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Abstract

Current cellular backhaul networks are mostly built with microwave links and
fiber /copper-based links, which cannot cope with the capacity, latency, reliability, en-
ergy efficiency, and cost effectiveness required for the fifth generation (5G) of mobile
networks. Therefore, the 5G backhaul research has been triggered, aiming at bridging
the gap between the requirements stipulated by the 5G radio access network (RAN)
and the realistic backhaul capabilities, from two different perspectives. The first con-
sists of evolving the current backhaul (microwave, optical fiber, copper, etc.) to meet
5G expectations and encompassing new wireless technologies such as millimeter-wave
(mmWave) and free-space optics (FSO). The other backhaul research perspective
looks at adapting the 5G RAN to the available backhaul with realistic performance,
such as investigating intermediate RAN architectures between the centralized RAN
and the distributed RAN to fit the backhaul/fronthaul capabilities. In this thesis,
the main focus is on the channel modeling of the disruptive wireless technologies,
including mmWave and FSO, for 5G backhaul networks.

To enable the mixture of mmWave and FSO, how to accurately capture the
channel characteristics of both mmWave and FSO under various transmission condi-
tions for performance evaluation is very important. To do so, the following problems
need to be addressed. Firstly, the analysis with different channel models and ef-
fects induced by physical layer impairments would result in highly complex analytical
problems. Secondly, the effectiveness of different signal processing and coding tech-
niques needs to be investigated to optimize the performance of the mixed systems.
Finally, comprehensive experimental implementation should be conducted to validate
the analytical models and performance results.

To derive the analytical model for performance analysis, we strive to formulate

xXvi



mathematical models describing the effects of transmission channels and study the
statistical characterization of the end-to-end signal-to-noise ratio (SNR) of the mixed
systems. On the other hand, improvement techniques suitable for the mixture of
mmWave and FSO systems are proposed, including including two-way communica-
tions, relaying techniques, and diversity reception with generalized selection combin-
ing (GSC). Furthermore, comprehensive computer-based experiments using practical
channel data and Monte-Carlo simulations are implemented to evaluate the accuracy

of the derived analytical model and performance results.
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Chapter 1

Introduction

1.1. Motivations

Mobile traffic has significantly increased over the last decade mainly due to the stun-
ning expansion of smart wireless devices and bandwidth-demanding applications. It
is expected that the fifth generation (5G) of cellular networks is able to achieve 1000
times the system capacity, 10 times the spectral/energy efficiency, 10-100 times the
data rate, and 25 times the average cell throughput, compared to the fourth genera-
tion (4G) networks [1]. Current cellular networks that are based on macrocells and
mostly built with microwave links and fiber/copper-based links, cannot cope with the
capacity, latency, reliability, energy efficiency, and cost effectiveness required for the
5G mobile networks. To increase the network capacity for supporting high-density
mobile users with high-speed data services, the inevitable trend is the deployment of
smaller cells (i.e., picocells and femtocells). This results in a larger number of smaller
cells in the radio access network (RAN) producing massive data traffic. The massive
data traffic from the small cells shall be connected to the core network through the
backhaul network with extreme requirements in terms of capacity, latency, reliability,
energy efficiency, and cost effectiveness. The most viable solution to realize such a
backhaul network would involve the use of an optical fiber (OF) cable. However, the

associated cost and challenge of deploying fiber to each picocell and femtocell site
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is prohibitive, especially in urban areas. Wireless links, on the contrary, can pro-
vide a cost-effective fiber alternative to interconnect the outlining areas beyond the
reach of the fiber rollout. In particular, the unbalanced temporal and geographical
variations of spectrum usage along with the rapid proliferation of bandwidth-hungry
mobile applications, such as video streaming with high definition television (HDTV)
and ultra-high definition video (UHDV), have inspired millimeter-wave (mmWave) [2],
and free space optics (FSO) [3] communications as promising technologies to alleviate
the pressure of scarce spectrum resources for 5G mobile broadband.

Motivated by the above discussion, the 5G backhaul research has been triggered,
aiming at bridging the gap between the requirements stipulated by the 5G RAN and
the realistic backhaul capabilities, from two different perspectives. The first consists of
evolving the current backhaul to meet 5G expectations and encompassing new wireless
technologies such as mmWave and FSO. The other backhaul research perspective
looks at adapting the 5G RAN to the available backhaul with realistic performance,
such as investigating intermediate RAN architectures between the centralized RAN
and the distributed RAN to fit the backhaul/fronthaul capabilities [4]. In this thesis,
we follow the former research perspective, focusing on evolving the current backhaul
by deploying disruptive wireless technologies (mmWave and FSO) in combination

with OF to meet the extreme requirements of the future 5G backhaul networks.

1.2. Original Contributions

Our argument is that none of the above-mentioned backhaul technologies can be a
stand-alone solution. OF is still the suitable choice for mobile backhaul upper-tier
connections, whereas mmWave and FSO are more preferable for the high-density
small cells. However, both mmWave RF and FSO suffer from their own issues which
are the high path loss and sensitivity to weather conditions (mmWave), and atmo-
spheric turbulence together with pointing errors due to the misalignments between
transmitters and receivers (FSO). We therefore propose a hybrid architecture for the

5G-backhaul networks utilizing both wired (OF) and wireless (mmWave/FSO) con-
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nections to provide a cost-effective, scalable, reliable, and high-capacity connectivity
in the future heterogeneous network (HetNet) with the ability to dynamically adjust
and adapt to the changes in the network in a flexible, efficient, and timely manner.

The objectives of our proposed research are threefold.

1. Firstly, the hybrid architecture is able to satisfy the extreme requirements in
5G backhaul networks, due to the advantageous nature of all three technologies

(OF, mmWave, and FSO).

2. Secondly, the combined usage of relaying FSO/mmWave and /or FSO/FSO sys-
tems could ensure the resilience of the wireless-based backhaul networks under

various atmospheric and weather conditions.

3. Thirdly, we strongly advocate the use of FSO for solving the spectrum scarcity
and interference issues in the radio wireless-based backhaul networks. FSO
could also be seamlessly connected with OF to form an all-optical high-capacity

and low latency backhaul link.

To achieve the aforementioned goals, we first develop the concept of hybrid sys-
tems for 5G backhaul networks, which are different combinations of all three technolo-
gies (OF /mmWave/FSO). From these basic hybrid-systems, various extensions (e.g.,
multihop relaying systems [5], [6]) and combinations (mixed/parallel systems [7], [8])
can be developed. Based on different combinations of OF /mmWave and FSO, we fo-
cus on channel modeling and analytical frameworks to study the performance limits
of the considered hybrid-systems. To enhance the system performance, we investi-
gate the use of improvement techniques (including two-way communications, relaying
techniques, diversity reception with generalized selection combining) for the hybrid
systems. The experimental implementation by computer-based Monte-Carlo simula-
tions is also conducted to validate the accuracy of analytical results. In this thesis,
our key contributions is the derivation of analytical solutions and the performance

analysis of different systems for backhaul networks (e.g., relaying mmWave/FSO,
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Chapter 1: Introduction

Background & Scope of The Study

g )
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~®O systems J

Chapter 8: Summary and Future Research

Figure 1.1: Organization of the thesis.

FSO/FSO). Several performance metrics including the outage probability, the aver-
age bit error rate, and the average capacity will be investigated.

Apart from the contributions appeared in this thesis, we also investigated the
application of quantum key distribution (QKD) in FSO systems, which has the po-
tential to provide a secure connection in the future optical backhaul networks. For

further reading, please refers to [9]- [11].

1.3. Thesis Organization

The remainder of this thesis is organized in two parts, as illustrated in Fig. 1.1.
Details of each part are highlighted as follows.
Part I: Background and Scope of the Study
This part includes Chapters 2 and 3, which are dedicated to introduce the back-
ground knowledge of wireless cellular networks and review the state of the art as well
as the scope of our study on the cellular backhaul networks. More specifically, Chap-
ter 2 summarizes the evolution of wireless cellular networks from the first-generation
(1G) to current 4G cellular networks. With the ever-increasing in the number of Inter-
net mobile devices, current 4G networks expose several issues and challenges in coping
with the extreme requirements of the future cellular networks. In the near future,

i.e., beyond 4G, some of the prime objectives or demands that need to be addressed

4
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are increased capacity, improved data rate, decreased latency, and better quality of
service. To meet these demands, drastic improvements need to be made in cellular
network architecture. Cellular densification with ultra-dense deployment of base sta-
tions in a large number of small cells is considered as the key solution, which triggered
many studies on emerging technologies that can be used in 5G wireless systems to
fulfill the probable performance desires. Nevertheless, a new bottleneck has emerged
in the current backhaul networks. The ultra-dense and heavy traffic from small cells
should be connected to the core network through the backhaul, with extreme require-
ments in terms of capacity, latency, availability, energy, and cost efficiency. Chapter
3 reviews the state-of-the-art of 5G wireless backhaul technologies and focuses on
the applications of enabling wireless technologies including mmWave and FSO for 5G
backhaul networks. Furthermore, a hybrid architecture is introduced for 5G-backhaul
networks utilizing both wired (OF) and wireless (mmWave/FSO) connections to pro-
vide a cost-effective, scalable, reliable, and high-capacity connectivity in the future
heterogeneous network (HetNet) with the ability to dynamically adjust and adapt
to the changes in the network in a flexible, efficient, and timely manner. From the
hybrid architecture, various hybrid combinations of transmission technologies form
different systems for 5G backhaul networks, which could be implemented according
to the practical need in the deployment areas.

Part II: Analytical Solutions and Performance Analysis

This part includes Chapters 4, 5, 6 and 7, which focus on our key contri-
butions of deriving analytical solutions and analyzing the performance of different
systems for backhaul networks (e.g., relaying mmWave/FSO, FSO/FSO). Several
performance metrics including the outage probability, the average bit error rate, and
the average capacity will be investigated.

Chapter 4 studies the performance of mixed mmWave RF/FSO systems as
a highly scalable and cost-effective solution for the 5G mobile backhaul networks.
The mmWave RF and FSO fading channels are respectively modeled by the Rician

and the generalized Malaga (M) distributions. The effect of pointing errors due
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to the misalignments between the transmitter and the receiver in the FSO link is
also included. Novel accurate closed-form expressions for the cumulative distribution
function (CDF), the probability density function (PDF), and the moment generating
function (MGF) in terms of Meijer’s G functions are derived. Capitalizing on these
new results, we analytically derive precise closed-form expressions for various perfor-
mance metrics of the proposed system including the outage probability, the average
bit error rate (ABER), and the average capacity. Additionally, new asymptotic re-
sults are provided for the outage probability, the MGF, and the ABER in terms of
simple elementary functions by applying the asymptotic expansion of the Meijer’'s G
function at high signal-to-noise ratios (SNR). Numerical results further validate the
mathematical analysis by Monte-Carlo (M-C) simulations. The contributions in this
chapter were originally published in [7].

Chapter 5 studies the implementation of two-way transmission in an amplify-
and-forward (AF) relaying FSO system utilizing a relay with optical amplifier. Two-
way transmission protocol is an efficient method to overcome the spectral loss incurred
due to half-duplex communication. The performance of the proposed FSO system us-
ing subcarrier intensity modulation (SIM) with intensity modulation/direct detection
(IM/DD) over independent but not necessarily identically distributed (i.n.i.d) Malaga
(M) atmospheric turbulence channels in presence of pointing errors is studied. Exact
closed-form expressions for the moment generating function (MGF) and cumulative
distribution function (CDF) of the end-to-end signal-to-noise ratio (SNR) are ob-
tained in terms of extended generalized bivariate Meijer’s G-functions (EGBMGF).
Capitalizing on these new results, we derive exact closed-form expressions for various
performance metrics of the considered FSO system including the outage probability,
the average bit error rate (ABER), and the ergodic achievable-rate. All analytical re-
sults are thoroughly confirmed by M-C simulations. The contributions in this chapter
were originally published in [12].

Chapter 6 newly proposes and theoretically analyzes the performance of multi-

hop FSO systems employing optical amplify-and-forward (OAF) relaying technique
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and wavelength division multiplexing (WDM). The proposed system can provide a
low cost, low latency, high flexibility, and large bandwidth access network for mul-
tiple users in areas where installation of optical fiber is unfavorable. In WDM /FSO
systems, WDM channels suffer from the interchannel crosstalk while FSO channels
can be severely affected by the atmospheric turbulence. These impairments together
with the accumulation of background and amplifying noises over multiple relays sig-
nificantly degrade the overall system performance. To deal with this problem, the use
of the M-ary pulse position modulation (M-PPM) together with the OAF relaying
technique is advocated as a powerful remedy to mitigate the effects of atmospheric
turbulence. For the performance analysis, we use a realistic model of Gaussian pulse
propagation to investigate major atmospheric effects, including signal turbulence and
pulse broadening. We qualitatively discuss the impact of various system parameters,
including the required average transmitted powers per information bit corresponding
to specific values of bit error rate (BER), transmission distance, number of relays,
and turbulence strength. Our numerical results are also thoroughly validated by M-C
simulations. The contributions in this chapter were originally published in [13].

Chapter 7 investigates the outage performance of generalized selection com-
bining (GSC) receiver that combines a subset of M strongest branches in terms of
instantaneous signal-to-noise ratio (SNR) out of L available branches, i.e. GSC(M,L),
for coherent free-space optical (FSO) communication systems. A closed-form solution
for the moment generating function (MGF) of the GSC(M,L) output SNR is con-
cisely derived when the total received signal experiences independent and identically
distributed (i.i.d.) atmospheric turbulence-induced fading, modeled by a mixture-
Gamma distribution. As a result, the outage probability of the GSC receiver for
coherent FSO systems is obtained and comprehensively studied. Numerical results
show the crucial role of selected diversity branches under the effect of atmospheric
turbulence channels, which are further verified by M-C simulations.

Finally, Chapter 8 concludes the thesis with a summary and outlooks on the

future research directions.



Chapter 2

Background of The Study

2.1. Introduction

Over the years, mobile wireless communications has evolved from analog voice calls to
current digital technologies, which are able to provide various services with data rates
up to megabits per second. This rapid development in mobile communications as well
as the ever-increasing number of Internet mobile devices, e.g. smart phones, tablets,
and laptops, leads to the exponential growth in broadband traffic. This chapter
summarizes the evolution as well as the state-of-the-art of wireless communications

technologies towards the future 5G networks.

2.2. A History of Wireless Cellular Networks

The history of wireless cellular networks started when the well-known Italian inven-
tor Marconi successfully communicated the letter ‘S’ encoded by the three-dot Morse
code along a distance of 3 km, using electromagnetic waves. Since then, wireless com-
munications has been evolving and becoming a crucial part of the society nowadays.
As summarized by Gupta et al., the evolution of wireless is shown in Fig. 2.1 [14].
It is seen that wireless technologies explicitly develop in terms of data rate, mobility,

coverage, and spectral efficiency. At a glance, we can also see in Fig. 2.1 the key
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Figure 2.1: The evolution of wireless technologies [14].

technology used in each generation of wireless cellular networks, which reveals the
evolution from circuit switching to packet switching networks. A brief review of this

evolution is presented as follows.

2.2.1. The First Generation (1G)

The 1G dated back in 1980’s. The data rate was up to 2.4 kbps and major
subscribers were Advanced Mobile Phone System (AMPS), Nordic Mobile Telephone
(NMT), and Total Access Communication System (TACS). At that time, 1G has a
lot of disadvantages, for example, low capacity, reckless handoff, high interference,

and no security as voice calls were stored and played in radio towers [15].

2.2.2. The Second Generation (2G)

The 2G was later appeared in late 1990’s, with the evolution to the use of digital
technologies. The first 2G system is called Global Systems for Mobile communica-
tions (GSM), with data rate up to 64 kbps. Some important technologies were Code
Division Multiple Access (CDMA) and 1S-95. An advancement of 2G is 2.5G with the
introduction of packet switching along with circuit switching, supporting data rate
up to 133 kbps. The eminent technologies in 2.5G were General Packet Radio Ser-
vices (GPRS), Enhanced Data Rate for GSM Evolution (EDGE), and Code Division
Multiple Access (CDMA) 2000 [15].
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2.2.3. The Third Generation (3G)

In late 2000, the 3G was first introduced with the capability of providing data
rate up to 2 Mbps, which merged high-speed mobile access to Internet Protocol (IP)-
based services. In addition, global roaming and improved voice quality were made
possible in 3G. However, the major disadvantage in 3G handsets was the increase in
power requirement, compared to that in 2G. With some added improvement, 3.5G is
able to support data rate of up to 5-30 Mbps by utilizing advanced technologies like
High Speed Uplink/Downlink Packet Access (HSUPA/HSDPA) and Evolution-Data
Optimized (EVDO). 3.5G also plays the role of an intermediate generation bridging

3G and the fourth generation [15].

2.2.4. The Fourth Generation (4G)

The 3rd Generation Partnership Project (3GPP) standardizes Long Term Evo-
lution (LTE) Advanced as standards for 4G along with Mobile Worldwide Inter-
operability for Microwave Access (WIMAX). The additional advancement in 4G is
to impart a complete solution based on IP, in which voice, data, and multimedia
are imparted to subscribers on every time and everywhere basis, while supporting
sufficiently high data rates, compared to previous generations. Some eminent appli-
cations available in 4G networks are Multimedia Messaging Service (MMS), Digital
Video Broadcasting (DVB), and video chat, High Definition TV content and mobile
TV [16].

2.2.5. Issues and Challenges of Existing Cellular Networks

According to some recent reports by Cisco, the global mobile traffic witnessed
a growth of 70% in 2014, and will continue to grow exponentially as mobile networks
will have more than half of connected devices as smart devices in 2019 [17]. For
example, it is predicted that an average mobile user will download around 1 terabyte

of data annually by 2020 [18]. Moreover, some advanced technologies are being in-
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vestigated for the future communication networks, such as Internet of Things (IoT),
Internet of vehicles (IoV), Device to Device (D2D) communications, e-healthcare,
Machine to Machine (M2M) communications and Financial Technology (FinTech).
This rapid development of novel technologies will require an enormous amount of
data usage in the network, which certainly becomes a challenging issue in current 4G
LTE cellular networks. Illustratively, with a theoretical 150 Mbps maximum down-
link data rate, traditional LTE systems, with 2 x 2 MIMO can support only up to
(150/4) simultaneous full HD (at 4 Mbps rate) video streaming. This cannot cope
with the increasing demand in the future. Furthermore, as a standard LTE network
was originally designed to support up to 600 connected users per cell [19], [20], it
cannot support requirements of connected devices in M2M communications and IoT
(tens of thousands of connections in a single cell). This enormous number of con-
nected devices will produce a huge amount of data traffic, which will be the primary
concern in the evolution of the next-generation networks. Therefore, the crucial goal
is to satisfy the exponential rise in the number of users and traffic capacity in mobile

broadband communications.

2.3. The Fifth Generation (5G)

2.3.1. A New Horizon in Radio Spectrum

As clarified in the previous section, the important goal in the next-generation
networks is to increase the network capacity to support a large number of users with
broadband services. In wireless communications, capacity depends on spectral effi-
ciency, bandwidth, and cell size [21]. Over the evolution of mobile networks, cell sizes
are getting smaller and technologies at physical layer is currently at the boundary of
Shannon capacity [22]. However, the system bandwidth still remains untouched. Cur-
rently, wireless communications utilize spectrum in 300 MHz to 3 GHz band, namely

sweet spot or beachfront spectrum [18], [23]. The main advantage of this frequency
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Figure 2.2: mmWave spectrum availability [26].

band is the reliability of the signals propagating over several kilometers in different
environments [18], while the sub millimeter-wave (mmWave) band to cope with the
increasing mobile traffic remains unexplored [24]. Therefore, the most important ad-
vancement of next generation 5G wireless networks lies in exploring this unused, high
frequency mmWave band, ranging from 3-300 GHz. Historically, mmWave spectrum
was utilized in collision avoidance in radars, in the spectrum between 59-64 GHz and
81-86 GHz for unlicensed wireless and peer to peer communications respectively [25].
As shown in Fig. 2.2 [26], only 57-64 GHz and 164-200 GHz is un-suitable for commu-
nications, in the huge 3-300 GHz mmWave spectrum. More importantly, even a small
fraction of available mmWave spectrum can support hundreds of times of more data
rate and capacity, compared to the current cellular spectrum [24]. Thus, the utiliza-
tion of mmWave spectrum is opening up a new horizon in radio spectrum for coping

with the exponential need in capacity of the future wireless communications [24], [25].

2.3.2. 5G Visions

In addition to the emergence of mmWave spectrum, hyper-connected vision and
new application-specific requirements are going to trigger the next major evolution
in wireless communications with new targeted performance for 5G [23], [27], [28].
5G wireless communications envision magnitudes of increase in wireless data rates,

bandwidth, coverage and connectivity, with a massive reduction in round trip latency

12
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and energy consumption. It is expected that the first standard will be mature by 2020.
Group Special Mobile Association (GSMA) is working with its partners towards the
standardization of 5G. In the following, eight major requirements of the future 5G
networks are introduced, which unify the suggestions from different research initiatives

by industries and academia [23], [27], [29].

