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Abstract

A major challenge of existing telecommunication is how to extend connectivity at
a reasonable cost to several billion users who did not have regular Internet access,
especially in rural and remote areas where the ground network cannot properly work.
In addition, with the data deluge in terms of global services and user equipment,
the number of connected devices is expected to surpass 50 billion, which poses strin-
gent burdens on the current telecommunications terrestrial infrastructure. Therefore,
developing novel connectivity solutions to fulfill such enormous demands becomes
indispensable. A recent trend for boosting terrestrial networks is by enabling con-
nectivity from space. Towards this direction, optical satellite communication has
emerged as an essential enabler for serving remote areas and enhancing the capacity
of the existing wireless systems. Satellite-based free-space optical (FSO) communica-
tions address requirements of the existing wireless networks, such as spectrum scarcity
in radio-frequency (RF) spectrum and the restricted coverage of terrestrial networks.
The FSO connectives between satellites and Earth, however, are not without chal-
lenges. Various issues come from the physical layers, such as atmospheric attenuation,
atmospheric turbulence-induced fading, weather-induced disruption, beam misalign-
ment between transmitter (satellites) and receiver (fixed-ground station, moving ve-
hicles). From this perspective, this dissertation aims to provide mitigation techniques
that help enhance the performance of satellite-based FSO communication under the
impact of weather and atmospheric conditions. In the design of satellite-based FSO
systems, cloud blockage is a critical problem since the outage of optical links can
severely deteriorate the system’s availability. Firstly, driven by the development of
pseudo-satellite, as known as a high-altitude platform (HAP), the relay transmission

technique is proposed to avoid cloud coverage thanks to the flexible and quick deploy-

Xix



ment. Besides, a mirror array constructed by re-configurable intelligent surface (RIS)
mounted on the unmanned aerial vehicle (UAV) is proposed to relay signals from
HAP to user terminals. Secondly, a well-known technique, namely hybrid FSO/RF
system, in terrestrial networks is proposed to use in satellite networks. In fact, FSO
and RF are not affected in the same way under cloud attenuation due to their wave-
length characteristics. In addition, we propose a rate adaptation design that avoids
frequently switching between FSO link and RF link in the hybrid system, leading to
improved system outage and maximizing the achievable average transmission rate.
We also provide insightful discussions that can be helpful for the practical design of
optical satellite communications. Finally, we propose a site diversity technique by
linking more than two ground stations receiving the same signal from the satellite to

improve the system performance.



Chapter 1

Introduction

1.1. An Overview of Optical Satellite Systems

Optical communication from space has developed tremendous progress over the years.
Multiple companies (Starlink-SpaceX, Lightspeed-Telesat) participate in the optical
satellite communication race aimed at establishing satellite-based free-space optical
(FSO) to provide global broadband Internet access [9,10]. For an inter-satellite link
between two Low Earth Orbit (LEO) satellites (NFIRE and TerraSar-X), the success-
ful error-free transmission can be achieved 5.6 Gbps [11,12]. For two-way transmis-
sion, i.e., ground-to-satellite (uplink) and satellite-to-ground (downlink), Starlink’s
median upload and download speed can respectively reach 13.89 Mbps and 97.23
Mbps in 2021 (quarter 1) [13]. In the project TeraByte InfraRed Delivery (TBIRD)
between NASA and MIT Lincoln Laboratory, LEO Cubesate is expected to transmit
200 Gbps in the optical downlink so that it could deliver more than 50 Terabytes
of information per day to a ground station [14]. On the other hand, optical links
are preferable to radio frequency (RF) links for space applications because of using
huge optical frequency bands to transmit high data-rate over long distances [15]. In
addition, FSO communication does not require any spectrum licensing and therefore,

is an attractive prospect for high bandwidth and capacity applications such as high-
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speed internet, video-conferencing, live streaming, etc. These enable the combination
of FSO and satellite to be a promising solution to future communication networks.
Free space optical (FSO) is a technology that uses laser beam for data transfer over
free-space channel. Due to operate in the infrared spectral range, FSO communication
systems do not require operating licenses. Currently, the optical wavelength of 850
nm and 1550 nm are widely used in commercial FSO communication since they do
not suffer much absorption from the atmosphere. A main requirement of FSO system
is line-of-sight propagation owing to the optical beam cannot travel through solid
obstacles (e.g., wall, trees). FSO systems can be classified into two types: terrestrial
and non-terrestrial (aerial platform, space, and deep-space) [16]. In terrestrial system,
FSO links can be established connection car-to-car or between two buildings [17]. In
non-terrestrial system, depending on the purpose, FSO system can be implemented
in a lot of scenarios. FSO-based satellite can directly deliver the broadband internet
to inaccessible area and remote area [18]. FSO-based aerial systems (e.g., ground-to-
HAP, HAP-to-HAP, HAP-to-UAV [19]) can quickly set up a temporary network for
crowed events or internet of vehicle scenarios. In this dissertation, we focus on the
non-terrestrial system.

Nowadays, the traffic demands increase due to the development of various emerg-
ing applications such as the Internet of Things (IoT), cloud computing, big data,
and technologies for the next generation network [20]. Besides, the various scenar-
ios require wireless access services with high data rates and reliability anywhere on
the Earth. The terrestrial network cannot satisfy the issues mentioned above. It is
obligatory to exploit the non-terrestrial network to accommodate various services and
applications above. Figure 1.1 illustrates an example of the applications of satellite
communications. Firstly, the satellite system can enable the network scalability due
to providing wide coverage. Secondly, satellite systems can guarantee the ubiquitous
services in inaccessible areas (e.g., desert, ocean, etc.) or underserved areas (e.g., rural
and remote areas), where the ground communication system is challenging to deploy

due to the expensive cost or impractical to reach. Thirdly, satellite communications
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Deep space .

