interesting results
for European region and in [109] for Bangladesh. It is in plan to perform similar
study for the Middle-East (ME) region where this region is more prone to fog and
sandstorm instead of snow as is the case in the European region. The findings will

be interesting for successful implementation of this technology.

The question one might ask is - where are we heading with all the above theoretical
study? Since an uplink scenario is assumed all-throughout, therefore, one of the major
application that is being targeted are the major oil-fields in the Middle-East (ME)
region. In an oil-field, there are numerous oil-rigs spread around along with some BSs
providing Wi-Fi connectivity to the oil-rigs for the data to be fed back to the central
work environment (CWE) /central database. The oil-rigs too interact with each other
for data exchange and other resources. Indeed there is huge amount of data being
fed back to CWE as can be expected from such major oil-fields that are pumping
millions of barrels of crude oil per day. The data being sent back also includes the
live video feedback of the status of the oil-rigs for security and maintenance purposes.
The performance of these oil-fields connected in wireless fashion can be improved via
utilizing FSO technology. In Fig. 4.7, considering the buildings to be the BSs and
the users as the oil-rigs, sets an exact example/scenario for this application. The
oil-rigs can continue utilizing their RF Wi-Fi connectivity and keep interacting with
their nearby oil-rigs and /or with the nearest BS. The BS can multiplex the data from
all and/or most of the oil-rigs in its reach and then send it through high BW FSO
link to the CWE either directly or maybe with the assistance of other BSs obviously

equipped with FSO capability. Simultaneously, the oil-rigs can continue interacting
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with their fellow oil-rigs since there will be no interference with the current FSO
transmission. In this way, both the major features of a FSO link will be utilized i.e.
the high capacity of FSO link and the fact that RF and FSO operate on completely
different frequency bands. The major issue that arises is the distance that these FSO
links can cover i.e. can they cover the distances of around 10 KMs between the BSs

in an oil-field? If yes, then the solution is almost a perfect fit.
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Appendix A

Meijer’s G Function Expansion

The Meijer’s G function can be expressed, at a very high value of its argument,

in terms of basic elementary functions via utilizing Meijer’s G function expansion

in [129, Theorem 1.4.2; Eq. (1.4.13)] and lim, ,o+ .F, [e; f; 2] = 1 [130] as

n
, A1,y Oy, Gy I
lim G|z = 2%
z—oot DY [ bl,...7bm,...,aq} ;
y [T Tlar —a) [[2, T(L+ b — ay)

:;):nJrl F<1 +a; — ak) H?:erl F<ak - bl)’

where ar, —a; #0,+1,+2,...;(k,l=1,...,n;k #1) and ap — by # 1,2,3,...;

(A.1)
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