1. 1 - 10 Gbps data rates in real networks: This is almost 10 times increase from

traditional LTE networks theoretical peak data rate of 150 Mbps.

2. 1 ms round trip latency: Almost 10 times reduction from 4Gs 10 ms round trip

time.

3. High bandwidth in unit area: It is needed to enable large number of connected

devices with higher bandwidths for longer durations in a specific area [27].

4. Enormous number of connected devices: In order to realize the vision of IoT,

emerging 5G networks need to provide connectivity to thousands of devices [27].

5. Perceived availability of 99.999%: 5G envisions that network should practically

be always available.

6. Almost 100% coverage for anytime anywhere connectivity: 5G wireless networks

need to ensure complete coverage irrespective of users locations [27].

7. Reduction in energy usage by almost 90%: Development of green technology
is already being considered by standard bodies. This is going to be even more

crucial with high data rates and massive connectivity of 5G wireless [27].

8. High battery life: Reduction in power consumption by devices is fundamentally

important in emerging 5G networks [27].

2.4. Conclusions

In this chapter, a history of the evolution of wireless cellular networks was

briefly reviewed. With the ever-increasing in the number of Internet mobile devices,
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current 4G networks expose several issues and challenges in coping with the extreme
requirements of the future cellular networks. As a result, the evolution to 5G is
inevitable and the performance requirements of 5G wireless cellular communication
systems have been defined in terms of capacity, data rate, spectral efficiency, latency,
energy efficiency, and Quality of service. Cellular densification with ultra-dense de-
ployment of base stations in a large numbers of small cells is considered as the key
solution, which triggered many studies on emerging technologies that can be used in
5G wireless systems to fulfill the probable performance desires. This chapter showed

the big picture on the development of future 5G networks.
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State of the Art and Scope of the

Study

3.1. Introduction

In current mobile cellular networks, the term backhaul refers to the network
part that connects the e-Node B (eNB) to the core network. The current backhaul
networks are mostly built with optical fiber, copper, microwave, and /or satellite links.

In pre-LTE, the radio controller node often acts as a backhaul aggregation point to

Core Network

Evolved Packet Core

-------- GSM backhaul

= = == UMTS backhaul
LTE backhaul
(S1-u & S1-c)

== = == LTE backhaul (x2)

GSM/UMTS/LTE cell
(BTS/NB/eNB)

% UMTS/LTE cell

(NB/eNB)

é LTE small cell (eNB)

Figure 3.1: Example of current backhaul connectivity in LTE 4G networks [4].
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Figure 3.2: Example of 5G mobile backhaul network consisting of fronthaul, midhaul,
and traditional backhaul [4].

concentrate backhaul connections from the neighboring radio stations towards the
core network, as shown in Fig. 3.1 [4]. In LTE architectures, the radio controller
node is removed, yet the backhaul aggregation is still desirable for wired/wireless
connections.

As a part of the evolution to 5G networks, cloud radio access network (C-
RAN), sometimes referred to as Centralized-RAN, has been introduced as the key
architecture for future cellular networks, which consists of fronthaul, midhaul, and
backhaul, as illustrated in Fig. 3.2 [4]. In C-RAN, the backhaul networks connect the
remote radio head (RRH) directly to the baseband unit (BBU), or to an intermediate
aggregation point which is named as fronthaul. The basic fronthaul is assumed to
run over a common public radio interface (CPRI) separating the RRH from the BBU.
Some novel fronthaul interfaces are being explored including the fronthaul-lite [30],
next-generation fronthaul interface (NGFI) [31], and xHaul [32]. Based on the 3GPP
terminology, the inter-eNB X2-based interface is called the midhaul [33]. The network
connections between aggregation points and the core, based on the Sl-interface [33],
have retained the term backhaul. In this chapter, we use the term backhaul to refer
to the entire transport network including midhaul and fronthaul.

To provide bandwidth up to 10 Gbps with low latency (hundreds of microsec-

onds), optical fiber stands out as the only viable solution [34]. However, deploying
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fiber cable is not always possible and economical. As a result, the research on 5G
backhaul has been triggered, aiming at bridging the gap between the requirements
stipulated by the 5G RAN and the realistic backhaul capabilities from two differ-
ent perspectives. The first consists of evolving the current backhaul (microwave,
optical fiber, copper, etc.) to meet 5G expectations and encompassing new wire-
less technologies such as in-band links (reuse the radio access spectrum), mmWave,
free space optical communications (FSO), and sub-6GHz (e.g. WIMAX, WiFi). The
other backhaul research perspective looks at adapting the 5G RAN to the available
backhaul with realistic performance, such as investigating intermediate RAN architec-
tures between the C-RAN and the distributed RAN (D-RAN) to satisfy the backhaul
capabilities [30], [32], [35].

3.2. Backhaul Networks: State of the Art

Recently, the 5G cellular network is becoming a hot research topic, as telecom-
munication companies and academia are trying to look for solutions to meet 1000 x
wireless traffic volume increment in the next decade. There are several solutions were
proposed. First, massive multiple-input multiple-output (MIMO) technology was pro-
posed to improve the spectrum efficiency of 5G mobile communication systems [36].
Second, mmWave communications was presented to extend the transmission band-
width for 5G mobile communication systems [37]. Furthermore, the cell is getting
smaller to increase throughput and save energy consumption [38]. To satisfy seamless
coverage, the density of 5G BSs is predicted to be 40-50 BSs/km2, which is densely
deployed in a single cell. Therefore, the 5G cellular network is an ultra-dense cel-
lular network.

Some initial studies on ultra-dense deployment of wireless networks were ex-
plored in [39]- [47]. More specifically, Yunas et al. investigated the spectrum and
energy efficiency of ultra-dense wireless networks under different deployment strate-
gies [39]. Soret et al. studied the interference issues of LTE-A cellular networks,

and two algorithms applying time domain and frequency domain small cell interfer-
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ence coordination were proposed [40]. To exploit network densification as a resource,
a joint coordinated intra-cell and inter-cell resource allocation mechanism was pro-
posed in [41]. Some advantages of network densification are discussed for 5G networks
in [42]. On the other hand, a new architecture was proposed by using small cells to
cope with massive and dense machine-type communication (MTC) rollout in [43]. As
concluded in [42], [43], these dense wireless networks are complementary to existing
macrocell networks.

To deal with backhaul traffic issues in ultra dense small-cell 5G networks,
centralized and distributed wireless backhaul network architectures were compared
in [44]. In this work, simulation results suggested that the distributed wireless back-
haul network architecture is more suitable for future 5G networks employing massive
MIMO antennas and mmWave technologies. It is noted that the distributed wire-
less backhaul network architecture was originally discussed for IEEE 802.16 mesh
networks in [45]. As the radius of IEEE 802.16 BSs is typically 1500 m, which is
much larger than the 50-100 m radius of small cells, IEEE 802.16 mesh networks are
not considered as ultra-dense wireless networks. As a result, the small cell density
deployment bottleneck is not a problem for IEEE 802.16 mesh networks.

As mmWave is emerging as a possible technology for 5G cellular networks,
many studies on mmWave in 5G backhaul focused on the design of the antenna
array and RF components [46], [47]. To deal with the pointing error issues due to
the misalignment between transceivers, an efficient beam alignment technique was
proposed for implementation in small cell networks [46]. The feasibility of mmWave

connectivity for 5G backhaul over short- and medium-distance was investigated in

[47].

3.2.1. Conventional Architecture

Conventionally, in cellular network architecture, the BS managers in the core
network control every macrocell base station (BS). All traffic from the backhaul is

then forwarded to the core network through a gateway. For conventional cellular
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network with microcell deployment (e.g., femtocell, picocell), a hybrid architecture
was presented, in which the backhaul traffic from microcell BSs is forwarded to the
core network by a broadband Internet or optical fiber links. The coverage of mi-
crocells and macrocells is overlapped and both micro- and macro-cells independently
transmit user data and management data to associated users, respectively. In this
network architecture, the microcell network plays the role as a complementary to the
conventional macrocell network to satisfy high-speed wireless backhauling in partial

regions [47].

3.2.2. 5G Ultra-Dense Architecture

With the introduction of massive MIMO antenna and mmWave technologies, the
preferable deployment in 5G networks is the densification of small cells. As a result,
deploying backhaul links to forward massive traffic from a large number of small cell
BSs becomes very challenging. Optical fiber links are the potential solution, however,
they are costly and difficult to deploy densely urban environments. In addition, the
small cell BS usually cannot forward backhaul traffic directly to the gateway, due to
the constraint of short- and medium- distances in mmWave technology. A solution for
this issue is relaying techniques, where the backhaul traffic is relayed through multiple
shorter hops to the gateway. This naturally leads to a new form of architecture for
5G ultra-dense cellular networks, namely, a distributed network architecture. In
this distributed architecture, the macrocell BS is configured to only transmit the
management data to control handover in small cells, while small cell BS forwards user
data traffic. This is the key difference of 5G distributed architecture in comparison
to conventional one. The small cell network is does not play the role as a complement
for the macrocell network. From the configuration of the backhaul gateway, two
distributed architectures of ultra-dense cellular networks have been introduced as

follows [48].

1. Ultra-Dense Cellular Networks with a Single Gateway: When only a

single gateway is deployed in the macrocell, the corresponding scenario and
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Figure 3.3: Distributed ultra-dense cellular networks with a single gateway: a) the deploy-
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Figure 3.4: Distribution ultra-dense cellular network with multiple gateways: a) the
deployment scenario with multiple gateways; b) the logical architecture with multiple

gateways [48].

logical figures are illustrated in Fig. 3.3 [48]. It is assumed that the gateway

is located at the macrocell BS and eligible to install massive MIMO mmWave

antennas for receiving backhaul traffic from a number of small cells within the

macrocell. From every small cell BS, the backhaul traffic is relayed and even-

tually forwarded to the gateway at the macrocell BS through multiple relaying

hops using mmWave links. After all backhaul traffic is aggregated at the gate-

way, it is finally forwarded to the core network by fiber to the cell (FTTC)

links.

2. Ultra-Dense Cellular Networks with Multiple Gateways: When mul-

tiple gateways are deployed in different small cell BSs, the corresponding sce-
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Figure 3.5: A summary of wireless backhaul technologies in 5G [4]. t refers to [49], i

refers to [50]
nario and logical figures are shown in Fig. 3.4. This architecture provides more
flexibility to forward backhaul traffic into the core network. Unlike the single
gateway configuration, the backhaul traffic is aggregated at different gateways
located at small cell BSs. The aggregated traffic at a specified gateway at a
small cell BS is then forwarded into the core network by FTTC links. All relay-
ing paths are deployed by mmWave links to deliver user data traffic to/between

multiple gateways.

3.2.3. Technologies

Current backhaul networks are mostly built with microwave links and fiber /copper-
based links. According to [51], fiber to the home (FTTH) is scarce worldwide with
only 16 countries exceeding 15% FTTH penetration. This poses an urgent need
for new backhaul technologies to support the extreme requirements in 5G networks.
To this end, a number of backhauling technologies have been summarized in Fig.
3.5 [4]. Two types of links are introduced, including Point-to-point (PtP) and Point-
to-multi-point (PtmP) links, which are suitable for deployment in various scenarios.

PtP links are suitable to be mounted in chain, tree, ring or mesh networks, for in-
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stance, but the incurred delay will increase with link length, the number of hops,
and delay in aggregation/demultiplexing points. In contrast, PtmP enables easy ad-
dition/deletion/modification of nodes while relaxing the dependency of the network
performance on the number of aggregation nodes.

Among wireless solutions for future backhaul in 5G networks, mmWave and
FSO stand out as potential candidates. In the following sections of this chapter,
detailed reviews of studies on the applications of mmWave and FSO for 5G backhaul
will be presented, which give a big picture of the development of these important

disruptive wireless technologies for the future 5G backhaul.

3.2.3.1. mmWave Backhauling Technologies

To enhance the capacity for future usage of 5G, a large chunk in the 60-100
GHz spectrum remains untouched and emerges as a promising option. This spectrum
is often categorized into two sub-bands, namely 60 GHz band (or V-band) and the
E-band ( > 60 GHz). To investigate the feasibility of mmWave backhaul connectiv-
ity, many research groups have been working on different mmWave bands. In EU
FP7 project, mmWave self-backhauling was promoted for enabling broadband radio
access networks [52]. In [53]- [57], intensive studies on verifying and testing the us-
age of 60 GHz by field measurements for both wireless mobile access and wireless
backhaul/fronthaul, were conducted. In [58], mmWave was presented as the solution
for boosting data rates to 10 Gbps with low delays in ultra-dense networks. Addi-
tionally, mmWave self-backhauling with interference-aware routing were proposed to
avoid costly fronthaul connections. A study in [59] advocated a two-tier small cell
backhaul architecture employing aggregation nodes with sub-6 GHz PtmP and PtP
E-band links. This architecture is able to provide a flexible and scalable heterogeneous
solution.

Another direction in 5G backhaul research is the in-band backhauling, in which
the radio access is reused for backhaul links, thus optimizing resource utilization.

In [60], a solution framework for supporting an in-band PtmP mmWave backhaul
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was provided, together with trade-off analysis of gains and incurred reduction in
radio access capacity. In addition, [61] studied the joint in-band backhaul schedul-
ing and interference mitigation in 5G HetNet by solving the optimization problem
with user throughput gains. In the context of heterogeneous networks, mmWave
deployment for radio access and backhaul networks was investigated in [62]. Their
results show that an aggregate cell throughput of nearly 13 Gbps is possible with
10 small cells per macro sector. mmWave was also adopted for radio access and
backhaul/fronthaul, empowered with control/user plane splits, cognitive radio, and
C-RAN in the MiWEBA project [63]. Besides, challenges of incorporating massive
MIMO and mmWave technologies in 5G networks were analyzed in [64].

In brief, mmWave connectivity is a cost-effective solution for 5G backhaul, which
is able to meet the capacity demand. However, it suffers from vulnerability to shad-

owing and mmWave transmission is sensitive to weather conditions.

3.2.3.2. FSO Backhauling Technologies

Recently, FSO has attracted much attention as a promising technology for 5G
backhaul networks [65]. FSO refers to the transmission of modulated optical beam
over the atmosphere to a photo-detector receiver. Given wavelength in the microme-
ter range, FSO is license-free and immune to electromagnetic interference generated
by the radio frequency (RF) links. This important characteristic makes a FSO link
become 25 fold more efficient than an RF link in terms of capacity. Moreover, FSO
is also cheaper and easier to deploy, while providing comparable data rate, compared
to optical fiber (OF) links. FSO links are sensitive to weather conditions, e.g., fog,
snow, and rain [66]. As a result, the reliability under different environmental condi-
tions becomes an important factor to address in the design of FSO-based backhaul
networks. To cope with such varying reliability, the hybrid RF/FSO backhaul be-
comes an attractive, cost-effective and reliable solution as they are affected differently
by weather conditions. For example, in harsh weather conditions that significantly

affect the FSO link, the data is sent solely on the RF link [67]. Moreover, hybrid
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RF/FSO system, as a wireless solution, can also be quickly deployed over several
kilometers [68] and easily combined with OF links [69]. Therefore, hybrid RF/FSO
or FSO only could be possible options for 5G backhaul networks [70].

Most of the current work in FSO [71], [72] focused on analyzing the adverse
effects of channel factors affecting FSO performance, e.g., weather conditions, scin-
tillation, etc., along with solutions for performance improvement, e.g., using multiple
transmitters and multiple apertures. Thus, the research on the combination of RF
and FSO technologies is still at the beginning. In [73], to satisfy a specified Quality of
Service (QoS), an integer program to adaptively adjust both the transmission power
and the optical beam-width of the hybrid RF/FSO was proposed. Another efficient
and scalable algorithm to optimize a given physical layer objective for 2 and 3 optical
transceivers per node with a minimum number of links was designed in [74]. On the
other hand, results from studies in [75] and [76] showed that an RF network can be
upgraded by optimally deploying a number of FSO transceivers to achieve a given
throughput. For hybrid RF/FSO networks, a novel routing algorithm was designed
so that traffic is backed up to the FSO route when the RF link is not able to carry
it [77]. A linear integer programming model to determine routing in hybrid RF/FSO
network was introduced in [67], in which the FSO link availability is varying with
the weather conditions. To further improve the throughput in hybrid RF/FSO net-
works, a routing solution was proposed in [78]. In [79], a hybrid RF/FSO system was
considered, in which the RF and FSO links operate at different data rates.

Regarding the problem of backhaul network design using hybrid RF/FSO tech-
nology, several mixed integer programming models were proposed. More specifically,
an algebraic connectivity-based formulation for the design of the backbone of wire-
less mesh networks with FSO links was presented in [80]. To maximize the network
throughput, FSO links can be installed as many as possible, under the constraint
that the number of FSO links in a node is bounded [81]. In [82], a mixed integer
programming model was introduced to find the optimal placement of FSO links to

upgrade an existing RF backhaul network. Similarly in [76], an existing RF backhaul
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Figure 3.6: Our proposed architecture for 5G cellular networks [90].

network can be improved with the deployment of a minimum number of FSO links so
that a target network throughput can be guaranteed when RF links are not available
due to interference.

The authors in [83] suggests upgrading a pre-deployed OF backhaul network
using hybrid RF/FSO links, and, hence, is related to the concept developed in [84],
[85], and [86]. Particularly, the upgrade of a pre-deployed OF backhaul network using
FSO links and mirrors for nodes was considered in [84]. In [86], the same group of
authors analyzed the impact of the parameter K on the design. For two link-disjoint
paths networks, they formulate the problem as a mixed integer programming and

extend the study in [85] to K link-disjoint paths.

3.2.4. Architecture with Hybrid Technologies

The first challenge in 5G backhaul design is the requirement of cost-effective and

scalable networks that connect a large number of cells to/from the mobile core net-
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work, while ensuring sufficient capacity and quality of service. The second challenge
is the resilience of backhaul networks to cope with different weather conditions is also
critical to guarantee a better user experience. Finally, it is the energy efficiency is
also an important issue in the large scale backhaul networks. To meet these chal-
lenges, hybrid backhaul networks that utilize both wireless and optical fiber links is
therefore a cost-effective and energy-efficient solution to support the massive backhaul
traffic [44].

There are many proposals dealing with the architectural designs for hybrid back-
haul networks [84]- [86]. In [84]- [86], Li et al. presented cost-effective solutions, using
FSO links and mirrors, to upgrade the cellular backhaul with pre-deployed optical
fibers in 5G networks. However, the total distance of such a mirror path is subject
to a limit, since mirrors provide no amplification. Additionally, in [87], possible im-
plementations of radio-over-PON were discussed to integrate the wireless backhaul
over optical access networks. Further steps in designing hybrid fiber-wireless (FiWi)
backhaul networks have been made in [88]- [89]. Specifically, Liu et al. introduced an
architecture concept using microwave-photonics, which involves the use of mmWave
and radio-over-fiber (RoF) for 5G converged optical wireless access networks [88].
In [89], a seamlessly converged RoF and mmWave system at 90 GHz for high-speed
wireless signal transmission in mobile backhaul network was experimentally demon-
strated. As optical fiber is still the main transmission medium in all previous stud-
ies [84]- [89], the flexibility of backhaul network is confined to the fixed fiber-based
architecture. The deployment of such fiber-based architecture is also cost-prohibitive
and difficult to implement in densely populated metropolitan areas.

Our proposed architecture incorporating mmWave and FSO (together with pre-
deployed optical fiber) is shown in Fig. 3.6 [90]. This architecture is expected to
provide a cost-effective, scalable, and high capacity mobile backhaul connectivity
for a future cloud RAN (C-RAN) in various deployment conditions. C-RAN is a
centralized, cloud computing based cellular network architecture proposed to support

current and future wireless communication standards. The utilization of mmWave
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and FSO links are advocated in such areas where optical fiber deployment is infeasible
and uneconomical. Typically, mmWave and FSO systems are not affected in the same
way by atmospheric and weather effects, they therefore can be interchangeable based

on the deployment conditions.

3.3. Scope of the Study

3.3.1. Problem Statements

Cellular backhaul networks provide connectivities between base stations and the
core network. It is widely accepted that, compared to the 4G network, the 5G network
is expected to achieve 1000 times the system capacity, 10 times the spectral efficiency,
energy efficiency and data rate and 25 times the average cell throughput [38]. An
important requirement in 5G backhaul networks is to be able to forward massive traffic
to/from a large number of devices into the core network. Microwave and optical fiber
have been considered as feasible solution for next-generation backhaul networks [91].
The limitations nevertheless are the facts that it is not always economical and/or
possible to deploy optical fiber (especially for backhaul in high-density urban areas),
and that microwave technology also has its own issues including limited data rates,
licensed spectrum, interference, and weather conditions [92].