Universe discovery

Figure 1.1: The applications of satellite communications.

can remarkably enhance the network reliability by offering uninterrupted connections
for the areas that the ground network cannot support. For example, satellite com-
munication systems can assist moving platforms (e.g., airplanes, high-speed trains,
autonomous cars, etc.) or mission-critical communications (e.g., universe discovery).
In addition, climate change is a current major theme of emergency communications,
therein satellite-based disaster warning systems play a crucial role in predicting the
weather and monitoring the Earth’s environment, as presented in ITU strategic plan

2020-2023 [21].

1.2. Motivations

In recent years, communications from space have emerged as a potential solution
for the provision of global vertical Internet access thanks to the advantages such
as reasonable cost and service ubiquity. Additionally, the satellite communication
race gears up, multiple companies have already declared tremendous plans to develop

optical links from space. Several impressive optical from space projects can be listed
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as SILEX (GEO-LEO link) transmits data rate of 50 Mbps with the distance of
45000 km in 2001 [22]. FALCON (VLEO-to-VLEO link) offers a high data rate of
2.5 Gbps at the altitude of 130 km in 2010 [23]. Stellar (LEO-to-LEO link) provides
a data rate of 100 Mbps with the transmission distance of 1000 km in 2020 [24]. On
the one hand, the proliferation of the new platforms has given rise to hybrid layers
which combine assets in different altitudes. One such example is the integration of
LEO satellite, high-altitude platforms (HAPs), unmanned aerial vehicles (UAVs),
and ground stations (GSs) connectivity, where the terminals can seamlessly handover
among multiple layers. On the other hand, FSO technology is a promising solution for
the development of communication-based vehicles, such as autonomous cars, ships,
high-speed trains, HAPs, UAVs, etc. As a result, the combination of satellite networks
and FSO communications is expected to be a key enabling technology for future
wireless networks.

However, optical communication from space is not without challenges. Depending on
the weather and geographical location, various environmental factors such as clouds,
atmospheric turbulence, snow, fog, haze, dust, etc., cause severe attenuation in the
optical signal. Especially, cloud coverage is one of the critical concerns of satellite-
based FSO links. Indeed, the availability of optical links can strongly deteriorate the
system performance in the presence of cloud coverage [25]. Another main challenging
issue of optical is turbulence-induced fading. The resulting atmospheric turbulence
causes random fluctuations in both the amplitude and the phase of the received
signal, i.e., channel fading [17]. As a result, the system performance is considerably
degraded, especially in long-distance transmissions of about from tens to hundreds
of kilometers from space [26]. Additionally, a significant problem comes from the
pointing error caused by the random beam misalignment between transmitter (e.g.,
satellites, HAPs, etc.) and receiver (e.g., UAVs, GSs, etc.). In order to improve the
satellite-based FSO system performance for all weather conditions, there has been a
surge of interest to address the adverse issues mentioned above. Several innovative

physical layer concepts such as site diversity, relay transmission, and hybrid FSO/RF
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systems have been explored for the design of next-generation satellite-based FSO

systems.

1.3. Original Contributions

(1) Rate adaptation /
for satellite hybrid

FSO/RF systems (2) RIS-UAV relay

- . . assisted space-air-
.= High-altitude ground integrated \

‘.“
— - FSO link)| Ay | Platform (HAP networks,
----» RF link % S = ,

N charging
S\ station

. Internation
. al networks |

7 \‘\'

. " (3) Estimation of the

e B 3 satellite-based FSO
link availability

Figure 1.2: The contributions of the dissertation.

FSO-based satellite communications support many scenarios from small-scale net-
works such as rural areas, remote areas, urban area, etc., to large-scale networks
such as a country. Therefore, to implement such system, we need to answer a big
question How to maintain reliable communications under the impact of adverse is-
sues?. Motivated from that perspective, the scope of the dissertation is ” Mitigation
techniques for the impact of weather and atmosphere in satellite FSO com-
munications”. The primary contributions of the dissertation are shown in Fig. 1.2

and summarized as follow

1. Firstly, we design the rate adaptation for HAP-aided relaying optical satel-
lite communication using a hybrid FSO/RF system. For the operation of the
adaptive transmission rate, the data rate in each link (FSO or RF) gradu-

ally adjust following the channel state fluctuation under a target bit error rate
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(BER) constraint. Besides, the optical downlink is analyzed by taking into ac-
count many challenging issues including beam spreading loss, cloud attenuation,
turbulence-induced fading, and UAV hovering misalignment-induced pointing
error. In addition, we also develop a comprehensive evaluation framework that
allows obtaining the system performance metrics, including outage probability,
average transmission rate, achievable spectrum efficiency, and average bit error

rate.

. Secondly, in the HAP-based SAGIN, the primary FSO connection from HAP to
the ground station may be blocked by clouds containing high CLWC values. In
this case, instead of using a lower-rate backup RF link, the RIS-UAV is deployed
to a position with negligible cloud coverage to diverse the FSO-based HAP-to-
ground link. Therefore, we propose a novel solution for the hybrid FSO/RF
HAP-based SAGIN under the impact of weather and atmospheric conditions.
Specifically, an additional unmanned aerial vehicle (UAV) is deployed to di-
verse the FSO link from the HAP-to-ground station to avoid cloud blockage
while maintaining a high-speed connection of the FSO link. A mirror array con-
structed by re-configurable intelligent surface (RIS), an emerging technology, is
mounted on the UAV to reflect the signals from the HAP. The channel model of
RIS-UAV takes into account both atmospheric turbulence and hovering-induced
pointing errors. Furthermore, we present a novel link switching design with a
multi-rate adaptation scheme for the proposed network under different weather
and turbulence conditions. Numerical results quantitatively confirm the effec-
tiveness of our proposal. Additionally, we provide insightful discussions that
can be helpful for the practical system design of RIS-UAV-assisted HAP-based
SAGIN using hybrid FSO/RF links.