Two emerging technologies are being considered possible supplementary for
above-mentioned limitations and challenges. The first one is free space optics (FSO)
that has significantly evolved over the past decade [65]. An FSO link could be de-
ployed by setting a pair of laser-photodetector transceivers in line of sight between
two points to convey data through the free space transmission medium. The FSO
beam uses a licensed-free wavelength in the range of micrometer, supports full-duplex,
high-speed transmission, and is immune from electro-magnetic interference [68]. FSO
and optical fiber are completely compatible since they operate at the same wavelength
and data rates. The second one is radio frequency (RF) communication operating in

millimeter-wave (mmWave) bands which is actually itself the key technology within
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the evolution of 5G cellular networks [93]. Unlike microwave links, millimeter wave
links cast very narrow beams that allow for deployment of multiple independent links
in close proximity [25]. Moreover, mmWave also has the potential to offer bandwidth
delivery comparable to that of optical fiber. Currently, the license-free 60 GHz band
is under focus since it offers 10 times to 100 times more spectrum than is available
for existing 4G cellular systems that operate at carrier frequencies below 6 GHz [94].
The mmWave backhaul integrating small cells in 5G cellular networks aims to extend
the network capacity massively at reasonable cost and without loss of convenience to
users [47].

Unlike previous studies that focused on realizing the parallel mmWave/FSO
system, where data are simultaneously transmitted over both mmWave RF and FSO
links [95], [96], our proposal considers the hybrid relaying system in the context that
both mmWave and FSO technologies are integrated with optical fiber in a scalable

and cost-effective architecture for the next-generation backhaul networks.

3.3.2. Hybrid Systems

A number of backhaul system variants in the proposed architecture are illus-
trated in Fig. 3.7. Fig. 3.7-a describes the conventional fiber-based system that
utilizes optical fiber links from the baseband units (BBUs) in the core network to
connect to radio access units (RAUs) in backhaul network and then remote radio
heads (RRHs). The concept of converged system including fiber links from BBUs
to RAUs and mmWave links from RAUs to RRHs is depicted in Fig. 3.7-b [89]. A
dual-hop fiber-FSO system could also be deployed to connect the mobile core network
to the small cells (Fig. 3.7-c) [97]. The use of FSO links for all connections in back-
hauling network is illustrated in Fig. 3.7-d [98]. Finally, a dual-hop mmWave/FSO
system using fixed gain amplify-and-forward (AF) relaying to be considered in this
chapter is described in Fig. 3.7-e. Similar system considering the conventional RF

with FSO was also proposed in [99].
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Figure 3.7: Possible backhaul connectivity subsystems. (a) Conventional fiber-based
backhauling subsystem; (b) Fiber-mmWave RF backhauling subsystem; (c) Fiber-FSO
backhauling subsystem; (d) FSO-FSO backhauling subsystem; (e) FSO-mmWave RF
backhauling subsystem [90].

3.3.3. Contributions

Previous works on the mixture of mmWave RF and FSO only focused on the
parallel system model, i.e., the signals are simultaneously transmitted over both links
and then combined at the receiver on a symbol-by-symbol basis [96], [100]- [101].
Its major limitation is the cost for deploying and maintaining both mmWave RF and
FSO systems at the same time for each transmission link. The parallel mmWave/FSO
system can achieve 99.999% availability due to its robustness against foggy and rainy
weather conditions. However, foggy and rainy conditions are very rare to happen at
the same time. This fact reduce the application of the parallel system to areas where
this combined weather condition is applicable. In contrast, in our hybrid architecture
utilizing relaying mmWave/RF systems, signal is relayed through two/multiple hops
that can offer better resilience and availability, as mmWave RF and FSO can be used
interchangeably through different relaying paths. As there are numerous connection of
FSO and mmWave links in the networks, different combinations of FSO and mmWave

RF systems could be formed to timely adapt to the change of weather conditions.
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Compared with the existing related studies on the mixture of mmWave RF and

FSO, the contributions of our proposal are summarized as follows.

1. To the best of our knowledge, this is the first proposal to study the performance
of mixed mmWave/FSO relaying systems in the context of 5G networks. The
effects of different channel weather conditions and pointing errors are consid-

ered to give insightful results for the implementation of practical systems.

2. Different relaying configurations for various combinations of mixed FSO/FSO,
mmWave/FSO, mmWave/mmWave networks will be investigated. In addition,
improvement techniques suitable for these relaying system combinations of are
proposed, including two-way communication, relaying techniques, and diversity
reception with generalized selection combining (GSC). To evaluate the accuracy
of the derived analytical model and performance results, comprehensive exper-
iments based on real environment statistic and computer-based Monte-Carlo

simulations are implemented.

3.4. Conclusions

In this chapter, we presented a review of the state-of-the-art of 5G wireless
backhaul technologies and focused on the applications of enabling wireless technolo-
gies including mmWave and FSO for 5G backhaul networks. We proposed a hybrid
architecture for the 5G-backhaul networks utilizing both wired (OF) and wireless
(mmWave/FSO) connections to provide a cost-effective, scalable, reliable, and high-
capacity connectivity in the future heterogeneous network (HetNet) with the ability
to dynamically adjust and adapt to the changes in the network in a flexible, efficient,

and timely manner.
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Relaying mmWave RF/FSO

Systems

4.1. Introduction

With the rapid proliferation of Internet mobile devices, the fifth generation
(5G) of cellular networks is predicted to achieve 1000 times the system capacity,
10 times the spectral/energy efficiency, 10-100 times the data rate, and 25 times
the average cell throughput, compared to the fourth generation (4G) networks [23].
To increase the network capacity, the inevitable trend is the deployment of ultra-
dense networks with a large number of smaller cells. The massive data traffic from
small cells shall be connected to the core network through the backhaul network with
extreme requirements in terms of capacity, latency, reliability, energy efficiency, and
cost effectiveness.

Currently, the most viable solution for such a backhaul network is to use optical
fiber (OF) together with millimeter-wave radio frequency (mmWave RF) links [47,48].
In ultra-dense cellular networks however, the mmWave RF interference issue may
arise, and the mmWave RF capacity, in some cases, may not be enough for the
5G requirements. In addition, installation of OF is sometimes limited due to the

high cost, especially in ultra-dense environment, or even impossible because of the
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restriction on cable installation. Free-space optics (FSO) technology, which is able
to offer a vast bandwidth (comparable to that of OF) over flexible and cost-effective
free-space links, therefore can be an effective alternative to both OF and mmWave
RF [102,103].

Our argument is that none of the above-mentioned technologies can be a stand-
alone solution for the next-generation backhaul network. OF is still the suitable choice
for upper-tier connections, whereas mmWave RF and FSO are more preferable for
the high-density small cells. A hybrid architecture, as depicted in Fig. 4.1, utilizing
both wired (OF) and wireless (mmWave/FSO) connections is therefore proposed for
cost-effective, highly scalable, and high-capacity backhauling in 5G cellular networks.
More specifically, Fig. 4.1(a) shows the standard deployment of mmWave RF and
OF to connect a macro cell with multiple micro cells to the backhaul network [48].
Alternatively, in Fig. 4.1(b), OF is replaced by FSO link when, for example, it is not
possible to deploy OF. In addition, FSO can also be used for the links to micro cells
with high capacity demands and/or for relaxing RF interference issue in ultra-dense
cases. In this hybrid architecture, different types of sub-system, including OF /FSO,
OF/RF, FSO/FSO, RF/RF and FSO/RF, have been studied in the literature and
their performance analysis has been reported ( [90]- [105] and references therein).

Our study focuses on the mixed RF /FSO sub-system in the hybrid architecture.
As a matter of fact, there have been many studies on the performance of mixed
RF/FSO systems, including very recent papers of [106]— [109] and references therein.
In particular, Zedini et al. considered heterodyne/direct detection mixed RF/FSO
systems over Nakagami-m and Gamma-Gamma channels, respectively [106,109]. The
mixed RF/FSO systems, in which generalized M-distributed channel was assumed for
FSO, was investigated in [107,108]; and in both studies, the classical Rayleigh channel
was assumed for RF links. It is nevertheless evident that the Rician fading channel
is more suitable model when evaluating mmWave propagation due to the presence of
the line-of-sight (LOS) component [110], and that it could be reduced to the Rayleigh

fading model and mapped by the Nakagami-m distribution [111]. In this paper, we
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Figure 4.1: Hybrid architecture for backhaul networks: (a) Standard backhauling con-
nection utilizing OF and mmWave RF [48]; (b) Proposed connection utilizing FSO and
mmWave RF.

therefore employ the Rician and Malaga fading channel models for RF and FSO links,
respectively, in the performance analysis of mixed mmWave RF/FSO systems using
subcarrier intensity modulation (SIM) scheme with direct detection. Similar to Rician
model, the Mélaga (M) can also be considered as the generalized fading model for
FSO which provides an excellent fit to the experimental data and represents most of
the existing atmospheric turbulence channel models, including log-normal, Gamma-
Gamma, K and Exponential models, as its special cases. In addition, to determine
the reliability of FSO links in high density urban areas, the impact of pointing errors
is also included in the analysis.

Our contributions in the paper are twofold. First, we newly derive closed-form
expressions for the probability density function (PDF), the cumulative distribution
function (CDF), and the moment generating function (MGF) in terms of Meijer’'s G
functions. Capitalizing on these novel accurate results, closed-form expressions for
various performance metrics of the proposed system including the outage probability,
the average bit error rate (ABER), and the average capacity are derived. In addition,
the asymptotic results under high signal-to-noise ratios (SNR) are provided for the

outage probability, the MGF, and the ABER in terms of simple elementary functions
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Figure 4.2: Mixed mmWave RF/FSO with AF relay system model.

by utilizing the asymptotic expansion of the Meijer’'s G function. Second, various
performance metrics of the proposed system are thoroughly discussed under different
channel conditions. We find that the combined effect of atmospheric turbulence and
pointing errors significantly degrades the system performance and the quality of the

mmWave RF link is of great importance in the overall system.

4.2. System Model

In the considered system model, as shown in Fig. 4.2, the source node (S)
communicates with the destination node (D) via an intermediate relay node (R).
The S-R and R-D hops use mmWave RF and FSO links, respectively; and in the
context of mobile backhaul network, (S), (R) and (D), respectively, could be a remote
antenna unit (RAU), a baseband unit (BBU) and a remote radio head (RRH). We
consider the fixed-gain AF relaying scheme, i.e., the relay simply amplifies the signal
by multiplying it with a fixed gain, regardless of the magnitude of the input signal.
The mmWave RF link is assumed to follow a Rician distribution. On the other hand,
the FSO link is modeled as the M fading channel. As a crucial criteria to determine
the reliability of FSO links, the effect of pointing errors due to the misalignment
between the transmitter and the receiver in the FSO link is also taken into account
by using the model developed in [112].

The signal received at (R), which was transmitted from (S) through the mmWave

RF link, is given as
Ysr = hsrt + ngr, (4.1)
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where z is the transmitted signal from (S), ngg is the additive white Gaussian noise
(AWGN) with zero-mean and variance 0%, and hgp represents the channel coefficient
of the mmWave RF link. The SIM scheme is employed at (R) where a standard
RF modulator and demodulator are used for transmitting and recovering the source
transmitted data [113]. After filtering via a bandpass filter, a direct current (DC)
bias is added to the RF signal to ensure the non-negativity of the optical signal.
This bias signal is then amplified with a fixed-gain G and led to a continuous wave
laser driver. Thus, the output of the optical at (R), denoted as yg, can be written
as yr = G(1 4+ nysgr), where n is the electrical-to-optical conversion coefficient. The
optical signal is eventually forwarded to the destination (D) through the atmosphere
of the FSO channel. After removing the DC component, the complex signal received

at (D) can be written as

Yrp = hrpGn (hspr + nsr) + nrp

= hrpGnhsrr + hrpGnnsr + nrp, (4.2)

where hgp is the channel coefficient of the FSO link and ngp denotes the zero-mean
AWGN noise with variance 0%,,. From (4.2), the instantaneous received SNR at (D),
denoted as Yo, can be written as

h?%DGanh?S'R _ N
WapG*nPoep +okp M+ C’

Ye2e = (43)

2 212
where v, = ZE—R, Yo = "UZRD are the instantaneous SNRs of the mmWave RF and FSO
SR RD

links, and C' = G%?m' Assuming that the fixed-gain G' can completely compensate

the noise resulted from the RF link, we can set C' =1 [114].

4.3. mmWave RF Channel Model

The channel coefficient of the RF link can be described as hgr = aih;, where

a; and hy denote the average power gain and fading gain of the RF link, respectively;
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and the average power gain of the RF link can be given by

4r L
aq (dB) = GT + GR — 2010g10 (%) — aoxyLl — ar‘ainLh (44)
1

where G and G are the transmit and receive antenna gains, respectively; \; is the
wavelength of the RF system, L, is the transmission distance of the RF link, cv,, and
Qirqin are the attenuations caused by oxygen absorption and rain, respectively [115].
The fading gain, hy, is modeled by Rician distribution with the PDF given by [111, pp.

21]. According to [111, pp. 420], the PDF of the instantaneous SNR received at (R)

of the RF link, denoted as vy, is given by

() = K% L exp <—(K 4 1)% _ K) I (21 [K(K + 1)%) o (45)

where K is the Rician factor (K > 0)! that depends on various link parameters, such

as link distance or antenna height; +; is the average SNR of the mmWave RF link,
Iy is the 0-th order modified Bessel function of the first kind [116]. Furthermore, its

CDF can be expressed as

E,(n)=1-@ <\/ﬁ, M%), (4.6)

§a!

where Q) (+,-) is the Marcum @Q;-function [111].
To facilitate our calculation, alternative expressions in terms of the infinite

series representations of the PDF and the CDF for the Rician fading model adopted
from [105], [117] are used®. By applying [105, (8) and (10)], (4.5) and (4.6) can be

!The Rician K factor reflects the relative strength of the direct LOS path component of the
fading coefficient. When K = 0 this model reduces to Rayleigh fading (i.e., there is no LOS path),
and as K — oo the fading becomes deterministic giving rise to an additive white Gaussian noise
(AWGN) channel [111].

2Tt is noted that the approaches to derive the infinite series representation of the CDF for the
Rician fading model in [105] and [117] are similar.
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Figure 4.4: CDF plots for the exact expression in (4.6) and the approximation in (4.8).

respectively rewritten as

Fon (1) = Desp (—K) exp (—B7) 3 (ﬁ ‘,I;) ()", (4.7
Fyy () = 1= exp (~K) exp (~71) 3 50 0 ()" (1.9

where ¢ = % In Fig. (4.3) and Fig. (4.4), we compare the PDFs and the CDF's of
the Rician distribution for the exact expressions in (4.5), (4.6) and the approximations
in (4.7), (4.8). As a result, we have the following observations.

Observation 1: The expressions of the PDF and CDF in (4.7), (4.8) contain the

infinite summation which results from the use of the infinite series representations for
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the Bessel Iy(+) and the Marcum @y functions. However, for a given value of K and
1, the infinite summation is convergent with a finite truncation. For example, as can
be seen in Fig. (4.3) and Fig. (4.4), the expressions in (4.7) and (4.8) are convergent
with 10 to 20 summation terms when K =6 dB and K = 10 dB, respectively.

Observation 2: The effect of the channel parameter K on the SNR v can be

also seen from Fig. (4.3). The decrease of K spreads the distribution as it is the
shape parameter and controls the steepness of the tail of the PDF. On the other
hand, the height of the distribution decreases with an increase in the value of the
parameter v, since it is the scale parameter and determines the scale or the height of
the distribution. As a result, any change in the channel parameters affects the tail
probabilities, which are of great importance as the tail of the distribution defines the

error performance.

4.4. FSO Channel Model

The channel coefficient of the FSO link can be described as hrp = ashohy,
where aq, ho, and h, denote the channel loss, atmospheric turbulence-induced fading
coefficient, and pointing error coefficient of the FSO link3, respectively. The chan-
nel loss ay is caused by both the geometric spreading of the optical beam and the

atmospheric attenuation.

4.4.1. Channel Loss

The value of loss due to the geometric spreading can be obtained as a function
of the area of the receiver aperture A and the angle of divergence #. In addition,
the path loss of laser power through the atmosphere is described by the exponential
Beers-Lambert’s Law. Hence, as can be provided by a; = mexp(—aattLg),
where A = 7(a/2)? with a is the diameter of the receiver aperture, a,; denotes

1

the attenuation coefficient in km™ ", and L, is the transmission distance of the FSO

31t is assumed that the fading coefficient is normalized so that the mean intensity of the propa-
gating wave is conserved, i.e., E[|ha|?] = 1, with E[-] is the statistical expectation.
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link [118].

4.4.2. M Atmospheric Turbulence Model

The M-distribution statistically models an FSO channel taking into account
three components: (1) a LOS component Uy, (2) a component US which is coupled
to the Ur and quasi-forward scattered by the eddies on the propagation axis, and
(3) US component which is due to energy that is scattered to the receiver by off-axis

eddies. The PDF of hy ~ M («, 3, p, 7,§2) can be given as [119,120]

fro(h2) Xzﬁ:a 2 _abhs_ (4.9)
lhz) p Ky T84+’ '

where Ky () is the modified Bessel function of the second kind and order ¢, with
1 = a — k. Corresponding to channel hs, the positive parameter « represents the
effective number of large scale cells of the scattering process, f is a natural number
that represents amount of turbulence-induced fading®. Other parameters in (5.7) are

expressed as follows.

a A+

o 230;( )(TngQ') T =2 (1—p), (4.10)
(BB @) (O () E

‘“’”‘(k—l) F—1) () (B) ’ (4.1)

Q' = Q+ 2pbg + 2/ 2bopQ2cos (¢1 — P2) - (4.12)

Here, 20 is the average power of total scattered component (i.e., (USG + USC)) P
(0 < p < 1) represents the amount of scattering power coupled to the LOS component,
and thus the turbulence intensity reduces as the parameter p increases. () is the
average power of the LOS component Uy, ¢; and ¢, are the deterministic phases of

the LOS component Uy, and the coupled-to-LOS component US, respectively. I'(-)

4The notation 3 is limited to a natural number so that (5.7) will have a finite summation. It
is noteworthy that there is a generalized expression of (5.7) given in [119, (22)] for 8 being a real
number. However, this case is less interesting due to the high degree of freedom of the proposed
distribution and the infinite summation.
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denotes Gamma function defined as I'(w) = fooo tv=le(=0dt, and () denotes the

binomial coefficient.

4.4.3. Pointing Errors Models

The statistical characterization of the pointing error impairments with zero
boresight effects is given in [112], where a Gaussian spatial intensity profile is assumed

for the beam waist. Thus, the PDF of the pointing error coefficient h, is given as
52 £2-1
In, (hp) = ==hy 7, 0< hy, < A, (4.13)

where Ay is a constant term defining the pointing loss given by Ay = [erf(s)]?, with
erf (2) 2 \/%T I e ¥ dt is the error function, ¢ = v/7e/(v/2w.) where ¢ is the radius of
the detection aperture, and w, is the beam waist. £ is the ratio between the equivalent
beam radius at the receiver and the pointing error displacement standard deviation
(jitter) at the receiver (i.e., when & — oo, (5.12) corresponds to the non-pointing

errors case).

4.4.4. Composite Atmospheric Channel Model
The joint distribution of hgp = ashsh, can be derived as

o0

fo (i) = / Fos (12) Frnoi (s |ha) dn,

hrp/(azAo)

— /h - Fny (ha) ko o, (hRD) dhs. (4.14)

rD/(azAo) hoas hoas

By applying simple random variable transformation on (5.7) and using (5.13), we

obtain the PDF of hrp as

&1
527O{7k

B
£x _atk 30 [ Ohgrp
thD (hRD) = Z a (k) 0 2 Gig ay Ao

, (4.15)
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4.5 Statistical Characteristics of The End-to-end SNR, 7,2,

where G727 (- ‘) is the Meijer’s G function [116, (9.301)]%, and © = Tﬁ+9/ Denot-
ing B = % and following the result for the IM/DD detection technique case

obtained in [121], the PDF of v, can be derived as

£2x 4 atk 30 /72 &+1
fw 72 = 4_ Z 2 G1:3 B, [— ) (416)
Hle2 o,k
where 1 = — lfjffgg(gg,)*f}ggﬁ)l VEIRE is the electrical SNR of (4.16), and 73 is the

average electrical SNR of the FSO link.

4.5. Statistical Characteristics of The End-to-end

SNR, Ye2e

4.5.1. Cumulative Distribution Function

The CDF of the end-to-end instantaneous electrical SNR 7.9, can be expressed

as

Yo+ 1

[e.9] oo

Y1Y2 1+
—O/PI‘ <72 1 <7 ‘ 72) fa@ (72) d72_/F71( Y 7) f’m (72) d72'

0

By, (1) = Pr (l < 7)

(4.17)

With the help of (4.8) and the binomial expansion in [116, (1.111)], (7.3) can

5The Meijer’s G function provides a simple and tractable mathematical solution and can be easily
computed using standard software packages such as Mathematica and Matlab.
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be rewritten as

[e.9]

ot =1 [ (o0 ) ) SEE ()

0

X fr (72) d72. (4.18)

Now, some manipulations are made in (4.18) by using the Meijer’s G function
representation of an exponential function as [122, (11)] and the identity to invert the

argument in the Meijer’s G-function as [116, (9.312)], we then have

P P 1
exp <_i) N I I T (4.19)
210

Substituting (4.16) and (4.19) into (4.18), with the help of [122, (21)], (4.18) can be

solved in a closed-form expression as

Inl
16w =0 n=0 m=0 k=1 i m
B2oy| =1
Gro 4.20
X Gy 16,2 ( )

241 €242 = _ & 241 o atl k k+1
55y and Zp = {%,>5-, 5, %5, 5 m}.

where =) = {
Asymptotic Analysis: Using [123, Eq. (07.34.06.0006.01)] when 72 — oo,
the asymptotic expression for the CDF in (4.20) at high SNR can be derived in terms

of basic elementary functions as

2y exp (— K —07) a = e o K (@) (1 .
R e T I I B (A ERC s

F2>1 167

7 Zoi 7 —_
B2oy\N sy i T (22 — 224
> Z < 7) H]_l,];éz (_(\ 2,j 2, ) (421)

o \ 1672

where =, , represents the vth-term of =, with v € {1,2},v € {3, j}.
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4.5 Statistical Characteristics of The End-to-end SNR, 7,2,

4.5.2. Probability Density Function

The PDF of 4., can be derived by differentiating (4.20) with respect to +.

By applying [123, (07.34.20.0001.01)] and [123, (07.34.16.0001.01)], we obtain the

B2d~y
162

derivative of G;g with respect to v as

[
%)

d 0| B*®y| =1 B@G“ B2oy| —Lz—1] 1
O P 6% | g | 6% N 16%| = qq | 7

G7’1 BQq)’Y 0751

167,

:271

(4.22)

After some mathematical manipulations, the PDF of 4.5, can be expressed in a closed-

form expression in terms of the Meijer’s G functions as

xexp(—K—07) [ & K'®(dy)" s 0| B2y B
frund) = XU IZZZZ (1 Jpta e 63| T

=0 n=0m=0k=1

K'®n—m)(P n _atk 7
SIS R (0 -

=0 n=0m=0k=1

71| B°P
D333 ptarias [ AR LAl

=0 n=0m=0k=1

B2®~y =1
1672

0,Z,
. (4.23)

=, 1

From (4.23), the closed-form expression of f, , can be further simplified as

exp(—K—Pv)
ool = AR S5 g g K (1,

=0 n=0m=0k=1

— B2d~ |= 1 B2®~|0,=
e e Lo e - et
g 1672 |= v 1672 (= g

—

—2 —2
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4.5.3. Moment Generating Function

Using integration by parts, the MGF of 7.9, can be expressed in terms of the
CDF of 7.9, as

M, (s) = s / " exp (—75) Fo. (1) dy. (4.25)

Substituting (4.20) into (5.19), with the help of [116, (3.310)], [122, (11)], and [122,
(21)], the MGF can be written as

o 1 n B8 l n—m
sEx exp (k) K P ) gtk -
M (e 1 LS 20+, (k) ©
O e L malrs) )T
J e | memenes

Asymptotic Analysis: Using [123, Eq. (07.34.06.0006.01)] when 72 — oo,
the asymptotic expression for the MGF in (4.26) at high SNR can be derived in terms

of basic elementary functions as

o SExexp(R) N otk sk
Mme(s)ﬂhf;ﬂl 167 (s + @) Z:Z:X:Z:l'n' (3+<I>> (m)Q a(k)e™

=0 n=0 m=0 k=
7 F(EQJ—EQZ)F(]_—FEQJ—’H’L—{—TL)

7 =204
Z ( ) Hj:Lj;éi ) )
i1 16’72 S + (I)) H3 I (Eld — EQ’Z'>

J=2

(4.27)

4.5.4. Remarks

It is noted that the single-fold infinite summation in (4.20), (4.24), and (4.26),
is widely accepted in the literature as a closed-form solution due to the increased
computational capabilities of the current standard software packages such as Matlab
or Mathematica. In addition, since the summands in (4.20), (4.24), and (4.26) decay
exponentially with the increase of [ and n due to the factors ll, and %, only a finite

number of terms will be sufficient to guarantee a high accuracy of the summation.
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4.6. Performance Analysis

4.6.1. Outage Probability

The outage probability is an important performance metric for evaluating wire-
less systems over fading channels. At a given transmission rate R,, the outage prob-
ability can be defined as P,,; = Pr(C(y) < R;), where C(v) is the instantaneous
capacity of the channel, and v is the instantaneous SNR. Since C(-) is a monoton-
ically increasing function with respect to v, the outage probability can be obtained

as
Paut = PI‘(’Y < %h); (428)

where 7y, = C(Rp) is the predetermined threshold SNR required to support the
data rate R,. In AF relaying, as the relay node simply scales the received signal
without any decoding, the outage probability of the system is also defined as the
probability that the end-to-end instantaneous SNR 7.9, falls below the threshold ~;y,.
Hence, based on (6.13), the end-to-end outage probability of the considered system

can be expressed as

Pout = Fyo(Vn)- (4.29)

Substituting (4.20) into (4.29), the closed-form expression for the outage probability of
the considered system can be obtained. Furthermore, the asymptotic approximation

of the outage probability can be obtained by substituting 7, for v in (4.21).

4.6.2. Average BER

In this subsection, the BER of the mixed mmWave RF/FSO system is derived
for the SIM-based M-ary quadrature amplitude modulation (M-QAM), and M-ary

phase shift keying (M-PSK) under the impact of pointing errors. It is well known that
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the BER of M-PSK and M-QAM signal constellations over an AWGN channel can

be expressed as a linear summation of the Gaussian Q-function defined as Q(z) =

\/LQ? I e t*/2dt. Therefore, in order to evaluate the error performance of M-ary

modulation schemes over a fading channel, we need to evaluate integrals of the form

Plet) = [ Q (Vi) fa () (4.30)

where 9 depends on the modulation type [124]. Using the result in [125], (4.30) can

be expressed in terms of the CDF of the SNR as

Pt e () ew(-5)a am

Making the change of variable z = t?, (4.31) can be expressed as

P(e,9) = L 000 F,,. <£> exp (—g) % (4.32)

Using [116, (3.361.2)], [122, (11)], and [122, (21)], (4.32) can be expressed in a closed-

form expression as

Q =0 n 1
X (n)2o‘+ka (k)=
m
2 2
BQ@ m_n_i_l’ ﬂ’ w
X Gl —— — 2z (4.33)

Using the unified approximation from [124], the average BER for M-PSK con-

stellations with Gray coding operating over a fading channel is given by

Pypsk (e) = P (e, ¥ mpsk) (4.34)

max (logy M, 2)
where U; vpsik = 2 (log,M)sin® ((2i — 1) ). The corresponding average BER for
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M-QAM constellations with Gray coding is

VAT
4 1
P 2 |1 —-— P (e, v; , 4.
MQAM (6) log, M < \/M) 121 (67 ,MQAM) ( 35)

where ¥; poan = 3 (2i — 1)* 18220 Qubstituting (4.34) and (4.35) into (4.33), the
closed-form expressions for the ABER of the considered system using M-PSK and
M-QAM can be obtained, respectively.

Asymptotic Analysis: Using [123, Eq. (07.34.06.0006.01)] when 72 — oo,
the asymptotic expression for the ABER in (4.33) at high SNR can be derived in

terms of basic elementary functions as

1 Eyexp(—K) = < e OWE AN T Nt
Pled) 2 5= = ZZZZ(@)(@) (5+3)

3 (B2 Y Thags U Ea = 50T (2 )
SACTERY |

4.6.3. Average Capacity Analysis

It is well-known that the atmospheric turbulence over FSO links is slow in fad-
ing. Since the coherence time of the channel is in the order of milliseconds (ms), tur-
bulence induced fading remains constant over a large number of transmitted bits [126].
Without any delay constraints, if the codeword extends over at least several atmo-
spheric turbulence time, which allows coding across both deep and and shallow fade
channel realizations, the fast fading regime can be assumed. The average capacity, in
this context, is the expectation with respect to the gains of the instantaneous capac-

ity [127]. In this subsection, we provide a lower-bound average capacity formula by

47



Chapter 4

using the complementary CDF (CCDF)-based approach as

C_Y — L Oo F’;eQe (,Y)

e\ Vg 4.37
In2 J, (1—1—%7) 7 ( )

where FY (v) = 1—F

Ye2e

(7) is the CCDF of 7. [106]. With the help of [128],

0
(1+—1£w) can be expressed in terms of the Meijer’s G function as Gﬂ = . Next,
27 ’

plugging (4.20) into (4.37), with the help of [129, (6)] and [130, (20)], the closed-form

expression of the average capacity can be obtained in terms of the extended bivariate

Meijer’s G function (EGBMGF)® as

L O] w; —
0 0
o0 l n B 1 27 d
_ £2XeXp(—K)ZZ Z(K)(TL) +k _a+k 11 0, 0
_ SN )20t (k) 0754
167 PIn2 e L I'n!)\m 0 0 .
— — | 1672
0 71| =1=2
2 0
(4.38)

where S [-] is the EGBMGF, ¥ = (n —m + 1), =; and =, are defined in (4.20).

4.7. Numerical Results

For the FSO channel, we use the similar set of turbulence parameters for M
channels as in [119]- [121]. In particular, (o« = 2.296, 8 = 2), (a« = 4.2, 8 = 3),
and (o = 8, f = 4) for strong, moderate and weak turbulence conditions. Other
parameters for M channels include Q = 1.3265,by = 0.1079,¢1 — ¢ = 7/2. It is

noted that p = 1 (then 7 = 0, ' = 1) corresponds to the special case of Gamma-

6Tt is noted that the EGBMGF cannot be directly computed by current versions of standard soft-
ware packages such as Matlab and Methematica. In general, it must be computed by its definition
in terms of the double Mellin-Barnes type integrals [129, (1)]. With the help of [130] and [131], [132],
the two-fold Mellin-Barnes integral can be accurately evaluated by Mathematica and Matlab, re-
spectively. The use of EGBMGEF as a closed-form solution has been widely accepted in the literature.
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Figure 4.5: Outage probability versus the average SNR per hop (77 = 72) under different
turbulence conditions, v, = 0 dB, £ =1 (i.e., strong pointing errors).
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Figure 4.6: Outage probability versus the average SNR per hop (77 = 72) under different
turbulence conditions, v, = 0 dB, £ = 6 (i.e., weak pointing errors).
Gamma distribution. As for the RF channel, the Rician factor, K = 6 dB, is used”.
The effect of pointing errors is investigated in two cases when £ =1 and £ = 6 [12].
The outage probability performance of the considered system versus the aver-
age SNR per hop (i.e., 1 = 72) under the combined effect of various atmospheric
turbulence conditions and pointing errors is investigated in Fig. 4.5 with £ =1 (i.e.,
strong pointing errors) and Fig. 4.6 with £ = 6 (i.e., weak pointing errors). It is first
confirmed that analytical results are perfectly matched with M-C simulations. It is

seen in Fig. 4.5 that severe pointing errors combined with the atmospheric turbulence

"Obtained from experimental results of 28 GHz directional small-scale fading measurements with
vertical-to-horizontal antenna polarization configurations, the K factor is selected in the range of 3
to 7 dB [110].
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Figure 4.7: Outage probability versus the average SNRs of the RF (1) and FSO links
(72) under the moderate turbulence condition, v, = 0 dB, £ = 1 (i.e., strong pointing
errors).

significantly deteriorates the outage performance of the system. Especially, under the
impact of strong turbulence and pointing errors with £ = 1, the outage can only reach
to 107 even when the system operating in the high SNR regime (e.g., 50 dB). On
the other hand, in Fig. 4.6, as the effect of pointing errors becomes weaker, e.g.,
£ = 6, the outage probability can be lowered to 10™° when the turbulence is strong
and the system is in the high SNR regime. Additionally, in both Fig. 4.5 and Fig.
4.6, the asymptotic results at high SNR are also provided along with the analytical
ones. It can be observed that the asymptotic expression, which utilizes the Meijer’s G
function asymptotic expansion, converges to the exact result in the high SNR regime.
This proves the tightness of the derived asymptotic approximation.

When the SNR of each hop is different (77 # 2), Fig. 4.7 and Fig. 4.8
illustrate the outage probability versus the average SNRs of the mmWave RF and
FSO links under the impact of moderate atmospheric turbulence and pointing errors.
It is observed in both figures that the performance of the considered system is better
when the average SNR of the RF link (7;) is larger than that of the FSO link ().
Fig. 4.7 and Fig. 4.8 also reveals that strong pointing errors significantly degrade the
outage performance of the overall system.

In Fig. 4.9 and Fig. 4.10, assuming 7; = 72, the ABER performance of sys-
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Figure 4.8: Outage probability versus the average SNRs of the RF (1) and FSO links
(72) under the moderate turbulence condition, v, = 0 dB, £ = 6 (i.e., weak pointing
errors).
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Figure 4.9: ABER versus the average SNRs per hop (71 = 72) under different turbulence
conditions and pointing errors: systems employing BPSK.

tems using BPSK and QAM schemes for varying effects of atmospheric turbulence
and pointing errors is illustrated. Also, it is seen that analytical results are perfectly
matched with M-C simulations. There are two important observations that can be
deduced from these figures. First, as expected, the impact of strong atmospheric
turbulence results in a worse ABER performance. Specifically, compared to systems
operating under the impact of weak turbulence, the performance loss of about 7 dB
and 11 dB (in Fig. 4.9), and 6 dB and 10 dB (in Fig. 4.10) at the ABER of 107°

when ¢ = 1 and £ = 6, respectively, can be seen. Second, as the effect of pointing
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Figure 4.10: ABER versus the average SNRs per hop (71 = 72) under different turbulence
conditions and pointing errors: systems employing 4-QAM.
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Figure 4.11: Average capacity versus the average SNRs per hop (7; = 72) under different
turbulence conditions and pointing errors: strong turbulence.
errors decreases (§ — 00), the respective performance is considerably improved. For
instance, when ¢ increases from 1 to 6, the attained ABER performance gain is ap-
proximately 10 dB and 14 dB (in Fig. 4.9), and 9 dB and 13 dB (in Fig. 4.10) at the
ABER of 107% under strong and weak turbulence conditions, respectively. In addi-
tion, the asymptotic results further confirm the tightness of the derived asymptotic
approximation in the high SNR regime.

Finally, Fig. (4.11) and Fig. (4.12) depict the average capacity of the considered
system under the effect of various turbulence conditions and pointing errors. ~; is

assumed to be equal to 75. It can be observed that the achievable average capacity
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Figure 4.12: Average capacity versus the average SNRs per hop (71 = 72) under different
turbulence conditions and pointing errors: weak turbulence.

is increased when the atmospheric turbulence is relaxed. Furthermore, the pointing
errors exert a considerable effect on the average capacity. More specifically, when
the pointing errors become weaker, the average capacity increases (i.e., when & is

increased, the average capacity becomes higher).

4.8. Conclusions

In this paper, the outage probability, the ABER performance, and the average
capacity of mixed mmWave RF /FSO systems over Rician and M fading channels were
theoretically analyzed. The considered system could be a high-capacity, scalable and
cost-effective backhaul solution for the 5G mobile networks. New closed-form expres-
sions for the outage probability, the ABER performance, and the average capacity
of the proposed system under various channel conditions were analytically derived.
In addition, we derived asymptotic expressions at high SNR regime for the outage
probability and the ABER by utilizing the Meijer’s G function asymptotic expansion.
Our numerical results confirmed that the combined effect of atmospheric turbulence
and pointing errors severely degrades the system performance and the quality of the

mmWave RF link is of great importance in the overall system performance.
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Two-Way Relaying FSO Systems

5.1. Introduction

Free space optical (FSO) systems provide a number of benefits compared to
radio frequency (RF) counterparts, such as license-free operation, simple installa-
tion, low power, and large bandwidth for multiple users [68,71]. One of the main
challenging issues in the design of FSO systems is the impact of weather and atmo-
sphere conditions, especially the atmospheric turbulence, occurring in the free-space
channel [118]. As these impairments are distance-dependent [133], relaying FSO has
become an effective solution to enhance overall performance and to extend com-
munication coverage [134]. In half-duplex one-way relaying FSO systems [134], the
complete data exchange between two terminals over a relay required three or four
time phases. This leads to a loss in spectral efficiency due to the pre-log factor one-
half in corresponding expressions for the achievable rate (capacity). To overcome the
spectral loss, two-way relaying transmission is utilized, in which the relay helps two
terminals to exchange their information in two time phases, and hence to achieve the
full rate transmission [135].

Recently, two-way transmission has been studied in relaying FSO systems em-
ploying either amplify-and-forward (AF) or decode-and-forward (DF') schemes [136]-

[144]. In DF-based systems, the received signal at the relay is fully decoded and then
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re-encoded before being transmitted to the destination. The performance of two-way
DF relaying FSO systems has been intensively studied taking into account different
turbulence channel models, from weak-moderate (log-normal) to strong (Gamma-
Gamma), with and without pointing errors due to misalignments between the trans-
mitter and the receiver [136]- [142]. On the other hand, the AF-based systems simply
amplify the received signal and forward it to the destination, and as a result, they are
more attractive due to the simplicity in signal processing at the relay and less power
requirements [145]. Recently, the performance of two-way AF relaying FSO systems
over Gamma-Gamma channel with pointing errors has been investigated [143, 144].
In these AF relaying systems, however, the electrical amplifier is employed. As a
result, the overall system bandwidth is limited and additional components for opti-
cal/electrical /optical conversion are required [134]. These requirements are daunting
from an implementation perspective for Gigabits per second (Gbps)-based FSO links.

Motivated by the fact that all-optical AF relaying technique, where amplifying
process is performed in optical domain by an optical amplifier, has been recently
proposed [117], [146]- [148], the performance of a two-way all-optical AF relaying
FSO system over atmospheric turbulence channel is investigated in this paper. For
the turbulence channel, we employ the generalized Malaga (M) distribution, which
can represent most of existing atmospheric turbulence channel models, including log-
normal, Gamma-Gamma, K and Exponential models, as its special cases [119], [120].
The key contribution of the paper is the derivation of exact closed-form expressions,
in terms of extended generalized bivariate Meijer's G-function (EGBMGF), for the
moment generating function (MGF) and the cumulative distribution function (CDF)
of the end-to-end signal-to-noise ratio (SNR) over independent but not necessarily
identically distributed (i.n.i.d) M turbulence channels, with and without pointing
errors. These new results are then applied to study the outage probability, the average
bit error rate (ABER), and the ergodic achievable-rate of the proposed FSO system.
All analytical results are verified via Monte-Carlo (M-C) simulations.

The remainder of the paper is organized as follows. Section 5.2 describes the sys-
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tem and channel models accounting for the M atmospheric turbulence and pointing
errors. In Section 5.3, exact closed-form expressions for the statistical characteris-
tics of the end-to-end SNR including the MGF and the CDF are derived. Subse-
quently, the performance metrics in terms of outage probability, ABER, and ergodic
achievable-rate are analyzed in Section 6.4. Finally, Section 6.5 presents some ana-
lytical results validated by M-C simulations, followed by conclusions of the paper in

Section 6.6.

5.2. System and Channel Models

5.2.1. System Model

As illustrated in Fig. 5.1, we consider a dual-hop two-way optical AF relaying
FSO system, utilizing the optical subcarrier intensity modulation (SIM) with intensity
modulation/direct detection (IM/DD) [149], where two terminals 77 and T3 exchange
information with the help of a relay terminal R through the turbulence-induced fading
channels with pointing errors. The channel state information (CSI) of all FSO links is
assumed to be available at T7 and T5 in the beginning of the communication process.
All terminals operate in half-duplex fashion, and there is no direct connection between
Ty and Ts. Each terminal has one transmit aperture to send its information and one
receive aperture for receiving the data. The transmission takes place in two phases,

namely multiple-access (MA) phase and broadcast (BC) phase.

Figure 5.1: System model of a two-way all-optical AF relaying FSO system.