. Finally, in the situation, clouds develop to cover a huge area, and the application
on the ground needs to meet the requirement of a high-speed connection. Hence,
the solution for a large-scale network, e.g., a country, needs to investigate. Site

diversity is one of the possible solutions to satisfy the requirement. The site

6
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diversity technique links two or more ground stations receiving the same signal:
this way, if the signal is heavily attenuated in one area, another ground sta-
tion can compensate. It is important to investigate the weather-related issues
in different regions in deciding the optical ground station that can commu-
nicate reliably with the satellite. Therefore, we provide analysis to estimate
the satellite-based FSO link availability considering the two main effects, cloud
blockage and turbulence-induced fading. Regarding the cloud attenuation dis-
tribution, we obtain the 5-year reanalysis meteorological ERA-Interm database
from the European Center for Medium-Range Weather Forecast (ECMWF) [27].
The optical link availability is estimated for several regions in Japan; then, the

site diversity techniques are applied to improve the system performance.

1.4. Dissertation Organization

Introduction

Part I * Chapter 1: Introduction

Background of Study
Part IT « Chapter 2: Background of Study

Dissertation
Organization

Improvement methods

« Chapter 3: Rate Adaptation for Satellite Hybrid FSO/RF System
* Chapter 4: RIS-UAV Relay Assisted SAGIN
« Chapter 5: Site Diversity

Conclusions

* Chapter 6: Summary and Future Research

Part IV

Figure 1.3: Dissertation structure.

The structure of the dissertation is organized as shown in Fig. 1.3. Chapter 1 intro-

duces an overview of optical satellite communications and the original contributions.
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In addition, the motivations and original contributions for the issues considered in
the dissertation, including site diversity technique, rate adaptation for satellite hybrid
FSO/RF system, RIS-UAV relay-assisted SAGIN, are also presented.

Chapter 2 provides the relevant background of the study. Firstly, the history and
the current development of FSO-based satellite communication system in Section
2.1. Then, we describe more detail of such system in Section 2.2. Next, we introduce
the adverse issues during the satellite-based FSO transmission, including atmospheric
attenuation, turbulence-induced fading, cloud attenuation, and pointing error in Sec-
tion 2.3. In Section 2.4, we introduce several mitigation techniques, including site
diversity, relay transmission, and hybrid FSO/RF system. Section 2.5 summarizes
the Chapter.

In Chapter 3, we present the proposed rate adaptation design of HAP-assisted relaying
optical satellite communication for mobile networks supported by UAV. The relay-
assisted satellite hybrid FSO/RF communication description is shown in Section 3.2.
In Section 3.3, the FSO and RF channel models are investigated. Next, Section 3.4
presents rate adaptation and analyzes the system performance concerning the average
transmission rate, achievable spectrum efficiency, outage probability, and average bit
error rate. The discussion on the numerical results is expressed in Section 3.5. Section
3.6 summarizes several critical points of this Chapter.

Chapter 4 propose to deploy an additional UAV equipped with a RIS array in the
HAP-based SAGIN to enhance the system performance under the impact of weather
conditions. The proposed system, link switching scheme, and rate adaptation design
are described in Section 4.2. Section 4.3 presents the channel models for transmission
links. Different performance metrics, including outage probability, average transmis-
sion rate, and spectral efficiency are analytically derived in Section 4.4. Simulation
results are given in Section 4.5. The summary of this Chapter is shown in Section
4.6.

Chapter 5 focuses on the site diversity technique. In particular, the network descrip-

tions is presented in Section 5.2. The performance analysis is presented in Section
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5.3. Also, numerical results are given in Section 5.4. We conclude this Chapter in

Section 5.5.

Finally, we conclude the dissertation in Chapter 6 with a summary and outlooks on

the future research directions.



Chapter 2

Background of Study

This Chapter provides a comprehensive view of the history of the development of
optical satellite communications. It covers all sub-assemblies of a laser communication
transceiver from the flight subsystem to the ground subsystem. This chapter describes
the vertical and slant path propagation links and several main challenging issues of
FSO-based satellite communications. Then, performance improvement solutions are
addressed to mitigate the impact of weather and atmosphere condition, including

diversity technique, relay transmission, rate adaptation, and hybrid FSO/RF.

2.1. Satellite Communications

Today, optical fiber technology is managing much of the ground access network and
backbone network at tens of tera-bit-per-second (Thps) collective capacity [28]. How-
ever, due to expensive costs and/or geological obstacles, optical fiber networks have
been inappropriate in inaccessible areas (disaster areas, marine areas, desert areas,
etc.) and isolated areas (rural areas, remote areas, etc.). With the mission of global
coverage, a communication network from space, where wired communication is not
applicable, is necessary [29]. A communication satellite is an artificial satellite re-
sponsible for transmitting the signal through a transponder as it creates a channel

between the transmitter and the receiver situated at different locations on Earth.

10



2.1 Satellite Communications

Telecommunications via satellites, HAP, and UAV may bridge this gap and deliver
backhaul service coverage to sparsely populated areas. In recent years, optical satellite
communication has been rapidly developed as it offers lower system size, mass, and
power consumption. Link reliability and availability aside, current communications
capacity via airborne and spaceborne platforms now constitutes only a small fraction
of those provided by optical fiber networks. However, such platforms equipped with
a multitude of Earth-observing sensors and broadband communication systems are

experiencing exponential growth in telecom data volumes

2.1.1. History of Satellite Communications

On 4 October 1957, the world’s first artificial satellite, namely Sputnik, was launched
to open the chapter for satellite communications. Since then, more than 12000 artifi-
cial satellites have been launched until May 2022, as reported by the United Nations
Office of Outer Space Affairs (UNOOSA) [30]. Among the total launched objects,
approximately 4800 satellites are currently operational in different orbits around the
Earth [31]. Over the past 60 years, satellite technology has demonstrated its use-
fulness successfully by providing various services such as communications, remote
sensing/earth observation, navigation, weather monitoring, and space exploration for
defense, civil, and commercial purposes [32]. Several important milestones can be
listed in the history of satellite communication such as telephone, television signal

from space, military missions, and Internet access from space.

o Telephone, Television signal: The first communication satellite is performed in
1962 by Telstar 1 built by Bell Labs, owned by AT&T, and launched by NASA.