In the MA phase, the source data at T} and T, are modulated onto the RF

subcarrier signals x1(f) and z5(t), respectively. After being properly biased, the RF
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signals are used to modulate the irradiance of continuous wave optical beams at the

laser transmitters, and the output optical signals can be expressed as

yr, (1) = Pr, (1 + nz1 (1)) and yr, (1) = Pr, (1 + nz, (1)), (5.1)

where Pr,, Pp, are the transmit optical powers at 77 and 75, respectively. 7 is the
modulation index satisfying the conditions —1 < nx(t) < 1 and —1 < nza(t) < 1
to avoid overmodulation. The output optical signals are then transmitted simultane-
ously to the relay R. At both receiving lens of R, received optical signals include data
signal and background noise. The received optical signals from 77 and T, are then
combined by an optical coupler and the combined optical signal, denoted as yg(t),

can be expressed as

yr(t)=Pr(14+nz1(t))H1+ Pr(14+nxe(t) ) Ha+nr(1), (5.2)

where H; and H, are independent M-distributed fading channel gains of 7} — R and
T, — R links. Without loss of generality, we assume that all channels are reciprocal
(i.e., the channel gains of 7, — R and R — T; (i € {1,2}) links are identical).
ng ~ N (0, Np) is the additive white Gaussian noise (AWGN) with zero mean and
variance Ny at the relay, due to the background noise [117]. After the DC components

of yr(t) are filtered out and assuming that Pr, = P, = Pr, (5.2) can be rewritten as

yr(t) = nPrHizi(t) + nPrHaze(t)+nr(l). (5.3)

To meet the average transmit power constraint at R, the combined optical signal is
then amplified by an optical amplifier with a variable gain GG, which can be expressed

as

Pr
G = 2 2 )
PT (UH1) + PT (777‘[2) + No

(5.4)

where Pg is the transmitted power at the relay. Without loss of generality, we assume
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that Pr = Pr = Py, and Py > N, [135].

In the BC phase, the amplified optical signal, together with amplified spon-
taneous emission (ASE) noise at the output of the optical amplifier®; is forwarded to
both terminals 77 and T5. At terminal T}, the received optical intensity is converted
into an electrical signal through direct detection at the photodetector?. Thus, the

received photocurrent at terminal 7; can be expressed as

yr,(t) = RH: (1 +nGyr(t)) + nr,(t), (5.5)

where J is the responsivity of the photodetector, and ny, ~ N (0, Ny) is AWGN.
Substituting (5.3) and (5.4) into (5.5) and after filtering out the DC component and
removing the self-interference terms, the instantaneous SNRs of terminal 7; in the

BC phase can be given as [135], [150]

Vi 12\
D=0 (22 (5.6)
v+ \% v
N2
where 7; = WP+(W and v; = W}% (1,7 € {1,2} and i # j) are the instanta-

neous SNRs for 7; — R and R — T} links, respectively.

5.2.2. Channel Model

The channel coefficient H; = hg, h,y,,, where i € {1,2}, incorporates the atmo-
spheric turbulence-induced fading coefficient h,, and pointing errors h,,,. We assume
that the receive aperture is sufficiently isolated so that the scintillation sequences are
uncorrelated [151]. Due to this assumption, the channels in the analysis are consid-
ered to be independent but not necessarily identical (in.i.d) [141]. All channels are

also assumed to be quasi-static for two time phases.

8 As background illumination is by far the dominant noise in FSO systems [117,146], the impact
of ASE noise is therefore neglected in our analysis.

9In practice, a precise characterization of photodetectors requires a complicated statistical model,
which is analytically intractable. When the intensity of the received signal is sufficiently high and
the background radiation is dominant, particularly in all-optical relaying FSO systems [117], [146],
the noise can be modeled as AWGN with high accuracy [149].
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5.2 System and Channel Models

5.2.2.1. M Atmospheric Turbulence Model

The fading coefficient h,, (h,, > 0) is assumed to be distributed with M-
distribution. This M distribution unifies most of the statistical models (including

the most widely used log-normal'®

and Gamma-Gamma as special cases) derived un-
til now in the literature in a closed-form expression [21, Table 1], and also provides
an excellent agreement with simulation data over the whole range of turbulence con-
ditions (i.e., weak to strong). The main contribution of the M distribution is the
inclusion of the additional scattered component coupled to the line-of-sight (LOS)
component of the propagating optical beam (see [21, Fig. 1]), which is commonly
ignored in other turbulence models.

The M-distribution statistically models an FSO channel taking into account
three components: (1) a LOS component Uy, (2) a component U§ which is coupled
to the Uy, and quasi-forward scattered by the eddies on the propagation axis, and
(3) US component which is due to energy that is scattered to the receiver by off-axis
eddies. The probability density function (PDF) of h,, ~ M (ay, Bi, pi, 7, %) can be

given as

(5.7)

where K,, () is the modified Bessel function of the second kind and order v;, with
v; = a; — k. Corresponding to channel h,,, the positive parameter «; represents the
effective number of large scale cells of the scattering process, ; is a natural number

that represents amount of turbulence-induced fading!'. Other parameters in (5.7) are

10Tt is noted that the log-normal distribution does not have an exact relation with M distribution,
instead it is an approximate special case of M distribution [119].

"The notation f3; is limited to a natural number so that (5.7) will have a finite summation. It
is noteworthy that there is a generalized expression of (5.7) given in [21, (22)] for §; being a real
number. However, this case is less interesting due to the high degree of freedom of the proposed
distribution and the infinite summation.
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expressed as follows.

QCY:?Z ( TZ/B’L )/BL+();Z (5 8)
Xi = o ) .
Ti1+ 2T (o) il + €
o= b, (1 py), (59)

k

()Y

Q; = Qz + 2p1b01 + 2\/ Qboipz‘QiCOS (¢11 - gbgl) . (511)

Here, 2by, is the average power of total scattered component (i.e., (US + US)). p; (0 <
pi < 1) represents the amount of scattering power coupled to the LOS component, and
thus the turbulence intensity reduces as the parameter p; increases. {2; is the average
power of the LOS component Uy, ¢;, and ¢, are the deterministic phases of the LOS

component Uy, and the coupled-to-LOS component U, respectively. T'(-) denotes

Gamma function defined as I'(w) 2 I tv=le(=9dt, and () denotes the binomial

coefficient.

5.2.2.2. Pointing Errors Model

The statistical characterization of the pointing error impairments is given in
[112], where a Gaussian spatial intensity profile is assumed for the beam waist. The

PDF of pointing error coefficient h,,, is given as

2 2

e
AO
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5.2 System and Channel Models

where Ay is a constant term defining the pointing loss given by Ag = [erf(v)]2, with
erf (z) = \% I e~ dt is the error function, v = v/7e/(v/2w,) where ¢ is the radius of
the detection aperture, and w, is the beam waist. &; is the ratio between the equivalent
beam radius at the receiver and the pointing error displacement standard deviation
(jitter) at the receiver (i.e., when £ — oo, (5.12) corresponds to the non-pointing

errors case).

5.2.2.3. Composite Atmospheric Channel Model

The joint distribution of H; = hg,h,,, can be derived by utilizing

sz<Hl) = fh«ai(hai )szIhaz(,HZ | hai )dhhai

Hi/Ao
= H, H,
= Jra(hai )= Frm, (—) dha,. (5.13)
Hi/Ao h’ai hai

By applying simple random variable transformation on (5.7) and using (5.13), we

obtain the PDF of H; as

Bi 2
fizxi _ otk @[Hz é-z +1
in(Hi):z—%Zai(k:)(@i) > GYY I : (5.14)
k=1 0 &2 o,k

where GJU" (- ‘) is the Meijer’s G function [27, (9.301)]'%, and ©; = Tg‘iw The

unified performance analysis of FSO links over M turbulence channels with pointing

errors was recently reported in [152].

12The Meijer’s G function provides a simple and tractable mathematical solution and can be easily
computed using standard software packages such as Mathematica and Matlab.
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5.3. Statistical Characterization of The End-to-end

SNR, Iy

Under the combined effects of turbulence fading and pointing errors, the in-
stantaneous SNR 7; (i € {1,2}) can be expressed as v; = (3;/A2) (H;)°, where
Vi = %(SE{H?} is the corresponding average SNR, with E{H?} is the respective

variance of ‘H; and E{-} denotes the statistical average operator. Hence, the PDF of

v; can be written as

Bi 2
£ itk vi| & 1
folvi) = ™ > ai (k) (©:)7 7 G504/ = (5.15)
Vi 1 i ZZ’ai’k
Lemma 1
The MGF of a M-distributed random variable vi is given by
Bi
_ 67/2X’l a;+k otk
///%(S)_EZ;Q a; (k) (©;) 2
E+1 £2+2
70| ©7s 2 02
277 _ 2 2 5 (5.16)
167 |&€ €41 o ol k ktl 0
29 92 1997 92 1927 9

Proof: The MGF of vl can be written as //%(s) = JJ exp <;—5) Frlvi) dyi [153].

Now substituting f..(7;) in (5.15) and using [27, (9.31.2)] together with the identity

e = G(l):[l) (x|_) [30, (11)] and integrating with the help of [30, (21)], #1(s) can be
0
derived as in (5.16).

Lemma 2
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The MGF of a M-distributed random variable % is given by

B,
EX = e ot
M(s)=32 D2 a; (1) (0,)
=1
241 £242
O2s —
x Gy e o 20 : (5.17)
Vi s G e eitl 1o g

Proof: It is straightforward to obtain the MGF of % as

39 = [ e (‘7—2) £o) dy. (5.13)

i i

Following the same approach as in the Proof of Lemma 1, .#2(s) can be derived as
n (5.17).
Theorem 1

The MGF of I'r;, denoted as .#r,, can be given in a closed-form expression as

2¢2 Bi By
//ZFTZ(S)_ 5 f XZXJZZ2O¢Z+OLJ+’C+l ) (l)

12872
k=11=1
L 0f]1,0,—
10
vy
—_ - s
e o |0 7)) 255
x0; 70, 78 , (5.19)
2 0
s
—_ - s
0 7 =35 Sg
2 0
o7 el = E+1 £242 = _ & 41 o atl k K+l
Where\Ij1:16%,\PQ:8—%,:1:{ 2 1 9 ) :‘2:77 2 129 9 19> 270 )

—_ 241 €242 —_ £ &+1 +1
{:3:J2,J2 yand 2y = 2, 2 G i L ot
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Proof: From (5.6), the MGF of I'1, can be written as [30, (3)]

Mry, (5) =1— \/_/ ?;T ( tan(gp)s)

x M1 (tan (p)) A2 (tan () d (o), (5.20)

where J,(-) represents the Bessel function of the first kind and order v. By changing

the variable tan(y) = p?, (5.20) is rewritten as

Mr(s)=1-2V/5 /0 OOJl(WEp)///;Z,(ﬁ)///;(ﬁ)dp' (5.21)

Applying Lemma 1 and Lemma 2, (5.21) can be expressed as

242 Bi P
‘%FTZ-(S>_ V€S Xlszzzaﬁaﬁkﬂ (k)a;(1)

2
1287 —=

J

_oitk oyt oo
<0 T / I(p)dp. (5.22)
0

where I(p) = Jy(2y/sp)Ga 5| T1p? Ga| Wap? . Using [31, (6)], the multiplica-

24
tion of two Meijer’s G-functions in (5.22) can be written in terms of a EGBMGF

—
=2

denoted as S [] [32, (1.1)]'3. Then, integrating with the use of identity [32, (3.4)], the
exact closed-form expression of .#r,(s) is obtained as given in (5.19).

Corollary 1

13Tt is noted that the EGBMGF cannot be directly computed by current versions of standard soft-
ware packages such as Matlab and Methematica. In general, it must be computed by its definition in
terms of the double Mellin-Barnes type integrals [32, (1.1)]. With the help of [131] and [130], the two-
fold Mellin-Barnes integral can be accurately evaluated by Matlab and Mathematica, respectively.
The use of EGBMGF as a closed-form solution has been widely accepted in the literature.
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Using Theorem 1, the CDF of I'z,, denoted as Fr,(7), is given as

22 Bi Bj
Frg (1) = 1= LTSS sttty (), (1)

2
2567 —=
0 0 0; —
10
Wy
otk gt 0 71| =132
X0, * @j 2'S ) (5.23)
20
o Wyy
0 7)|=3 24
20

Proof: The CDF of T'y, is defined as Fr,.(y) = L7} [%%}‘Ti(S)], where £7!
denotes the inverse Laplace transform operator. Substituting .#r,(s) from (5.19)
and using the identity [32, (2.7)], a closed-form expression of Fr,(7) is obtained as
n (7.3).

5.4. Performance Analysis

5.4.1. QOutage probability

The outage probability at T}, denoted as Pyt 7; (741), is defined as the probability
that the instantaneous SNR falls below a given threshold 7, which can be expressed

as

Pows,r,(in) = Pr (v, < vin) = Frp(vin) 5 (5.24)

where Zr, () is the CDF of the instantaneous SNR at terminal 7; in (7.3) evaluated
at 7 = y,. Hence, the novel exact closed-form expression of the outage probability of
all-optical two-way AF relaying FSO systems can be derived by using (7.3) and (5.24).
The outage probability at both terminals 7} and T, are the same since reciprocal

channels are assumed. Following the same approach, the outage probability for non-
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reciprocal channels can also be derived.

5.4.2. Average Bit Error Rate

The average bit error rate (ABER) is a useful measure of evaluating the perfor-
mance of wireless communication applications. Conventionally, the ABER at terminal
T; is computed by determining the PDF of the end-to-end SNR at terminal 7; (de-
noted as PpTi) and then averaging the conditional bit error probability (BEP) in an
AWGN channel (denoted as Py(e|y)), over this PDF. Therefore, the ABER, denoted

as Py(e), can be expressed as

Py(e) = / " Pyel)Prs, (1), (5.25)

where B,(e|y) = Q(y/r7) given by [155], with & is a constant and Q(z ) e P2t

\ﬁfo

is the Gaussian Q-function. After integration by parts, P,(e) can be rewritten as

Py(e) \/%/ JFT< )e—zdt (5.26)

Making the change of variable x = 2, P,(e) is expressed as

= dx
62

1 x
Al = 7= [ Fal3)
0

(5.27)

B
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Now plugging (7.3) into (5.27), then using [27, (3.361.2)] and [32, (2.1)], (5.27) can

be derived in a closed-form expression as

Bj
1 §2§2XZXJ O it -l—k—l—l
Pb(e)_ 512#5/22221 ’ (k)a (l)
k=1 1=1
10 %70;_
10
20,
_oitk ot 0 71| =1;22 g
X0, °? @j S . (5.28)
2 0 -
0 7)|Z3=24 "
2 0

The ABER of M-ary phase shift keying (M-PSK) constellations with Gray

coding can be approximated as [156]

9 max(% 1)
P, = Py ( 5.29
b,MPSK(e) max(loggM 2 - b 6 Rp, MPSK) ( )
where k,ppsk = 2 (logyM)sin® ((2p — 1) &), and P, (e, kpmpsk) can be derived

in a closed-form expression by substituting k,ypsx with x in (5.28). Similarly,
the corresponding ABER for M-ary quadrature amplitude modulation (M-QAM)

constellations with Gray coding is also approximated as [156]

@
4 1
B e) 2 —— |1 - — P, (e, k , 5.30
b.arQAM (€) 10g2M< W); b (€, kg mQan) (5.30)

where kg prganm = 3 (2q — 1)2 I(EQM and P, (e, kg moam) can be derived by substitut-

iIlg Rq, MQAM into (528)

5.4.3. Ergodic Achievable-Rate

It is well known that atmospheric turbulence over FSO link results in slowly-

varying fading. Since the coherence time of the channel is about 1-100 ms, turbulence-
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induced fading remains constant over a large number of transmitted bits. Since the
coherence time of the FSO fading channel is in the order of milliseconds, a single
fade can obliterate millions of bits at Gbps data rates. Therefore, the average (i.e.,
ergodic) capacity of the channel, represents the best achievable capacity of an FSO
link. The ergodic capacity in our analysis is valid under the presence of pointing
errors with the assumption that the information symbol is long enough to ensure the
long-term ergodic properties of the turbulence process [152], [126].

The ergodic achievable-rate of two-way AF relaying FSO systems is defined
as the summation of the ergodic capacities C; and Cy when information flows from
T, - R — T and T, — R — Ti, respectively. Let A,,, denote the ergodic

achievable-rate, we have

2

A = _Ci (5.31)

=1

in which C; can be expressed as C; = 5 [~ £ (1 —€e7*) M1 (s) ds, where 1 is due to
T,

i

the half-duplex relaying and .7 1 _ is the MGF of the inverse of I', [144]. From (5.6),
T

since ~; and +; are statistically independent random variables, we have .Z . (s) =

T;

M1 (s) % M2 (s). Thus, C; can be rewritten as

Vi

1

where I} = [[* 1.1 (s) x M2 (s)ds and I = [[* Le a1 (s) x M2 (s)ds.
To evaluate C;, we will derive closed-form expressions for I; and I, separately.
Firstly, the closed-form expression of I; can be derived by substituting (5.16) and

(5.17) into I, and integrating with the help of [30, (21)]. Thus, I; can be expressed
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as
§2€2X2Xj B i ket _atk oyl
L= =5 > 2o ake ()8, 2 6,
k=11=1
G77 \112’71 T1717T2 (5 33)
9,9 ’ :
Uivs Y5,0,T,
where
T, = L L 5.34
1 { 9 ) 9 9 9 ) 2 ) 9 ) 9 ) ( )
E+1 &+2
n:{fQ ERRYS (5.35)
2 2
-G+l ap a;+1 1 1+1
ng{g &1 a; a;+1 1 1+ } 556

2’ 2 927 92 9 9
1—-¢&2 ¢

T, = oSl 5.37
=555 (5.37)

Secondly, the closed-form expression of I can be derived by substituting (5.16) and

(5.17) into I, and applying [31, (6)], then integrating with the help of [32, (2.1)].

Thus, I, can be expressed as

2 Bi Bj o a;
_ g g XZXJ Z]2a1+a3+k+l ) (l)@-_ Zik@_JTH

T 9rG2 J
2507 —=
L 0]]o0,—;—
00
vy
0 71| =Z1;=
xS b , (5.38)
2 0
Uy
0 7\| 2324
2 0

where =, 2o, 3, 24, Uy, and Uy are defined in (5.19). Substituting (5.33) and (5.38)
into (5.32), a closed-form expression for C; can be straightforwardly obtained, and

hence we finally derive the closed-form expression for A, in (5.31).
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5.5. Numerical Results

In this section, FSO links are considered with link lengths of L = 1 km and
wavelength of A = 785 nm. The refractive structure index, denoted as C?, is
considered in three cases as C? = 1.2 x 107 m=2/3 C? = 107" m~%3, and
C? = 28 x 107 m~%3. These parameters are then utilized to obtain the Ry-
tov variance 0% = 1.23C2(2/7)7/6L'/6 defining the effects of atmospheric turbu-
lence as oy = ap = 2.296, B; = P2 = 2 (i.e., strong turbulence), ay = ay = 4.2,
f1 = P2 = 3 (i.e.,, moderate turbulence), and oy = ay = 8, f; = P = 4 (ie.,
weak turbulence) [152]. Some other parameters used in our analysis are chosen as
Oy = Qy = 1.3265,by, = by, = 0.1079, 1, — ¢, = 7/2 [119,120,152]. Furthermore,
from (5.6) we define the average SNR of the 7; — R link as 5; = d;70 (i € {1,2}),
where 7 is the average transmit SNR and 6; = E{H?} is the respective variance of
H;, to compare two cases of i.n.i.d (e.g., 5 = 3,0, = 5) and i.i.d (e.g., 63 = Jp = 1).
It is confirmed in all figures that analytical results are perfectly matched with M-C
simulations*4.

Fig. 5.2 shows the outage probability versus vg with vy, = 0 dB at terminal 75
when the turbulence channels are i.i.d (Fig. 5.2(a)) and i.n.i.d (Fig. 5.2(b)). There
are three important observations which can be drawn from Fig. 5.2. Firstly, it is
observed that the outage performance improves as the values of the parameters &;
and & increase in all cases of turbulence conditions. This is due to the fact that
the parameter &; (i € {1,2}) has an inversely proportional relation with the pointing
error displacement standard deviation. Secondly, as the effect of the atmospheric
turbulence decreases, the outage performance improves. It is noted that p; = ps =1
(then 1 = 7, = 0, Q] = Q) = 1) corresponds to the special case of Gamma-Gamma
distribution and the turbulence intensity also reduces as the parameter &; increases
[119]. Finally, the outage performance of the considered i.n.i.d case is better than

that of the i.i.d case. For instance, under weak turbulence condition, the performance

14Tn Matlab, a M turbulent channel random variable can be generated via squaring the absolute
value of a Rician-shadowed random variable [119].
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Figure 5.2: Qutage probability for the two-way AF relaying FSO system at terminal 75
under different turbulence and pointing errors conditions.
improvement at the outage probability of 107% is about 6 dB.

In Fig. 5.3, the ABER of the considered system is investigated under the impact
of in.i.d moderate turbulence channels. Fig. 5.3(a) shows the ABER performance
of M-PSK constellation (Fig. 5.3(a)) and M-QAM constellation (Fig. 5.3(b)) with
respect to 7y in two cases of severe pointing errors (§; = & = 1) and no pointing
errors (§; — 00,8 — 00). It is generally deduced from Fig. 5.3 that the ABER
performance cannot reach 1073 even when operating at high average transmit SNR
(e.g., 70 = 50 dB) due to the adverse effect of pointing errors. On the other hand,
when the effect of pointing errors is mitigated, the error performance is significantly
improved. It can also be observed that for a given turbulence strength and pointing
error severity, the higher order of modulation will result in a worse error performance
of the system.