The satellite relayed the signal across the Northern Hemisphere.

o Military missions: Civilians knew the first global positioning system in 1966,
thanks to the Defense Advanced Research Project Agency USA. GPS was orig-

inally reserved for use by the military.

e Internet access from space: A significant enabler of satellite-delivered Internet
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has been the opening up of the Ka-band for satellites. In December 1993,
Hughes Aircraft Co. filed with the Federal Communications Commission (FCC)
for a license to launch the first Ka-band satellite, Spaceway. Until now, a rising
number of companies, i.e., SpaceX, OneWeb, Amazon, etc., announced working
on internet access using satellite constellations in low Earth orbit. Currently,
SpaceX has over 2,300 functioning Starlink satellites in orbit, OneWeb has 648
satellites in orbit, and Kuiper-Amazon has 3236 satellites in orbit. As a result,
FSO-based satellite communication is expected to be one of the critical enabling

technologies in the future six-generation (6G) wireless networks [33].

2.1.2. Satellite Orbit Classification
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Figure 2.1: Optical satellite communications.

Satellite communications are the results of research efforts in both areas of commu-
nications and space technologies whose objective is to achieve ever-increasing ranges
and capacities with the lowest possible costs. A satellite communication system is
basically composed of a space segment, a control segment, and a ground segment [34].

The space segment consists of one or several active satellites organized into a con-
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stellation. The control segment is also known as tracking, telemetry, and command
(TTC) stations. This segment manages the traffic and resources onboard the satellite
for communication networks. The ground segment contains all the ground stations,
and user terminals with fixed or mobile platforms (e.g., high-speed trains, ships, au-
tonomous cars, etc.). Depending on the application and use cases, these stations have
different sizes, from a few centimeters to tens of meters. The fundamental aspect of
satellite links is illustrated in Fig. 2.1, which includes the inter-link (satellite-to-
satellite), uplink (ground-to-satellite), and downlink (satellite-to-ground). There are
three basic orbit configurations, which are the trajectory followed by the satellite,

including:

e Geostationary orbit (GEQO): It situates at an altitude of 35768 km from Earth’s
surface. GEO satellites match the rotation of the Earth as they travel; so they
remain above the same point on the ground. Three GEO satellites can provide
global coverage, i.e., 99% of the world population and economic activities except

for the polar region [35]. GEO satellites are used for weather data, broadcast

TV, etc.

e Medium-Earth orbit (MEO): It has an altitude range from 2000 km to 35768 km
above the Earth. Due to its lower altitude than GEO, the MEO constellation
typically needs dozens of satellites to offer continuous coverage and real-time
communications. MEO satellites are usually used for global position systems

(GPS) and other navigation applications.

e Low-Earth orbit (LEO): It has an operational altitude range from 160 km to
2000 km above the Earth’s surface. LEO satellites move relatively fast as closer
to the Earth; thus, they require a tracking system to maintain communication
between satellite and ground stations. Compared to GEO and MEO, LEO is
densely populated with thousands of satellites in operation today due to cost-

efficiency, lower latency, and less power consumption.
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2.1.3. Different Satellite Communication Systems

Since the early days of laser development, multiple space agencies in the United
States, Europe, and Japan attended to satellite communication race to develop both
terrestrial and space communication systems. Space-air-ground integrated network
(SAGIN), as the integration of satellite systems, aerial networks, and terrestrial com-
munications, has been becoming an emerging architecture and attracted intensive
research interest during the past years. As shown in Fig. 2.2, the SAGIN com-
prises three main segments: space, air, and ground. These three segments can work
independently or inter-operationally, by integrating heterogeneous networks among
the three segments, it is straightforward to build a hierarchical broadband wireless

network.

Space segment

Air segment

4 Ground segment

Nk ; \
J}f Satellite x Aircraft F Ground gateway g Wireless access point

(€}
A eNodeB 6 Small cell & Ground switch — Ground wired link

----- Intra-segment wireless link ~ = Inter-segment wireless link

Figure 2.2: An example of architecture for space-air-ground integrated network [1].
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2.1.3.1. Inter-Satellite Communications
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Figure 2.3: Experiment system configuration of optical inter-orbit communications [2].

The space segment, i.e., inter-satellite communications, is composed of satellites and
constellations as well as their corresponding terrestrial infrastructures, e.g., ground
stations and network operation control centers. These satellites and constellations
are in different orbits and with different characteristics. Depending on the altitude,
satellites can be classified into three categories: GEO, MEO, and LEO. On the other
hand, satellite networks can be categorized into narrowband and broadband according
to their channel bandwidth. Narrowband satellite networks refer to the MEO/LEO
satellite systems, which mainly provide global users with voice and low-rate data ser-
vices. A broadband satellite network can offer a high-speed data transmission rate
of up to 10 Gbps [36] and is expected to have a capacity of 1000 Gbps by the years
2020 [37] by using a wide band of frequencies that can carry a lot of data. The
experiments of optical inter-orbit communications between OICETS and ARTEMIS
were conducted collaboratively by Japan and Europe in the period from December
2005 to August 2006, and experimental results were obtained for various orbits. Fig.

2.3 shows the entire experiment system configuration of optical inter-orbit commu-
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nications, including the satellite operation and experimental data flows. Given BER
< 1075, the optical forward link (from ARTEMIS to OICETS) achieved the data rate
of 2.048 Mbps with the wavelength of 819 nm while the data rate of the return link
(from OICETS to ARTEMIS is 49.3724 Mbps with the wavelength of 847 nm.

2.1.3.2. Satellite-to-High-Altitude Platform (HAP)

Optical Beacon lasers
amplifier L

Housing

Laser driver DC-DC
electronics Pointing assembly  converters

(a) (b) (c)

Figure 2.4: (a)Stratospheric flight terminal with the periscope-type coarse pointer, (b)
stratospheric ballon during lauch preparations for CAPANINA, and (c) near-infrared pho-
tograph of flight terminal below stratospheric balloon [3].

Current research also investigates optical communication from or to the high-altitude
platform (HAP) [3,38]. HAPs are aircraft or airships situated well above the clouds
at typical heights of 17 to 25 km, where the atmospheric impact on a laser beam is
less severe than directly above ground [26]. HAPs are quasi-stationary vehicles that
operate in the stratosphere well above civil air routes, jet streams, and clouds, but
substantially below orbiting satellites. HAPs are expected to support payloads up to
2000 kg. HAP-based systems offer a number of benefits, like a reduced shadowing
from terrain, a wide service coverage area of 200-500 km diameter, rapid deployment,
easier maintenance, lower cost than with satellites, and environmental advantages by
reducing the need for terrestrial infrastructure or rocket launches, no requirement
for space-qualified components (but still some flight qualification). The study in [39]
described the European Aeronautic Defence and Space Company (EADS) Astrium-
coordinated development of an aircraft terminal in the project Liaison Optique Laser
Aeroportee (LOLA) for communication between an aircraft and the geostationary

orbit (GEO) satellite ARTEMIS. The LOLA terminal was designed to cope with the
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increased difficulty of a moving aircraft. Data were planned to be transmitted at 848
nm and with 50 Mbps to the satellite. Fig. 2.4(a) shows a sketch of the balloon
terminal with the 977 nm beacon [40]. Fig. 2.4(b) depicts the preparations for the
launch of the stratospheric balloon, and Fig. 2.4(c) shows the payload below the

balloon, as seen from the ground station’s tracking camera.

2.1.3.3. Satellite-to-Unmanned Aerial Vehicle (UAV)

%te [- E.g., small aircraft
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R - Can carry high payload
UAV | - Can fly for several hour
classification [ - E.g., quadrotor drone )
- Can hover ‘;;‘f“
Rotary-wing )< - Low speed -
- Limited energy than fixed-wing
(b)

- Less than 1-hour flight duration

@

Figure 2.5: Satellite-to-UAV communications: (a) Use cases and (b) UAV classification.

The use of flying platforms such as unmanned aerial vehicles (UAVs), popularly known
as drones, is rapidly growing [41,42]. Thanks to the popularity of LEO satellite,
the satellite-to-UAV communications have recently emerged for many applications
ranging from fixed Internet access to autonomous such as military missions, delivery
services, and even temporary mobile base stations (BS) [18,43] as shown in Fig.
2.5(a). Depending on the type, UAVs can be categorized into fixed-wing and rotary-
wing. Figure 2.5(b) provides an overview of the different types of UAVs, functions,
and capabilities. It is worthy to note that the flight time of a UAV depends on
several factors such as energy source (e.g., battery, fuel, etc.,), type, weight, speed,
and trajectory of the UAV. For satellite-to-UAV communication systems, it becomes
more crucial to understand the statistical behaviors of the satellite downlink channels
when the impact of the atmosphere and weather is severe. Especially in a particular
case of a UAV in mobility, it is necessary to take into account the impact of channel

misalignment due to the UAV hovering.
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2.1.3.4. Satellite-to-Ground Station (GS)
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Figure 2.6: Bidirectional Laser Communication Between Space and Ground Station [4].

Fig. 2.6 shows the first success in 2020 in establishing a bidirectional laser commu-
nication link between the optical ground station (GS) in Japan and a satellite in
International Space Station (ISS) in transmitting high-definition (HD) image data
via Ethernet [4]. In satellite-to-ground communication, a GS consists of several com-
ponents that allow transmission and reception to and from the satellite, amplification
of the signals, transformation, and connection to the terrestrial network. The main
part of an optical GS is the telescope that sends and receives the satellite signals.
The requirement diameter of an optical GS for communications with an LEO satel-
lite is 0.6 to >1 m [5]. Almost optical GSs are located in Japan, Europe, and the
United States [44,45]. The large telescope diameter has a beneficial impact on the
link budget for the downlink, as the receiver gain increases with the receiver diame-
ter. For the uplink, the transmitter size is limited by turbulence, especially pointing
accuracy. The beam wander cannot be minimized when transmitting and receiving
through different apertures. Hence, the divergence needs to cope with all the beam

wander movements to ensure that the uplink reaches the satellite most of the time.
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2.2. FSO in Satellite Communications

In recent years, wireless communications have witnessed an unprecedented explo-
sion. From cellular networks to satellite links, unguided telecommunications have
enabled countless new services, firmly established as a basic part of the current in-
formation society. In particular, free-space optical (FSO) communication, despite its
recent emergence, provides a number of advantages that allow the materialization of
completely-new applications such as quantum communications, as well as the promise
to revolutionize traditional applications like satellite communications. FSO technol-
ogy can be applied in a wide variety of scenarios, from crosslinks to up-and-downlinks

between satellites, aircraft, ships, and ground-standing or mobile terminals.

2.2.1. History and Current Development

The first laser communication systems were shown in space in the 1990s, it is re-
cently that the technology and economics of satellite-based FSO systems have com-
bined with the need for more bandwidth to push them into operation. Revolutions
assisted by multiple space agencies pave the way for commercial use of FSO technol-
ogy [35], which is planned to develop future communication network architectures.
Table 2.1 summarizes historic milestones in optical satellite communications technol-
ogy demonstrations and most recently operational deployments. With innovations
in laser communication optical assemblies along with advancements in optical fiber
technology that is directly applicable to laser communications, cost flight systems are
expected in the near future. The cost of the flight transceiver is driven primarily by
those required for flight qualification. Volume manufacturing of light-qualified laser
communication systems remains a challenge that will likely be facilitated through
automated integration and testing. Lower cost ground stations with a diameter of 0.6
to 1 meter are also of prime interest. Toward this goal, commercial entities are aiming
at providing ground communication station networks commercially throughout the

globe.
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Table 2.1: Optical Satellite Communication Links Successfully Performed [5].