Finally, Fig. 5.4 illustrates the ergodic achievable-rate of the two-way AF re-
laying FSO system with respect to 4o under the combined effect of atmospheric tur-
bulence and pointing errors in two cases of i.i.d (Fig. 5.4(a)) and i.n.i.d (Fig. 5.4(b))
channels. As expected, the ergodic achievable-rate is increased when the atmospheric
turbulence strength is reduced. It is also observed that the pointing errors exert a
considerable effect on the achievable-rate. For example, when the pointing errors

severity reduces (e.g., from £ = 1 to £ = 6) and with oy = s = 2.296, 51 = f, = 2, a
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Figure 5.3: ABER for the two-way AF relaying FSO system at terminal Ty with oy =
ay =42, 1 = B2 =3, p1=p2 = 1.

18]y a,=0a,=2.296,B,=B,=2
A16_D_C(1=u2=4_2,[31=[32=3 _
. . N
g * M-C Simulation v T
3 £
2 2
=) s
E E
< ¢ <3
) "o
< S
;i i
) o
o e}
© ©
8 &
5 5
< <
Q o
3 E
2 2
] i

Figure 5.4: Ergodic achievable-rate for the two-way AF relaying FSO system with varying
atmospheric turbulence strength and pointing errors severity, p; = pa = 0.596.

SNR gain of 10 dB can be achieved at the ergodic achievable-rate of 11 (bits/s/Hz)

and 13 (bits/s/Hz) for i.i.d and i.n.i.d cases, respectively.

5.6. Conclusions

This paper analyzed the performance of two-way all-optical AF relaying FSO
systems over in.i.d M distributed atmospheric turbulence-induced fading channels
with pointing errors. Novel exact closed-form expressions for the MGF and CDF

of the end-to-end SNR were presented in terms of extended generalized bivariate
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5.6 Conclusions

Meijer’s G-functions. Utilizing these results, we analyzed the end-to-end performance
of the proposed FSO system in terms of outage probability, average bit error rate,
and ergodic achievable-rate. Monte-Carlo simulations were performed to confirm the

validity of the theoretical analysis.
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Multihop Relaying WDM /FSO

Systems

6.1. Introduction

Free-space optics (FSO) has recently received much attention in the first-mile
access environment owing to a number of advantages over radio-frequency communi-
cations, including much higher bandwidth with license-free spectrum, better energy
efficiency and possibly higher security. Compared to fiber optical communications,
FSO also offers fiber-like data rate while being more flexible and cost-effective, as well
as quicker and easier for deployment and re-deployment [157]. Currently, wavelength
division multiplexed (WDM) transmission, which allows to carry many separate and
independent optical channels, can support Terabits per second capacities, and it can
be easily integrated into FSO systems to considerably increase the bit rate [158]. This
WDM /FSO combination is therefore a promising solution to meet the unprecedented
growth in the global demand for broadband applications and services [159,160]. In
this paper, we propose a novel concept of all-optical access networks using multi-hop
WDM/FSO to provide high-bandwidth connections for multiple users in an extended
coverage. System performance is comprehensively analyzed taking into account cru-

cial physical-layer impairments, including atmospheric attenuation, turbulence, inter-
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channel crosstalk, and pulse broadening.

6.1.1. Related Studies and Motivations

Several WDM/FSO systems have been successfully demonstrated [158, 161].
WDM-Passive Optical Network (PON) using FSO in the distribution links to sup-
port multiple users at high bit rates is an appealing proposal [162-164]. In this hybrid
WDM-PON/FSO network, the WDM channels suffer from interchannel crosstalk,
while the FSO channels are affected by atmospherically induced scintillation, i.e., at-
mospheric turbulence. The combination of these two impairments results in turbulence-
accentuated crosstalk effect, which severely degrades the overall system performance,
particularly in the upstream transmission [163]. Practically, FSO could be an ex-
tension of optical fiber since both links share the identical transmission wavelengths
and system components. Especially, using a pair of FSO terminals (FSOT), which
can be transparently connected to single-mode fiber lines, FSO systems can be fully
compatible with optical fiber networks [165].

FSO nevertheless is confined to short-haul applications since its reliability is
degraded due to the distance-dependent atmospheric turbulence-induced fading and
loss [133]. To extend the coverage of FSO systems, relaying FSO has been considered
as a suitable solution [134,146,166-170]. Many previous studies mainly focused on
electrical relaying, where all signal processes are implemented in the electrical domain
(134,166, 167]. This technique is daunting from an implementation perspective for
Gigabit per second (Gbps)-rate FSO links since it requires complex optoelectronics
and decoding/encoding hardware. Therefore, the all-optical relaying technique, i.e.,
optical amplify-and-forward (OAF), where the signal processing is only performed
in the optical domain so that the full bandwidth of an optical signal can be used,
has been recently studied [117,146,168,169]. It is generally deduced from these
studies that OAF relaying is faster and simpler to implement and achieves a better
performance than electrical relaying unless the number of relays is large, in which case

the accumulation of background and amplified spontaneous emission (ASE) noises
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impose a negative impact on the system performance.

On the other hand, the signal dispersion (pulse broadening) is another important
factor in FSO system performance. In recent studies, the Gaussian pulse propagation
model was employed so that both atmospheric turbulence and pulse broadening could
be investigated in the performance of FSO systems [171,172]. However, the pulse

broadening issue has not been clarified in WDM /FSO systems.

6.1.2. Main Contributions

The main contributions in this paper can be summarized as follows.

First, we propose a novel concept of all-optical access networks using multi-
hop WDM/FSO to provide high-bandwidth connections for multiple users. This
proposition takes advantage of both the all-optical relaying technique and the WDM
transmission, hence resulting in a low cost, reliable, flexible, and high-speed access
network. This proposed network can be compatibly combined with the pre-deployed
fiber network to further increase the network coverage. Therefore, it could be a real-
istic solution for the first-mile ‘bottleneck’ problem, especially when fiber installation
is not favorable.

Secondly, we employ the M-ary pulse position modulation (M-PPM) combined
with the OAF relaying technique to combat against the turbulence-accentuated in-
terchannel crosstalk effect, which is the main impairment in WDM/FSO systems.
In previous studies, M-PPM has been employed as an energy-efficient transmission
method [173-175]. Additionally, the use of PPM also avoids adaptive threshold ad-
justments required in on-off keying (OOK) [176].

Thirdly, for performance analysis, we take into account effects of all noises and
atmospheric impairments, including turbulence and pulse broadening. The atmo-
spheric turbulence is modeled by a Gamma-Gamma channel, which is suitable for a
wide range of turbulence conditions [99], while the pulse broadening is characterized
by the Gaussian pulse propagation model. Our numerical results, which are validated

by Monte-Carlo (M-C) simulations, show that the proposed WDM/FSO system using
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Figure 6.1: (a) PON optical fiber access network; (b) Proposed all-optical multi-hop
WDM/FSO access network.
PPM combined with OAF relaying technique is a feasible solution for optical access

networks.

6.2. Proposed System Descriptions

6.2.1. Network Model

Fig. 6.1(a) shows the model of a typical PON using optical fiber links, which
consists of optical network units (ONUs), a passive splitter at the remote node (RN),
and an optical line terminal (OLT). Typically, PON can reach the distance of up to
20 km, and it is capable of delivering upstream to 1.2 Gbps and 2.4 Gbps downstream
to the port with current standards [177]. As the next step in fiber access evolution,
the ITU-T is defining the second next generation PON (NG-PON2), which is pri-
marily based on time and wavelength division multiplexing (TWDM) since it is most
compatible with the high volume residential application. The NG-PON2 could offer
40 Gbps aggregate downstream capacity and 10 Gbps upstream [178]. Nevertheless,
it is not always economical or possible to have optical fiber installation due to the
high cost, especially in vast, low-density remote areas, difficult terrains, the limita-

tion of running additional cables (such as city centers, historical areas), or the need
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of temporary connection only. A solution for these issues is to use FSO instead of the
optical fiber [163,164]. As shown in the upper part of Fig. 6.1(b), FSO is combined
with WDM/PON to form a hybrid optical access network with lower cost and higher
flexibility. The coverage of single-hop FSO links in the distribution network is how-
ever limited (to about 2 kilometers) due to the negative impacts of atmospheric and
weather conditions [163].

To address above-mentioned issues, we propose a cost-effective, flexible, and re-
liable network model using multi-hop WDM/FSO, as shown in the lower part of Fig.
6.1(b). For the extended distance from the OLT to the RN, multi-hop WDM/FSO
relaying with erbium-doped fiber amplifiers (EDFAs) is employed. In this WDM /FSO
network, FSO links can be configured in different topologies, such as point-to-point,
point-to-multipoint, ring, or mesh connections. The cost of deploying WDM /FSO
network can be significantly lower than that of conventional PONs because no fibers
are required between the OLT and service areas, leading to a substantial reduction of
fiber installation and maintenance expenses. Besides, the WDM /FSO systems can be
fully compatible with the terrestrial fiber communication in metro networks, which
provide not only the multi-gigabit link capacity but also the link stability and relia-
bility [165]. Moreover, based on full-optical FSO systems, advanced Radio over FSO
(RoFSO) systems have also been developed with the capability of transferring mul-
tiple wireless signals using WDM /FSO channels [179]. Above-mentioned advantages
make our proposed multi-hop WDM/FSO system become a promising solution for

all-optical access networks.

6.2.2. System Model

For performance analysis purpose, we use a model of multi-hop OAF relaying
WDM/FSO access network shown in Fig. 6.2. For both downstream and upstream
directions, the OLT communicates with ONUs through N intermediate relays (R;, i
=1, 2, ..., N), including the RN. The total transmission distance is L = Zf\jl d;,

where d; is the transmission distance from the (i — 1)-th node to the i-th node (with
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Figure 6.2: Multi-hop OAF relaying WDM/FSO systems for optical access networks.

node 0 is the OLT and node N + 1 is the ONU).

In the downstream transmission, signals from K transmitters, each with an
unique wavelength (A1, Ag, -+, Ag) are combined by a WDM mux and then trans-
mitted via multi-hop FSO channels to the RN. The optical wavelengths are chosen
in the C band (i.e., around 1550 nm) with channel spacing of 100 GHz, since 1550
nm light suffers from less atmospheric attenuation and it is suitable for EDFA tech-
nology and high quality transceivers [180]. At each relay node, an optical amplifier
(EDFA) is used to directly amplify the optical signals. A single EDFA can simulta-
neously amplify many data channels at different wavelengths within the gain region.
However, the advantage of an optical amplifier comes at the cost of introducing ASE
noise, which somewhat offsets the performance gain. After that, at the RN, WDM
demux separates the multiplexed optical signals into constituent wavelengths. Due to
the defectiveness of the demux and transmitting lenses at the RN, the end-user may
receive the optical signal of undesired wavelengths, i.e., interferers. This phenomenon
is also known as interchannel crosstalk, which was previously studied in [180, 181].
There also exists several losses of mux/demux, which comprise the signal mux, demux
losses (denoted as Ly,,, Las, respectively), and Lg, xr, which indicates the crosstalk
level from the interferer at the demux. Finally, in the distribution network, signals

with constituent wavelengths are delivered to the corresponding end-users (ONUs)
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in a point-to-point scheme. At each receiver, PIN photodiode is used to convert the
electrical field into the photocurrent.

In the upstream direction, interchannel crosstalk arises due to the imperfection
of the demux at the OLT when separating different wavelengths to corresponding
receivers. However, the interchannel crosstalk effect in this situation becomes more
severe, since the atmospheric turbulence in the distribution network results in a fluc-
tuating crosstalk effect. It is also called as the turbulence-accentuated interchannel
crosstalk, which arises when the signal and crosstalk paths are independently tur-
bulent, i.e., physically totally distinct, as in the case of the upstream. The effect
of turbulence-accentuated interchannel crosstalk in WDM-PON integrated with FSO
networks was investigated in [163]. It is also worthy to note that there may exist intra-
channel crosstalk in the upstream transmission if a portion of the transmitted power
falls in the field of view of an unexpected receiving lens due to the beam spreading
effect. Nevertheless, intrachannel crosstalk can be neglected, since we can generally
arrange the position of ONUs to avoid the near identical transmission paths.

For each wavelength, M-ary PPM scheme is employed. At the transmitter,
input data is first modulated at a PPM modulator, where each block of b bits is
mapped to one of M possible symbols (sg, s1, ..., Sar), where M = 2°. The symbol
interval, T,,, is divided into M time-disjoint time slots and an electrical pulse is sent
in one of these M time slots while remaining (M — 1) time slots are empty. This
pulse is then converted into an optical pulse with constant power of P, ;, by a laser

diode. Denoting R; as the bit rate of the system, the symbol interval has a duration

_ logo, M
= R

Tw
i

given by T, = Rib , and time slots have the duration of T, =

At the input of each relay, optical signals include not only data signal but
also background noise and interferer signal with the average powers of P, and P, ;,,
respectively. Here, the case of a single interferer is assumed. These signals are
amplified by an EDFA with the fixed gain G, which is set to keep the average relay
output power constant at P g, [146], [168]. The signals are then transmitted to the

next relay together with ASE noise, which can be described by additive zero-mean
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white Gaussian model with the optical power given by P4 = hpf (G — 1) ng, By, where
hp is the Planck’s constant, f is the frequency, ng, is the amplifier spontaneous
emission parameter, and By is the optical bandwidth [182]. Over multiple relays,
background and ASE noises are amplified and accumulated.

At the destination, the received signal, including the background noise at the
receiver, is converted into the photocurrent by a PIN photodetector. Next, integrated
photocurrents over M time slots are compared at the PPM demodulator to find
the position of the slot with the highest current, which determines the transmitted
symbol. Finally, detected symbol is converted to the binary data by a symbol-to-bit

converter.

6.3. FSO Dispersive Turbulence Channel Model

This section presents the mathematical model of FSO channel with h;, (i =
1,2,--- N + 1), which is the channel state modeling the random attenuation of
the propagation channel between the (i — 1)-th node and the i-th node. In the
proposed system, each hop is assumed to be equidistant (i.e., dy =---=d; = --- =
dyy1 = NLH), and the channel state between every pair of relays is considered to be
independent and identically distributed. In our model, h; arises due to two factors:
channel loss (hl) including the geometric spreading of the optical beam, atmospheric
attenuation, and pulse broadening; and atmospheric turbulence (h¢). The channel

coefficient hence can be described as h; = hlhg.

6.3.1. Atmospheric Dispersive Model

To evaluate time-domain spreading of a pulse wave propagating through atmo-
spheric turbulence, we assume that the transmitted waveform in each PPM time slot

is a Gaussian pulse. The amplitude of the Gaussian pulse is described by
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where Py and T} are the average power and the half-width (at the 1/e point) of the
input pulse, respectively [183]. The relation between the average power of Gaussian

pulse (Fp) and the average power per time slot (P, ) is given by

V2T,
Py = —=—Fisig, (6.2)

VT

where Ty is the duration of the time slot [171].

Over a transmission distance d;, the received optical signal is attenuated by the
propagation loss including the geometrical spreading of the optical beam and atmo-
spheric attenuation. It is easy to obtain the value of loss due to geometric spreading
as a function of the area of the receiver aperture A and the angle of divergence 6.
On the other hand, the atmospheric attenuation can be described by the exponential
Beer-Lambert’s law. As a result, the total of atmospheric attenuation and geometric

spreading can be formulated as

A
gt = T exp(—a;d;), (6.3)

7T§i

where A = 7(a)? with a is the radius of the receiver aperture, and q; is the atmospheric
attenuation coefficient. In addition, the optical pulse obtained at the receiver is broad-
ened due to the atmospheric turbulence, and its average power is reduced. Therefore,
the received signal at the distance of d; meters from the transmitter, taking into
consideration the effects of geometrical spreading of the optical beam, atmospheric

attenuation, and pulse broadening, can be mathematically expressed as [171]

To t?
U () =/ Pota——me— exp(— = . 6.4
()= v Foton T2+85eXp( T02+85> (6.4)

0

The parameter §, which governs the scale of pulse broadening and average power
27.75/3

reduction, is given by § = %, where C? stands for the altitude-dependent

index of the refractive structure parameter, and Lg is the outer scale of turbulence,

and c is the light velocity [183].
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As pulse is spread out of the time slot owing to pulse broadening, the average
power per PPM time slot at the receiver (F,) is reduced compared to P, 5;,. Therefore,
the power loss coefficient caused by atmospheric attenuation and pulse broadening

can be determined by

Pr 1 Ts/2
hé B Py i - P 4igT. /T/2 ’Ur(t)|2dt‘ &%)
,81g ,sigts J =T

6.3.2. Atmospheric Turbulence Model

An optical wave propagating through the atmosphere will experience irradiance
(i.e., intensity) fluctuations, or scintillation. Scintillation is caused by the inhomo-
geneities in the temperature and pressure of the atmosphere leading to refractive
index variations (i.e., atmospheric turbulence). To characterize the whole range of
atmospheric turbulence effects (i.e., weak, moderate, and strong), Gamma-Gamma
(G-G) distribution has been found to be a suitable choice since it is able to model
both small-scale and large-scale fluctuations [99]. The G-G probability density func-

tion (pdf) of A¢ > 0 is given as

92 (aﬁ)(aJrﬁ)/?
I'(a)T(B)

atB_q

Fog (hi) = (hi) 2 7 X Kacp (2 ozﬂh?), (6.6)

where I'(+) denotes Gamma function defined as I'(w) 2 JoototeT0dt, Ko—p(+) is the
modified Bessel function of the second kind of order (a — 5), a>0and g > 0 are
the effective numbers of small-scale and large-scale eddies of scattering environment,

respectively. Assuming a plane wave propagation of the optical beam, a and g are

:exp (( 04907 ) - 1i - (6.7)

14 1.110/%)7/6

:exp (( 0.510% ) . 1: 71, (6.8)

14 0.690}.7%)5/6

given as

1%

e

@
1%
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Figure 6.3: Rytov variance versus the refractive structure index for different transmission
distances.

where ¢% is the Rytov variance which is defined as
o\ 7/6
0% 2193 (Tﬁ) C24M/°, (6.9)

with ) is the optical wavelength [99]. In general, C? varies from 1071 m=2/3 to 10717
m~%/3 [184], and a table reporting C? for different weather conditions can be found
in [185]. Tllustratively, Fig. 6.3 shows the Rytov variance 0% versus C? for different
transmission distances. Typically, weak, moderate, and strong turbulence conditions
respectively correspond to 0% < 1, 0% ~ 1, and 0% > 1. The saturation regime is

defined by 0% — oo [199].

6.4. Bit-Error Rate Analysis

Once the PPM symbol is detected, it is mapped to a string of log, (M) bits via
the inverse of the encoding mapping. There are M /2 symbol errors that will produce
an error in a given bit in the string, and there are (M — 1) unique symbol errors.
Thus, assuming all symbol errors are equally likely, and denoting P. as the symbol
error probability (SEP), the bit error rate (BER) of the system then can be derived
as

M

BER = 5y (6.10)
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We assume that the transmitted data is large enough that the probabilities of sending
any symbols are the same. At the receiver, the photocurrent I, corresponds to the
u-th slot (0 < u < M — 1) of the received symbol. Without the loss of generality, we
assume that symbol sq is transmitted, i.e., I is the signal current corresponding to
the signal slot (slot 0).