Year| Project | Link Max. Data | Organization and Notes
Rate (Gbps)
1981 | AFTS Airplane McDonnell Douglas
1991 | TALC Plance- GTE
submarine
1992 | GOPEX | Ground to | N/A Laser beam pointing from ground
deep space to a satellite in deep space
1995 | LCE GEO- 0.001 National Institute of Informatio-
ground nand Comm. Tech. (NICT,
Japan), Jet Propulsion Labora-
tory JPL/NASA, Duplex links
1996 | RME Space relay Ball Aerospace
2001 | GeoLITE| GEO- >1 Lincoln Lab. (USA). Duplex
Ground
2001 | SILEX LEO-GEO | 0.05 European Space Agency. Duplex
2002 | ALEX GEO-Air >1 Lincoln Lab. Duplex links to Ge-
oLITE
2005 | LUCE LEO-LEO, | 0.05 JAXA (Japan), OICETS space-
LEO- craft
Ground
2006 | LOLA Air-GEO 0.05 France; Duplex links to SILEX
2008 | LCTSX | LEO-LEO, | 5.5 DLR/TESAT-Spacecom  (Ger-
LEO- many). Coherent detection
Ground
2013 | Alphasat | LEO-GEO | 1.8 European Space Agency (ESA)
2013 | LLCD Moon- 0.622 NASA /Lincoln Lab./JPL
Earth
2014 | Sentinel- | LEO-GEO | 1.8 Operational use from satellites
A
2014 | OPALS | LEO- 0.175 NASA/JPL
Earth
2014 | SOTA LEO- 0.01 NICT
Earth
2016 | EDRS-A | LEO-GEO | 1.8 ESA
2016 | OSIRISV2 LEO- 1 DLR
Earth
2017 | Sentinel- | LEO-GEO | 1.8 ESA
2
2020 | LCRD GEO- 1.244 NASA Goddard Space Flight
(plan Earth, Center
Earth-
GEO
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2.2.2. Laser Transmitter

The transmitter is often the key contributor to the transceiver’s overall power budget

and transmitter efficiency can significantly affect the design of an optical terminal.

The optical output power level that the transmitter has to provide is the product

of the receiver input power required for the specific data rate at a certain signal

quality, the channel loss, and the gains and losses of the telescopes and the optical

systems of the two terminals. In a free-space system, the transmitter has to provide

the transmit power for the entire signal path so that much higher output power levels

than in terrestrial systems may be necessary. A brief overview of transmitters for

free-space data transmission systems is provided in Table 2.2.

Table 2.2: Overview of Transmitters for Free-Space Data Transmission Systems [5].

System Coherent Non-coherent
type
Ref. [46] [46] [47] 48] [47, [49] [50]
48]
Name Terra-| EDRS| EDRS| Face- | Face- | LEO- LCRD
SarN- book | book | net
Fire
Application | LEO- | LEO- | ground-HAP- | HAP- | LEO- | ground- GEO- | GEO-
LEO | GEO | GEO | HAP | ground LEO | LEO | ground LEO
Link range | 6000 | 45000 | 39000 | 250 50 6000 | 39000 | 39000 | N/A
(km)
Modulation | BPSK| BPSK| BPSK| 16 16 N/A | DPSK| DPSK| DPSK
QAM | QAM
Wavelength | 1064 | 1064 | 1064 | 1550 | 1550 | 1064 | 1550 | 1550 | 1550
(m)
Data rate | 5.6 2.8 2.8 100 1000 | 10+ | 100 40 1.24
(Gbps)
Output 1 5 50 1 0.1 4 40x4 | 16x0.2 0.5
Power (W) x10
Operation | Tested| Active| Active| Tested| Tested| Assu- | Study | Study | Plan-
remark 1st 2nd med ned
gen. | gen.
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Figure 2.7: Basic diagram of a generic FSO system [5].

2.2.3. Photodetectors and Receiver Architectures

Figure 2.7 shows the generic block diagram of a receiver for digitally modulated data.
In its simplest form, the receiver comes without the dashed subunits. The detection
process is in general hampered by background radiation inadvertently received by the
optical antenna. Hence, an optical bandpass filter centered at the carrier wavelength A
is usually implemented to reduce the adverse effects of background radiation on signal
detection. The filter passes the optical data signal that is converted into electrical
current i(t) using a photodetector. Electrical amplification and baseband processing
is followed by sampling, decision, and forward error correction (FEC) decoding. This
type of receiver, in which the information-bearing electrical signal current is linearly
proportional to the optical signal power p(t) at the detector, is called a direct detection
receiver. One may achieve a considerable improvement in receiver sensitivity by
including a low-noise optical pre-amplifier. Alternatively, one may use a coherent
receiver in which the single-frequency radiation of a local oscillator (LO) laser is
superimposed and mixed with the optical input signal upon square-law detection.
The photodetector then generates—among other terms—an electrical signal directly
proportional to the optical fieldl of the optical input signal. The electrical signal is
centered at the frequency difference between the optical input signal and the local
laser light. Coherent receivers offer not only improved receiver sensitivity compared
to direct detection without optical pre-amplification but also the possibility to readily

detect signals that are modulated in phase or frequency.
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2.2.4. Acquisition, Tracking, and Pointing Mechanisms

Figure 2.8: Block diagram of an ATP mechanism designed for FSO communications [6].

In the case of long transmission distance, the optical beam reaching the Earth has
a size of around one terrestrial diameter. This great directivity demands a high
pointing accuracy. After the acquisition, when both terminals establish the line of
sight to each other, the procedure to keep pointing and tracking are several orders of
magnitude more complex than with RF. In RF, the pointing accuracy is in the order
of milliradians in the Ka-band, whereas a deep-space optical link would typically
require sub-micro radian accuracy. To keep a stable line of sight, it is necessary to
use some reference to the other end. This can be achieved by a laser transmitted as
a beacon from the ground terminal if the satellite is close to the earth, or celestial
references if it is in deep space. Fig. 2.8 shows the main elements in a typical near-
toEarth link. To initiate the acquisition, the beacon is transmitted with divergence
as wide as the uncertainty zone where the satellite is predicted to be according to
its orbital elements. Afterward, the space system searches for the beacon, looking at
the predicted direction of the optical GS and transmitting its downlink towards the
beacon at a different wavelength or polarization, once it has been found. Lastly, the
OGS can transmit a beam much narrower than the beacon by using the downlink
reference in a close loop. Alternatively, scanning algorithms can be implemented,

where both terminals scan angularly the counter partner.
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Figure 2.9: Field of view of a generic optical-communication system defined by its focal
length f and photodetector of size d [6].

2.2.5. Field of View

The field of view (FoV) describes the angular extent that the object plane shows in
the image plane of an optical system. FoV depends not only on the characteristics
of the optical system but also on the photodetector that captures the light of that
system. Fig. 2.9 shows the FoV 6, of a generic optical system characterized by its
equivalent focal length f and the size d of a photodetector in the image plane. Fig.
2.9 represents the convergence of two collimated beams on the equivalent focal plane
of the receiving system, describing the widest angle for a given photodetector size d
and a focal length f. The chief ray (going through the center of the optical system)
and the marginal ray (going through the edges of the aperture) describe completely
the collimated beams going through an optical system. The FoV 0p, assuming a

circular detector can be deduced by

Op,y = 2atan (%) , (2.1)

This equation shows that the FoV is proportional to the detector size and inversely
proportional to the focal length, which is determined by the chief ray. If the optical
satellite system has to operate during the day under strong sky radiance, small detec-
tor size and long focal length should be considered (which requires a better pointing

accuracy) in order to minimize the background noise.
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2.2.6. Modulation

The simplest way to modulate an optical signal consists in turning the transmitter’s
laser On-Off Keying (OOK). This is an intensity binary-level modulation that allows
using direct detection, which is the most common technique due to its simplicity:
Intensity Modulation/Direct Detection (IM/DD). These receivers convert the optical
signal directly to an electrical current by using detectors following the square law,
meaning that the electric output is proportional to the square of the amplitude of
the electric field recovering directly the original intensity-modulated signal. Pulse
Position Modulation (PPM) is a variation of OOK, with less spectral efficiency but
much more energy efficiency. It finds a good application when the spacecraft energy
resources are scarce and the losses are high, i.e. low photon flux links, such as in
deep space. Together with single-photon receivers, PPM is the optimum solution
for photon-starved channels with data rates under ~Gbps. This modulation allows
encoding more than one bit per pulse by dividing the duration of each sequence of n
bits into M = 2n slots, corresponding to m symbols. When each pulse is sent, it is
placed in one of the slots, defining the symbol to transmit.

Coherent demodulation consists in combining the received signal with a local oscilla-
tor in the optical domain so that the surface of the photodiode receives a mixture of
both signals. For a coherent detector to work properly, it is essential that the local
laser matches in frequency and phase to the received signal. When that condition is
met, this scheme improves background-noise rejection because the received signal is
amplified after mixing it with the local oscillator, resulting in a higher SNR.. Currently,
coherent detection based on analog optical phased-lock-loop is applied operationally
in inter-satellite links. The high sensitivity of this reception technology allows trans-
mission over large distances (LEO to GEO). For the satellite to ground links, adaptive
optics at the receiver are required for either achieving a high-heterodyne efficiency
when mixing the received signal with the local oscillator or for coupling into a single-
mode fiber. Both approaches have similar requirements and depend on the relation

between the receiver aperture diameter and the atmospheric coherent length, i.e. the
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Fried parameter [51].

2.2.7. Link Budget

Table 2.3: Link-budget calculation for LEO-to-ground mission [52].

Transmitted power Pr (dBm) | 15.40
Transmitting gain Gr (dB) 85.08
Transmitter loss Ly (dB) 1.97
Pointing loss Lp (dB) 5.70
Free-space loss Lg (dB) 259.06
Atmospheric loss L4 (dB) 2.66
Receiving gain G (dB) 126.14
Receiver loss Ly (dB) 7.40
Received power Pp (dBm) -50.18

The link budget is the key method to determine the overall performance of an optical

satellite system under a set of operating conditions. The link budget is given by

PR = PTGTLTLPLSLALRGR, (22)

where the received power Pk to the transmitted power Pr, the transmission and
reception gain Gr and Gg, the losses of the transmitter Ly and the receiver Lg, the
atmospheric losses L 4, the pointing losses Lp and the free-space losses Lg.

Table 2.3 shows an example of a basic link-budget calculation for the LEO-to-ground
SOTA mission carried out by NICT (Japan) [52]. The conditions of this link budget
are as follows: the telescope’s elevation is 30° for a link distance of 1,107 km between
the ~ 600 km SOTA orbit and the NICT’s OGS in Koganei (Tokyo, Japan) during
the pass on December 9th, 2015; the operating wavelength is 1549 nm; the receiver’s
aperture is 1 m; the optical signal is coupled into multi-mode optical fiber; and the
transmitter, receiver and pointing losses are based on experimental measurements. As
in the report, the received power measured in an experiment with the same conditions
as in the link budget the calculation was —51.30 dBm. Since there are many factors
affecting any link-budget calculation, a common practice is taking a few dBs as link

margin.
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2.2.8. Operating Wavelength
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Figure 2.10: Typical responsivity versus wavelength for silicon (Si), InGaAs, and germa-
nium (Ge) [6].

Operating wavelength is easy to understand and how important choice is in an FSO-
based satellite link. The shorter the wavelength, the higher the antenna gain and the
lower the free-space losses are. Hence, from the geometrical point of view, shorter
wavelengths are preferable (the same consideration is valid for increasing the trans-
mitting and/or receiving aperture in terms of improving the delivery of power due to
geometrical reasons: In the first case, the beam divergence gets reduced, and in the
second case, more signal can be gathered). However, the strength of intensity fluctua-
tions due to atmospheric turbulence increases with A~7/¢, the atmospheric attenuation
increases with A\=2, and the scattering attenuation and sky radiance increase with A2,
Therefore, if the signal must go through the atmosphere, shorter wavelengths provide
a larger scintillation with a stronger impact on the sky radiance.