In the downstream direction, the signal and interferer can be assumed to expe-
rience the same atmospheric turbulence as the crosstalk arises before the distribution
link (i.e., (N 4 1)-th hop). The downstream interchannel crosstalk is not turbulence-
accentuated since it traverses the same atmospheric path as the signal (neglecting
slight wavelength difference impact on 0%). Hence, the G-G pdfs for both signal and
interferer can be considered to be the same. Applying the union bound, the SEP for

the downstream transmission can be expressed as

P

IN

1—Pr{ly> I, jue{l,..M —1},s = so}

IN

(M-1)Pr{ly < ILJue{l,..,.M —1},s = so}

M_l [e.9] o o
_/ dh‘f---/ dhf--~/ Ay,
2 Jo 0 0

Fra (RS- fra (hi)- - - fus, ,, (Wi )erfe ( SN—R) : (6.11)

IN

2

In the upstream direction, the signal and interferer first travel over physically
distinct paths in the (N + 1)-th hop (from ONUs to the RN). Therefore, their G-G
distributions can be assumed to be independent. In our analysis, the channel states of
the (IV + 1)-th hop for signal and interferer are denoted as hni1 59 = héV—&—l,sigh?V—&—l,sig
and Ay 1int = Ay ineh%+1.me> Tespectively. Similarly, the upper bound of the SEP

for the upstream transmission can be expressed as

M_1 o0 o0 o0 o
P < —/ dh‘f---/ dhz---/ dh?v+1/ .
2 Jo 0 0 0 ’

fh(f <h?) ) fh? (h?) ) .fh?w-l,sig (h’?\/-‘rl,sig)

a [SNR
X IHSe it (hN+1,mt)erfC< T) (6.12)
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In (6.11) and (6.12), Pr{-} denotes the probability of the given event, s rep-
resents the transmitted symbol and erfc (2) 2 \% fzoo et dt is the complementary
error function. Following (6.6), fra(h{) is the G-G pdf of A of the i-th hop for the

signal (1 =1,2,--- /N 4+ 1), and fpa

N+1,int

(h7v+1,mt> is the G-G pdf of hf,, ., of the
(N + 1)-th hop for the interferer. SNR is the electrical signal to noise ratio in case of

PPM signaling, which is defined as

SN = (o =)’ (6.13)

2 2
oy + o

In (6.13), 02 and o2 are receiver noise variances of signal currents in 0 and u slots,

which can be expressed as

N

2 2 2 2 2 2 2
o OigtOintt 0, T0asg 0 at0asp g +07 (6.14)
= 7 )

2 2 2 2 2 2 2
u OintT0hr t04sEr 044t 0aspat 0T

g

2

2
where o b

%ig> Tints Oppr 045 Obar Odspg and o7 are variances of signal shot noise,
interferer shot noise, accumulated amplified background noise over multiple relays,
accumulated amplified ASE noise over multiple relays, background noise at the desti-
nation, ASE noise resulted from the amplifier at the RN received at the destination,
and receiver thermal noise, respectively. j1o = Is;y+ Lint and p,, = I;,; are respectively
the mean values of signal currents in 0 and u slots, in which I;, and I;,,; are the signal
and interferer currents.

Since the atmospheric turbulence in the (N + 1)-th hop is treated similarly in
the downstream direction and independently in the upstream direction for the signal

and interferer, the calculation of signal and interferer currents as well as receiver noise

variances is derived differently.
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6.4.1. Downstream Analysis

For the downstream transmission, Iy, and I;,, can be expressed as

]sig . ‘%Ptvsig (Hz]\il Gih%?) h§V+lh7V+1mede (6 15)

It | [RPrior (T, Gibh2) By i Lono Las L.
where R is the responsivity of the PIN photodiode, G; is the optical amplifier fixed-
gain at the i-th relay (assuming that G; = -+ = G; = --- = Gx). In (6.14), the

variances of receiver noises can be expressed as

N

02y =2qR P51 (HG ht h“) Wy h% i lmalanBe, (6.16)
=1
N

02 =2qRP, s (HG h. h“) s 0 iLmaldelaz, xTBe, (6.17)
=1

N N
ot =2¢RP, (Z | (R +1> La.B., (6.18)

=1 7

N N
UiSE,r: 2(]%(2 H Gkhihzhé\fﬂh?wlpjl) LaoBe, (6.19)
=1 k=i+1
Thspa= 2qRPA T Wiy W1 Law Be, (6.20)
a; 4 =2qRP, B, (6.21)
kT
07 = RBL B, (6.22)

where ¢ is the electron charge; kg is the Boltzmann’s constant; T' is the absolute
temperature; Ry, is the load resistance; B, is the effective noise bandwidth defined as
B, =1 = % P is the average power of ASE noise at the i-th relay, assuming
that P} =---= Pi=--- = P}.

6.4.2. Upstream Analysis

By substituting Aly i1 sighf 1,60 a0 A inihk g1 ne 0T Py 1Py from (6.15)

to (6.17), we respectively obtain Iy, Iin:, and o? for the upstream transmission.

s1g)? znt

To obtain 0% gp 4, iy 7% in (6.20) is replaced by hy = hih{ because this ASE noise
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experiences turbulence from the first hop when considering the direction from ONUs
to the OLT. For 0} ,, 0555, 044, and o7, the calculation is the same as in (6.18),

(6.19), (6.21), and (6.22), respectively.

6.5. Numerical Results

In this section, we numerically investigate the BER of the proposed system
under the assumption of a single interferer for both downstream and upstream trans-
missions. The derivation of closed-form expression for BER is relatively complex when
all noises (including signal dependent ones) and interference are considered. In some
special cases, when noise is assumed as signal independent Gaussian, the closed-form
expression for BER can be derived [134], [166]. In this study, we base on exact-form
upper bound expressions shown in (6.11) and (6.12) to investigate the BER for both
cases of the upstream and the downstream. M-C simulations are also performed to
validate the tight upper bound analysis.

It is noted that, for a fair comparison, the performance of the proposed system is
examined under a constraint on the average power per information bit; that means,
the average transmitted power of the PPM symbol, P, ;, can be given by P, s, =
(M logy, M) P, with Py is the average transmitted power per information bit. The
required P, here is considered for achieving the BER of 107% so that the operational
performance (when BER = 107°) can be achieved when forward error correction
(FEC) is applied. For the downstream transmission, the signal and interferer are
assumed to have the same launch average power (P 5y = P;ine) and distance to RN.
On the contrary, in the upstream transmission, we also assume F; 4, = P, ;n¢ but the
distances to RN from the signal and interferer are separately examined. The system

parameters and constants used in the analysis are shown in Table 6.1.

6.5.1. Downstream Transmission

First, Fig. 6.4(a) and Fig. 6.4(b) show BER versus P; for the downstream trans-

mission in cases of OOK and 4-PPM with different numbers of relays /N within a fixed
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Table 6.1: System Parameters and Constants.

Name Symbol Value
Boltzmann’s constant  kp 1.38 x10~* W/K/Hz
Planck’s constant hp 6.626 x10734
Electron charge q 1.6 x1071 C
Optical bandwidth By 125 GHz
Load resistor Ry, 50 €
Receiver temperature 7T’ 300 K

PD responsivity R 1 A/W

ASE parameter Nsp )
Attenuation coefficient 0.1 dB/km
Receiver radius a 10 cm
Divergence angle 0 1 mrad
Background power P, -40 dBm
Wavelength A 1550 nm
Mux loss Loa -3.5 dB
Demux loss L. -3.5dB

— Theoretical analysis
® M-C Simulation

Bit Error Rate
Bit Error Rate

Figure 6.4: Downstream transmission: BER versus the average transmitted power per
information bit Py, with R, = 1 Gbps, Ly, xr =-30dB, L = 4 km, and C? =5 x 107"
for different numbers of relays IV in systems using OOK (a) and 4-PPM (b).

distance of 4 km. It is confirmed that the system performance could be significantly
improved by increasing N. In Fig. 6.4(a) for systems using OOK, when N increases
from 1 to 2 relays, 2 to 3 relays, and 3 to 4 relays, the performance improvements are
7 dB, 4 dB, and 2.5 dB, respectively. The decrease of the performance improvements
is due to the accumulation of amplified background and ASE noises over multiple re-

lays. On the other hand, in Fig. 6.4(b) for systems using 4-PPM, it is observed that
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Figure 6.5: Downstream transmission: BER versus the average transmitted power per
information bit Ps, with 4-PPM, R, = 1 Gbps, L4, x7 = -30 dB, and L = 4 km, for
different turbulence strengths C2.
PPM-based systems outperform OOK-based ones. Compared to OOK-based systems
with the cases of N = 1 and N = 2, PPM-based systems attain the performance
improvements of 4 dB and 3 dB, respectively. Therefore, PPM combined with OAF
relaying is a good solution to improve the system performance, avoiding the adaptive
threshold required in optimum-performing OOK-modulated FSO systems.

Next, Fig. 6.5 illustrates BER of the proposed system using 4-PPM versus
P; for the downstream transmission with various turbulence strengths. Within the
total distance of 4 km, the BER performance is constantly deteriorated when the
turbulence becomes stronger (i.e., higher C?). With only one relay, the required
P, to attain BER of 1075 are 10.5 dBm, 7.5 dBm, and 4.5 dBm corresponding to
C? of 1071, 7.5 x 10715, and 5 x 107!, With two relays, the BER performance is
significantly improved. More specifically, compared to the case when N = 1, the
performance improvements when N = 2 are 8 dB, 7 dB, and 6 dB for C? of 107,
7.5 x 1071 and 5 x 1071, respectively.

In Fig. 6.6, we investigate BER versus the total transmission distance for dif-
ferent numbers of relays (Fig. 6.6(a)) and orders of PPM scheme (Fig. 6.6(b)). In
Fig. 6.6(a), the total transmission distance L could be further increased by increasing

N. For instance, using 4-PPM, the maximum distances (calculated at BER = 107°)

achieved with N =1, N =3, N =5, and N =7 are 3 km, 5 km, 6.5 km, and 7.6
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Figure 6.6: Downstream transmission: BER versus the transmission distance L, P; = 0
dBm, Ry =1 Gbps, L4, xr = -30 dB, and C? = 5 x 10~'° for different numbers of relays
(a) and orders of PPM modulation (b).

km, respectively. It is also noticed that the distance improvements decrease with the
increase of N due to background and ASE noises accumulation, for example, the dis-
tance improvements are 2 km, 1.5 km, and 1.1 km, when N is increased from 1 to 3,
3 to 5, and 5 to 7, respectively. However, it is not always economically or technically
feasible to deploy additional relays. Therefore, another choice to improve the trans-
mission distance is to increase the modulation order M of PPM scheme. Fig. 6.6(b)
shows BER versus L by fixing N = 3 and increasing M to investigate the achievable
performance improvement of M-PPM. The distances achieved by employing M = 4,
M =8, M =16, and M = 32 are 5 km, 6.1 km, 6.9 km, and 7.5 km, respectively. The
distance improvements tend to decrease when higher orders M are employed. This is
because the pulses are shortened with high values of M, which are more affected by
the pulse broadening due to atmospheric turbulence.

Fig. 6.7 depicts BER versus the transmission bit rate R, in Gbps with P, =0
dBm and L = 4 km for different PPM modulation orders M in cases of N =1 (Fig.
6.7(a)) and N = 2 (Fig. 6.7(b)). It is seen that higher transmission rates are achieved
by increasing M. More specifically, in Fig. 6.7(a), at BER = 107% we can achieve
Ry, = 2 Gbps with 16-PPM and N = 1. On the other hand in Fig. 6.7(b), much

higher R, is reached by adding one more relay (i.e., N = 2). For example, R, = 6.5
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Figure 6.7: Downstream transmission: BER versus the transmission rate R,, P, = 0
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Figure 6.8: Upstream transmission: BER versus the average transmitted power per
information bit Py, with L4, x7 = -30 dB (a) and Ly, xr = -15dB (b); C2 =5 x 1071,

Gbps can be achieved with 8-PPM at BER = 107%, which means 4.5 Gbps higher

than the case of one relay with 16-PPM.

6.5.2. Upstream Transmission

For the upstream transmission, in the (N + 1)-th hop, the distances from the
desired user (signal) and unwanted user (interferer) to the RN are respectively denoted

as dyy1,sig and dyy1ine. Fig. 6.8 shows the impact of interchannel crosstalk on the
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upstream transmission by evaluating BER versus P; within the transmission distance
of 4 km with N =1 (i.e., do 4y = 2000 m), for different FSO link lengths from the
interferer to the RN dy;,r in two cases, using good demux (Lg, xr = —30 dB) and
poor demux (Lg, x7 = —15 dB) devices. If a good demux device is used (Fig. 6.8(a)),
at BER = 1079, the effect of crosstalk is negligible as P, stays the same in both cases
of dyint = dasig = 2000 m and dy;y = 200 m. When the interferer is very close to
the RN, i.e., dgin = 20 m, the impact of crosstalk is still very small as P increases
only about 0.2 dB compared to the case when ds;,; = 2000 m and dg;,y = 200 m.
In Fig. 6.8(b), with a poor demux device, the effect of crosstalk is also fragile when
dy int decreases from 2000 m to 200 m as the required P, increases only about 0.1
dB. However, when the interferer is closer to the RN, e.g., da i, = 20 m, P increases
nearly 7 dB to achieve BER = 107%, compared to the case of d2int = 2000 m. This
is due to the meagre performance of the demux together with the severe effect of
turbulence-accentuated interchannel crosstalk.

Finally, Fig. 6.9 shows BER versus P; for different N (Fig. 6.9(a)) and M (Fig.
6.9(b)) in the case of using poor demux devices and the interferer is very close to the
RN (i.e., dni1int = 20 m). To deal with the severe effect of turbulence-accentuated
interchannel crosstalk, one can either increase the number of relays or the modula-
tion order of PPM scheme. In Fig. 6.9(a) with 4-PPM, the system performance is
considerably improved when more relays are added. Illustratively, the performance
improvements when employing 2, 3, and 4 relays are 11 dB, 16 dB, and 18 dB com-
pared to the case when N = 1. On the other hand, Fig. 6.9(b) shows the performance
improvement by increasing M when only one relay is employed. It is observed that
the performance gains are 3 dB, 2 dB, and 1 dB when M increases from 4 to 8, 8 to
16, and 16 to 32, respectively. The decrease of the performance gains is due to the
pulse broadening effect which becomes more severe when M increases. The efficiency
of M-PPM comes at the expense of large spectrum occupancy and additional syn-
chronization difficulty with large-alphabet PPM. Thus, by suitably choosing M-PPM

and number of relays N in practical deployment scenarios, the system performance
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Figure 6.9: Upstream transmission: BER versus the average transmitted power per
information bit P, with different numbers of relays N (a) and different PPM modulation
orders M (b); Lz xr = -15dB, dyi1ine =20 m, C2 =5 x 107, L =4 km.

could be significantly enhanced.

6.6. Conclusions

This paper presented a new concept of full-optical access network that em-
ployed OAF relaying FSO systems incorporated with WDM. The novel model took
advantage of both all-optical relaying FSO transmission and WDM technique, and
it could be easily integrated with fiber optics in metro networks to form a low-cost,
reliable, flexible, and high-speed optical network. The numerical results showed that
atmospheric turbulence and accumulated background and ASE noises had a severe
impact on the performance of the proposed system. Nevertheless, thanks to OAF
technique combined with M-PPM modulation, the required Py could be significantly
reduced and the transmission distance was increased. The required P; correspond-
ing to specific values of BER, transmission distance, and turbulence strength were
also quantitatively discussed. Finally, the negative effect of turbulence-accentuated

interchannel crosstalk in the upstream transmission was thoroughly evaluated.
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Generalized Selection Combining

in FSO Systems

7.1. Introduction

Free-space optical (FSO) communication refers to the transmission of modu-
lated optical beam over the atmosphere, which provides a connectivity with cost-
effectiveness, quick deployment, high data rates, and license-free [71]. The main
physical impairment over FSO links is atmospheric turbulence-induced fading. To
mitigate fading effects, previous studies investigated diversity reception for FSO sys-
tems. Several techniques to combine signals at the receiver were studied, including
maximum ratio combining (MRC), equal gain combining (EGC), and selection com-
bining (SC) [187], [188]. MRC/EGC provides superior performance, however, it is
practically undesirable that the complexities of MRC/EGC are dependent on the
number of available branches, which may vary with location and time [189]. In con-
trast, SC only selects the branch with the strongest instantaneous signal-to-noise ratio
(SNR), thus relaxing complexities at the cost of the poorest performance.

For a compromise between MRC/EGC and SC in terms of performance and
complexities, generalized selection combining (GSC) scheme combines a subset of M

strongest branches with largest SNR values out of L available branches. As M is
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decided a priori, the GSC(M,L) scheme has a fixed processing complexity. GSC
receiver was extensively investigated in radio frequency (RF) systems [190], [191].
However, the current literature on FSO systems with GSC diversity reception is
sparse, mostly due to the difficulty in finding analytical solutions for statistics of
GSC output SNR. Threshold-GSC (T-GSC), originally appeared in [190], has been
recently introduced for mobile FSO systems [192]. T-GSC slightly differs from GSC
in the sense that it combines branches with SNR values larger than a predetermined
performance threshold. Nevertheless, the performance analysis in [192] was based on
numerical integration, which did not provide a closed-form solution for the output
SNR of the T-GSC combiner.

To the best of authors” knowledge, a unified approach and an analytical solution
for the GSC scheme in diversity reception FSO systems are currently not available
in the literature. For a unified approach in performance analysis, it is necessary to
obtain the moment generating function (MGF) of the GSC(M,L) output SNR. The
MGF has played a crucial role in communication theory, as it enables for a simple
characterization of the performance metrics of interest in closed-form [193]. In this

paper, our contributions are highlighted as follows.

e We concisely derive a novel closed-form expression for the MGF of the GSC(M, L)
output SNR, where the channel statistics in diversity branches are independent
and identically distributed (i.i.d.). As the distances of branches are basically
the same in FSO systems, the i.i.d. condition can be practically achieved when
the separation between receive apertures is longer than the intensity coherence

length, which is about 10-20 ¢cm, depending on the link conditions [194].

e We offer a closed-form solution for the complementary incomplete MGF (IMGF)
of SNR of a single FSO diversity branch, which is necessary to obtain the MGF
of GSC(M,L) output SNR. IMGF is very useful for various scenarios of interest
in communication theory; however, the closed-form expressions of the IMGF are
largely unknown for fading distributions and only derived recently in [193], yet

for particular applications in RF communications. Our study therefore provides
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a complement for [193].

e Our results serve as a unified approach for analyzing GSC performance in FSO
systems, since FSO channels are modeled by a mixture-Gamma (MG) distri-
bution, which was lately proposed as an efficient model to capture statisti-
cal properties of the atmospheric turbulence-induced fading. MG distribution
is used as a tractable approximation of verified turbulence distributions (e.g.,

Gamma-Gamma and Malaga) [195]- [198].

e Based on the newly derived MGF, the outage probability of FSO systems with
GSC(M,L) scheme is analyzed and confirmed by Monte-Carlo (M-C) simula-
tion. The receiver performs coherent detection and is assumed to have knowl-
edge of each branch signal. The GSC(M,L) outage performance is further

compared with other conventional schemes, including MRC, EGC, and SC.

7.2. System and Channel Models

7.2.1. System Model

GSC Receiver
71
D—) ’7(1) o
Transmitter 2 y Ggsc = Z Yk
> (2) (k)

GSC(M,L) k=1

V()

E’YL
vy =@ = = van)

Atmospheric turbulence
channel

Figure 7.1: SIMO FSO System Model with GSC(M,L) Scheme.

We consider a coherent single-input multiple-output (SIMO) FSO system equipped
with a single transmit aperture and L receive apertures, as illustrated in Fig. 7.1.
The transmitter contains a laser source that transmits data modulated onto an opti-
cal beam to the L-aperture receiver. The optical beamwidth is assumed to be wide

enough to cover the entire L apertures at the receiver. The received signal from L
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receive apertures, denoted as y, is then given by y = nlz + n, where I = [I1, ..., ] L]T
denotes the turbulence-induced fading channel vector, = is the binary transmitted
intensity signal, 7 is the effective photo-current conversion ratio of the receiver, and
n = [n,...,n;)" is the additive white Gaussian noise (AWGN) with variance ¢2. In
coherent FSO systems, v = @D and vy =

2
On

(nl)

oz are the instantaneous electrical SNR
and the average electrical SNR of a single diversity branch, respectively [196].

At the receiver, the GSC scheme aims to mitigate the degrading effects of deep
fades on the received signal by applying an optimal linear combining rule to a subset
of M highest-SNR diversity branches out of L available branches [191]. For a GSC(M,
L) receiver, (M < L), in Fig. 7.1, it is defined that the SNR vector from L available
receiving channels can be expressed as v = [Yiys Yings s Yings - Vg5 Where Yo,
is the instantaneous SNR of the my-th diversity branch, with my € (1,2,...,L) for
1 <k < L, and (mq,ma,...,my) is a permutation of (1,2,...,L). All elements in
~ are then arranged in the descending order as ¥ = [y1), V(2), ...,Py(L)]T such that
Yy = V@) = - = V). As aresult, the output SNR at the GSC(M, L) combiner is

given as

M
Yasc = ZV(/@‘ (7.1)
k=1

7.2.2. Channel Model

In this section, we utilize an MG distribution to model the SNR of a single
channel reception in GSC coherent FSO systems. The MG distribution serves as an
effective model, which consists of a convex linear combination of Gamma distributions,
to accurately approach well-known atmospheric turbulence-induced fading models,
e.g., Gamma-Gamma and Malaga models [195], [196]. Following the same approach
as in [195], we derive expressions of the probability density function (PDF) f, (v)

and cumulative distribution function (CDF) F, () for a single channel reception,
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respectively as

N
By =S et led, (7.2)
=1
~ N
E,(y) = / £ dt =S e (b €), (7.3)
=1

where a;, b;, and &; are the parameters of an MG distribution, N is the number of mix-
ture components, and v (-, -) is the lower incomplete Gamma function [116, (8.350.1)].
[lustratively, to model a Gamma-Gamma fading channel, these parameters in coher-

ent FSO systems are expressed as

0;
Zé\le QjI‘ (bj> fj_bj 7
afs (aB)” wt; @

A 97, - ‘ — ) .
§=15 F(@)T ()7 (7-4)

a; =

[ a,

where I'(+) denotes the Gamma function [116, (8.310.1)]. a and 3 are the effective
numbers of small-scale and large-scale fading parameters, respectively. They are given

as

0.4902 !
a= {exp ( 11;/5 ) - 1] (7.5)
(1+1.11032/%)7/6
0.5102 !
8= [exp < 03/5 > _ 1} , (7.6)
(14 0.69077°)5/6

where ¢% is the Rytov variance which is defined as
o\ 7/6
0% 2123 (;) C24M/s, (7.7)

with ) is the wavelength, d is the transmission distance, C? stands for the altitude-
dependent index of the refractive structure parameter and varies from 10717 m=2/3

to 1073 m~2/3 [199]. w; denotes the weight factors that ensures 3.~ w; = 1 and
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Figure 7.2: Plots for PDFs (a) and CDFs (b), respectively in (7.2) and (7.3), under
weak (C? = 6 x 1071%), moderate (C? = 10~!*), and strong (C? = 4 x 10~ ') turbulence
conditions.

t; are abscissas of the Laguerre polynomials [200, Table 25.9]. Particularly, Fig. 7.2
further verifies the approximated PDF and CDF in (7.2) and (7.3) with simulated
Gamma-Gamma distributions, under the impact of various atmospheric turbulence
conditions. It is seen that a small number of mixture components N = 10 yields
accurate approximation of the Gamma-Gamma distribution over a wide range of

atmospheric turbulence conditions.

7.3. GSC Output Statistics and Outage Probabil-
ity
7.3.1. MGPF of GSC Output SNR

When M highest SNR diversity branches are selected out of L available i.i.d.
diversity branches, the moment generating function (MGF) of ygsc = 224:1 Y(k) can

be transformed into a univariate integral, given as

baedo bt () [T B e @
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where ( ) denotes the binomial coefficient, ¢, (s, ) = f et f., (t) dt defines a comple-
mentary incomplete MGF for the instantaneous SNR of a single diversity branch [191].
With the help of (7.2) and [116, (3.381.3)], ¢,(s,7) can be expressed as

Mz

CL, 5+ 52 ( 2 (S + gz) ’7) ) (79)

=1

where I' (-, -) denotes the upper incomplete Gamma function [116, (8.350.2)].
Theorem 1
The MGF of GSC(M, L) output SNR can be given in a closed-form expression

as

q)'ycsc < )Z HAznlgil/F

S®  in,l

X F'a <y;01, ey Oy e O3 Py ooy Py woos Pt

LI SO (7.10)

[pk>0,1/>0,277€<6},

—_~—

where i;,, Hi,n,l’ A;{’n’l,s, v, 0k, pr, and 7, are defined in Appendix A. Fy4(+;+;+) de-

notes the Appell hypergeometric function defined as [116, (9.19)].

Proof. The proof is provided in Appendix A. n

7.3.2. CDF of GSC(M, L) Output SNR

Lemma 1
Let F 4. (7) denote the CDF of the GSC output SNR and be given in a closed-

form expression as

Foool) = ( )ZHA B L i 4 1), (7.11)

S®  in,l
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where Bfn is defined in Appendix B. It is noted that the Kummer confluent hyper-

geometric function @ (+;+;-) has a second notation as 1 F; (+;-;+) [116, (9.210.1)].

Proof. The proof is provided in Appendix B. Il

7.3.3. Outage Probability

At a given transmission rate Ry, the outage probability can be defined as P,,; =
Pr(C(y) < Ryp), where C(7) is the instantaneous capacity of the channel, and ~ is the
instantaneous SNR. Since C(+) is a monotonically increasing function with respect to
7, the outage probability can be obtained as P,,; = Pr(y < ), where vy, = C™1(Ry)
is the predetermined threshold SNR required to support the data rate R;. In practice,
i1, 18 chosen based on modulation scheme and targeted spectral efficiency. The outage
probability of the GSC coherent FSO system is defined as the probability that the
GSC output instantaneous SNR 7gse falls below the threshold 4. Thus, from

Lemma 1, the outage probability of GSC coherent FSO systems can be expressed as

Pout - IF’)/GSC (,Yth)‘

7.4. Numerical Results

In this section, we investigate the outage performance of GSC coherent FSO
systems under the effect of different turbulence conditions, which is verified by M-
C simulation. The main parameters are set as A = 1550 nm, N = 10, L = 5,
v = 0 dB, truncation values T3 = Ty = 30. From a theoretical viewpoint, GSC(1,L)
and GSC(L,L) are simply the classical SC and MRC (coherent detection) receivers,
respectively [191]. For a comparison, simulated EGC outage performance is also
plotted.

Firstly, Fig. 7.3 depicts the outage probability for GSC(M,5) as a function of
the normalized average SNR per branch defined as (7/v). From Fig. 7.3, it is useful
that the mean SNR per branch to satisfy an outage requirement can be determined

for GSC(M,5) coherent FSO systems. In addition, increasing the number of selected
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Figure 7.3: Outage probability versus the normalized average SNR per branch for
GSC(M,5) under weak turbulence (a), and strong turbulence (b).
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Figure 7.4: Outage probability versus the transmission distance d (km) for GSC(A/,5)
with C2 = 1074,

branches M yields a better GSC performance. Although MRC (i.e., GSC(5,5)) pro-
vides the best outage performance, it brings little additional improvements when
applying to low-SNR diversity branches under strong turbulence, while entailing ex-
tra hardware complexity. On the other hand, GSC excludes the low-SNR branches,
thus relaxing complexities while achieving the performance close to that of MRC, and
similar to that of EGC at GSC(4,5) (Fig. 7.3(b)). Finally, Fig. 7.4 shows P,,; versus
d, which reveals the maximum transmission distance achieved by GSC(M,5) with
targeted P,,, = 107%. This serves as a practical reference for engineering designs. It

is also observed that EGC performs better than GSC(4,5) when communicating over
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short distance (e.g., d < 2 km). Over long distance (e.g., d > 2 km), as turbulence
becomes stronger, GSC(4,5) outperforms EGC by excluding the lowest SNR diversity

branch that affects the outage performance.

7.5. Conclusions

The outage performance of GSC for coherent FSO systems was analytically
studied and further verified by M-C simulation, when the received signals experience
i.i.d. atmospheric turbulence-induced fading. The key contribution was the deriva-
tion of the MGF for the GSC(M,L) output SNR, which serves as the mathematical
foundation for analyzing the system performance. Capitalizing on this novel result,
the outage probability of GSC(M,5) was evaluated and compared with conventional
schemes (i.e., MRC, EGC, and SC).
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Summary and Future Research

8.1. Summary

Current backhaul networks are mostly built with microwave links and fiber /copper-
based links, which cannot cope with the capacity, latency, reliability, energy efficiency,
and cost effectiveness required for the fifth generation (5G) of mobile networks. There-
fore, the 5G backhaul research has been triggered, aiming at bridging the gap between
the requirements stipulated by the 5G radio access network (RAN) and the realistic
backhaul capabilities, from two different perspectives. The first consists of evolving
the current backhaul (microwave, optical fiber, copper, etc.) to meet 5G expectations
and encompassing new wireless technologies such as millimeter-wave (mmWave) and
free-space optics (FSO). The other backhaul research perspective looks at adapting
the 5G RAN to the available backhaul with realistic performance, such as investigat-
ing intermediate RAN architectures between the centralized RAN and the distributed
RAN to fit the backhaul/fronthaul capabilities. In this thesis, the focus is on the chan-
nel modeling for the mixture of enabling wireless technologies including mmWave and
FSO for 5G backhaul networks.

To enable the mixture of mmWave and FSO, how to accurately capture the

channel characteristics of both mmWave and FSO under various transmission condi-

105



Chapter 8

tions for performance evaluation is very important. To do so, the following problems
need to be addressed. Firstly, the analysis with different channel models and ef-
fects induced by physical layer impairments would result in highly complex analytical
problems. Secondly, the effectiveness of different signal processing and coding tech-
niques needs to be investigated to optimize the performance of the mixed systems.
Finally, comprehensive experimental implementation should be conducted to validate
the analytical models and performance results.

To derive the analytical model for performance analysis, we strive to formu-
late mathematical models describing the effects of transmission channels and study
the statistical characterization of the end-to-end signal-to-noise ratio (SNR) of the
mixed systems. On the other hand, improvement techniques suitable for the mix-
ture of mmWave and FSO systems are proposed, including two-way communica-
tions, relaying techniques, and diversity reception with generalized selection com-
bining (GSC). Furthermore, comprehensive experiments based on real environmental
data and computer-based Monte-Carlo simulations are implemented to evaluate the
accuracy of the derived analytical model and performance results.

Against the above-mentioned background, the key contributions in this thesis
are summarized as follows.

Chapter 4 studies the performance of mixed mmWave RF/FSO systems as a
highly scalable and cost-effective solution for the 5G mobile backhaul networks, in
which the mmWave RF and FSO fading channels are respectively modeled by the
Rician and the generalized Malaga (M) distributions. The effect of pointing errors
due to the misalignments between the transmitter and the receiver in the FSO link is
also included. The key contributions in this chapter are the novel closed-form expres-
sions for the cumulative distribution function (CDF), the probability density func-
tion (PDF), and the moment generating function (MGF) of the end-to-end received
signal-to-noise ratio (SNR). Capitalizing on these new results, the outage probabiity,
the average bit error rate (ABER), and the average capacity of the mixed mmWave

RF/FSO systems could be analytically analyzed. Numerical results further validate
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the mathematical analysis by Monte-Carlo (M-C) simulations.

Chapter 5 studies the implementation of two-way transmission in an amplify-
and-forward (AF) relaying FSO system utilizing a relay with optical amplifier. The
performance of the proposed FSO system using subcarrier intensity modulation (SIM)
with intensity modulation/direct detection (IM/DD) over independent but not nec-
essarily identically distributed (i.n.i.d) Malaga (M) atmospheric turbulence channels
in presence of pointing errors is studied. The key contributions in this chapter are
the exact closed-form expressions for the moment generating function (MGF) and
cumulative distribution function (CDF) of the end-to-end signal-to-noise ratio (SNR)
obtained in terms of extended generalized bivariate Meijer’s G-functions (EGBMGF).
Capitalizing on these new results, we derive exact closed-form expressions for various
performance metrics of the considered FSO system including the outage probability,
the average bit error rate (ABER), and the ergodic achievable-rate. All analytical
results are thoroughly confirmed by M-C simulations.

In Chapter 6, the key contribution is the performance analysis of a newly pro-
posed multi-hop FSO system employing optical amplify-and-forward (OAF) relaying
technique and wavelength division multiplexing (WDM) for multiple users in areas
where installation of optical fiber is unfavorable. In WDM /FSO systems, WDM chan-
nels suffer from the interchannel crosstalk while FSO channels can be severely affected
by the atmospheric turbulence. These impairments together with the accumulation
of background and amplifying noises over multiple relays significantly degrade the
overall system performance. To deal with this problem, the use of the M-ary pulse
position modulation (M-PPM) together with the OAF relaying technique is advo-
cated as a powerful remedy to mitigate the effects of atmospheric turbulence. For
the performance analysis, we use a realistic model of Gaussian pulse propagation to
investigate major atmospheric effects, including signal turbulence and pulse broaden-
ing. We qualitatively discuss the impact of various system parameters, including the
required average transmitted powers per information bit corresponding to specific val-

ues of bit error rate (BER), transmission distance, number of relays, and turbulence
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strength. Our numerical results are also thoroughly validated by M-C simulations.
Chapter 7 investigates the outage performance of generalized selection com-
bining (GSC) receiver that combines a subset of M strongest branches in terms of
instantaneous signal-to-noise ratio (SNR) out of L available branches, i.e. GSC(M,L),
for coherent free-space optical (FSO) communication systems. The key contribution
is a closed-form solution for the moment generating function (MGF') of the GSC(M,L)
output SNR, concisely derived when the total received signal experiences independent
and identically distributed (i.i.d.) atmospheric turbulence-induced fading modeled by
a mixture-Gamma distribution. As a result, the outage probability of the GSC re-
ceiver for coherent FSO systems is obtained and comprehensively studied. Numerical
results show the crucial role of selected diversity branches under the effect of atmo-

spheric turbulence channels, which are further verified by M-C simulations.

8.2. Future Research

8.2.1. Motivations

Current terrestrial backhauling/fronthauling solutions utilizing both wired or wireless
are based on delivering the traffic of small cells to an aggregated point (i.e., central
hub), which would be ideally located at an existing macrocell tower. In [201], the
authors stated that the key challenge in designing such backhaul/fronthaul network
is how to optimize the position of the central hubs. Such a problem may not have
optimal solution since in ultra-dense small-cell networks (i.e., 40-50 small-cell base
stations/km?) some small cells are difficult to reach and line-of-sight (LOS) propa-
gation (using mmWave/FSO) is impossible. In such scenarios, RF non-LOS point-
to-multipoint solutions that rely on licensed sub-6 GHz spectrum or microwave RF
could be used at the expense of severe interference, congestion, and high deployment
cost [202]. Therefore, a novel design of vertical backhaul/fronthaul for 5G networks

was proposed in [203], utilizing unmanned aerial vehicles (UAVs) and FSO technolo-
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gies. More specifically, UAVs are equipped with steerable FSO units with optical
beam steering devices to establish wireless links with the radio access networks or

hub points on ground via highly directional FSO beams.

8.2.2. Research Directions

The vertical backhaul/fronthaul for 5G networks proposed in [203] was innova-
tive, as it introduced the UAV platform to solve the problem associated with deploying
backhauling/fronthauling small cells in dense urban areas. To reduce the deployment
cost of terrestrial FSO networks, the aggregation hub can be implemented in the
stratosphere instead of ground where it is more likely to have a LOS between the
small cells and flying UAVs. Although maintaining UAV platform everywhere may
not be practical, the UAVs could be deployed in areas where urgent needs of high
bandwidth connections are required (e.g., a football match at a stadium with 80,000
seats in Tokyo Olympic Games 2020) or in disaster areas, which provide the ability
to adjust and adapt to the changes in the network in a flexible and timely manner.
However, UAV-ground station links in a stand-alone system may not be a resilient
solution when disasters happen (e.g., an earthquake or a tsunami). The terrestrial
communications network in a large disaster area will be physically destroyed, and the
connections between UAVs and ground core networks are lost. Under this massive
damage, satellite communications are important from various perspectives, as satel-
lites are the only wireless communications infrastructure not susceptible to damage
from disasters [204].

Therefore, we propose to study a new architecture for the future 5G and beyond
networks, which consists of interconnecting satellite platform with airborne UAV plat-
form and ground-based cellular base stations via FSO links to provide all-optical Giga-
bit vertical backhaul/fronthaul links and resilient networks for emergency responses,
rescues, or relief situations, as depicted in Fig. 8.1. The objectives of our proposal
are threefold. Firstly, since the UAVs are located in a cloud-free atmospheric altitude

(e.g., 17-25 km above the ground), they are capable of providing reliable links between

109



Chapter 8

_—"l\:...
L J N - N - Satellite Platform
TR S S ST (>25 km)

)f%/ - UAV Platform

1
|
b (Tkm-25km)
1 '
l‘% o) [ ] »

X n- - S
1

1

1

1

1

~5Z. —~— -
U EY ob R
S _ . ‘
¢
‘ ¢ L ° ©
.
od o .
: ¢ D A D
1.
X O
A Romats snteana usk Backhaul network % . Central y\ Satellite
L Remote radio head (Optical Fiber) W ~ Office
¥ Mobile user e ™ UAV
= = FSQ === Optical fiber —il. mmWave RF O ::t?:;u:mde .-,,,: Macro-cell :n_k/ Micro-cell

Figure 8.1: Future research: Relaying satellite-UAV-ground station for vertical back-
haul /fronthaul in resilient 5G and beyond wireless networks.

different UAVs or between UAVs and satellites. Moreover, UAVs can act as relay sta-
tions to forward the high capacity optical data through the atmosphere to the ground,
which vertically provide feasible LOS connection in almost all coverage areas, thereby
causing less shadowing than terrestrial systems. Secondly, the satellite-to-ground link
can be split in two relaying parts: satellite-to-UAV FSO link and UAV-to-ground FSO
link. This would not only provide high capacity backhaul/fronthaul all-optical links
but also relax the satellite front-end requirement and reduce its on-board processing
time [205]. Finally, the integrated all-optical relaying satellite-UAV-ground station
systems could help reduce the damage to communications systems inflicted by strong
earthquakes in the future. With fully automatic transportable ground stations being
deployed when terrestrial infrastructures are physically destroyed, the vertical relay-
ing satellite-UAV-ground station networks can be used to provide broadcasting and
broadband services over a wide coverage of disaster areas, which is particularly useful
for recovery plans and emergency rescues. As Japan consists of several thousands of
islands, the satellite and UAV platforms could further guarantee the availability of

communications between islands in disaster areas.
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Appendices

A. A Proof of Theorem 1 in Chapter 7

From (7.9) and applying the multinomial theorem [206], [¢-(s,7)]* ! can be

rewritten as
_ M—1
6 (s, 7)) = Z (k,qﬁ w)
¢
X Ha s+&)- ( i (s+&)MN™ (A1)
M-1\ _ (M-1) . : . . . o &
where (kf’ ..... K ) = WP is the multinomial coefficient, with &7, ...,k are nonneg-

ative integer indices. With the help of [116, (8.354.5) and (8.972.1)], the upper in-

complete Gamma function in (A.1) can be expanded in terms of an infinite series

as
—nbi+15(5+8)7)

I, (s+&)7)=e ) [s+) z]bZA i : (A.2)

where A(n) = %, (-, ;) is the Kummer confluent hypergeometric function

[116, (9.210.1)]. (A.2) is valid for b; taking on non-integer values typically for fading

parameter «, and converges rapidly with a truncation 7. Plugging (A.2) into (A.1)
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A A Proof of Theorem 1 in Chapter 7

and applying the multinomial theorem, (A.1) can be rewritten as

——~—- N Ty
<b S
[64(5,7)] Z HHAm”’“ ek
1=1 n=0
gl
X [B(—n, bi+1; (s+&) 7)) (A.3)

S,f is the cardinality of the set S,‘f, which

where ) oo £ ZSf”'ZS¢"'Zs¢ ’

|s¢] " |51
denotes a set of (M —1)-tuples satisfying the condition S d):{(k‘f, o k‘f{,) |vazlkf’ =M —1},
= (5T Sp = {(Bd ) [ g b = K}, with (K7} {n2) €

Z. Aip = ;25\ (n).

thereby ’ S¢

Similarly, from (7.3) and applying the multinomial theorem, [F, (7)™ can be

expressed as

ror = (f )

Ef . 4+kG=L-M

< JLa & 1 (&)™ (A.4)

With the help of [116, (8.354.1)], the lower incomplete Gamma function in (A.4) can
. . . . bi+l . .
be expanded in terms of an infinite series as v (b;,&7) = >0y ﬁ, which is
also valid for b; taking on non-integer values typically for fading parameter «, and
converges rapidly with a truncation 75 due to the factorial term [! in the denominator.

Substituting the series expansion of v (b;, §;y) into (A.4) and applying the multinomial

theorem, (A.4) can be rewritten as

W= Z TILTAlfel st (A5)

1=11[=0
o]

where Zsr |:Zsf e Zsh ZS|F | |SF| is the cardinality of the set S§", which
sk k

denotes a set of (L—M)-tuples satisfying the condition S}’ :{(kf e KR K :L—M},
thereby [SF| = ("N SE = { (A, bh) | 0o b = KE Jwith (k) {0} €
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1)la_ th
L. Ay = (l'(bﬁ-l;) :
Substituting (7.2), (A.3) and (A.5) into (7.8), we arrive at the following expres-

sion

k,dJ

(I)VGSC(S < )Z HAznl/ EPY]‘_[(I) O-kvpkka’Y)d/% (A6>
S®  i,n,l
where ZS‘P Zz IZS| ¢|ZS | Hznl Hz IHn =0 l 07 A?nl aiAivnAivh V=
S
bi(k? + hE +1) + nhE, e = (s+£l)(k:f’ +1),{o1 = .. =04 = ... =0, =—n},
{pr=.=pp=..= Pre = i+ 1D} and {n = ... =7, = ... = T = (s+ &)}

Applying the result from [207, (C.1)], a closed-form solution for (A.6) can be derived

as in Theorem 1.

B. A Proof of Lemma 1 in Chapter 7

The Laplace transform of F. .. (7) is given as L[F,,..(7)] = %LC() [208].

From (7.10), L [F,,..(7)] can be expressed as

rancs) = 31 () TS BE 0 (B.1)

S®  i,n,l

T

4
_ k; . .
where Bfn:(k?Jrl) VE'A y;al,...,ak?;pl,...,pk?;%,..., —|. Then, taking the inverse

Laplace transform of £ [F, .. (7)] with the help of [209, (2.1.2.1)], we arrive at Lemma

YGgsc

1.
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