Currently, there are three important regions where the FSO-based satellite system
operates. The most popular regions are around 1.064pm and especially 1.55pm if
the laser beams propagate through the atmosphere because of their better behavior.
Furthermore, there is plenty of technology available at 1.55um from optical-fiber com-
munications, the attenuation is lower and the responsivity of InGaAs photodetectors

shows a good behavior as shown in Fig. 2.10. From the eye-safety point-of-view,
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1.55um is preferred because the eye fluids absorb these wavelengths before been fo-
cused on the retina. 1.064um has been developed mainly for inter-satellite links,
where eye safety is not an issue and there is no atmosphere in the channel. This
shorter wavelength takes advantage of lower beam divergence and bigger antenna
gain while having available the NdYAG technology, especially suitable for coherent
communication. When the receiver’s noise is an issue, e.g. in quantum communica-
tions, wavelengths in the band of 800 nm—900 nm can be preferred, taking advantage
of the good responsivity of silicon photodetectors, which are less noisy than InGaAs

and germanium [6].

2.3. FSO Channel in Satellite Communications

The optical beam launched from the satellite is affected by various unpredictable
environmental factors before arriving at the receiver, which can be the ground sta-
tion, vehicle, etc. These factors are dependent on the weather and geographical
location. In this dissertation, we describe several major limitations including atmo-
spheric attenuation, atmospheric turbulence, geometric loss, misalignment loss, and

cloud attenuation.

2.3.1. Vertical Versus Horizontal FSO Channels

Operating over the free-space medium, the performance of terrestrial FSO systems is
significantly affected by atmospheric conditions and pointing error as shown in Fig.
2.11. On the one hand, it is the power loss due to absorption and scattering by
particles (e.g. water droplets, dust, and snow) in the air. This essentially limits the
coverage of the systems. On the other hand, it is the random fluctuation of transmit-
ted optical power (intensity) caused by atmospheric turbulence and pointing error.
Compared to the terrestrial scenario, FSO-based satellite links experience lower noise
and impairment [53]. However, the ultra long range of the links is a critical impair-
ment for optical satellite links. This is because the longer the transmission distance,

the higher the transmission power, size, mass, and cost. In addition, alignment of
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Figure 2.11: A different channel model comparison between vertical and horizontal FSO
links.

the transmit and receive antennas must be maintained due to the vibration and the
continuous movement of satellites/UAVs/High-speed trains/autonomous cars. More-
over, the weather effect, e.g. clouds which are usually ignored in consideration for
terrestrial networks, is a key challenging issue for FSO-based satellite communication
networks. Following sections, we discuss in more detail FSO transmission limitations

for vertical networks.

2.3.2. Atmospheric Attenuation

Optical signals from the satellite to the ground propagate through the atmosphere
composed of gas molecules and aerosol particles. These particles absorb the laser
beam energy, causing an optical power loss, and light scattering, which changes the
propagation of incident light from its initial direction. To describe a power transmis-
sion loss mechanism, the Beer-Lambert law is used as a function of the propagation

distance [54]

By = Pexp(—0(A)d), (2.3)

where P, and P, are the transmitted optical power and received optical power, re-

spectively. d is the FSO transmission distance, A is the optical wavelength. §(\)
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is the total attenuation coefficient of the atmosphere at wavelength A and it can be

expressed as [55]

I(A) = o + g + B + Ba (2.4)

where «,, is the molecular absorption coefficient (N3, Oq, Hy, HoO, CO,, O3, etc.,
please refer to the structure and the composition of the atmosphere). «, are the
absorption coefficient of the aerosols (fine solid or liquid particles) present in the
atmosphere (ice, dust, smoke, etc.). §,, is the Rayleigh scattering coefficient resulting
from the interaction of light with particles of size smaller than the wavelength. (3, is
the Mie scattering coefficient, it appears when the incident particles are of the same

order of magnitude as the wavelength of the transmitted wave [56].
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Figure 2.12: Effect of water vapour, molecular scattering, and aerosol scattering over
different optical wavelength [5].

Absorption occurs when a photon of radiation is absorbed by a gaseous molecule
(am > ag) of the atmosphere that converts the photon into kinetic energy [26].
Atmospheric absorption is wavelength-dependent, leading to having a range of wave-
lengths with minimal absorption. For that reason, most FSO systems are designed

to operate in the windows of 780 - 850 nm and 1520 - 1600 nm due to the absorption

is less than 0.2 dB/km [57]. Figure 2.12 depicts the effect of water vapour, molecular
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scattering, and aerosol scattering over the optical wavelength range of 400 nm - 2500
nm by using the MODTRAN simulation [5]. The simulation result is analyzed over a
horizontal path of 10 km at sea level. From this result, we can see that the wavelength
of the FSO system should be carefully selected in the atmospheric transmission

window, i.e., 850 nm, 1300 nm, and 1550 nm, to maintain a minimal absorption.

Incident beam Incident beam \
_— > - [
(a) Rayleigh scattering (b) Mie scattering

Figure 2.13: Scattering phenomenons: (a) Rayleigh scattering and (b) Mie scattering.

Light scattering occurs when the radiation propagates through certain air molecules
and particles. Scattering is strongly wavelength-dependent, but there is no loss of
energy like in absorption [26]. Depending on the characteristic size of the particles,
denoted as r and the wavelength, one description is given as xg = 2”77", which helps to

distinguish the light scattering as follow:

e Rayleigh scattering (xy < 1) caused by air particles that are small in comparison
with the wavelength (see Fig. 2.13a). The shorter wavelengths are scattered
much more than longer wavelengths. Fortunately, FSO systems operating in the
longer wavelength, hence, the impact of Rayleigh scattering on the transmission

signal can be neglected.

o Mie scattering (xo ~ 1) occurs for atmospheric particles about the size of the
wavelength. Unlike Rayleigh scattering, Mie scattering is concentrated in the
forward direction as shown in Fig. 2.13b. FSO system severely suffers from fog,
haze, and pollution particles which are major contributors to Mie scattering
process. For example, the optical power loss can reach 350 dB/km in very

dense fog conditions [57].

o Geometric scattering (xy > 1) is mentioned if the particle size is much larger

than the wavelength (i.e., more than about 10 times). For the Geometric scat-

31



Chapter 2

tering, rain and snow are the main scatters, and FSO transmission is relatively

unaffected [58].

2.3.3. Geometric and Misalignment Losses

Laser beam footprint
(Gaussian beam) Y

T

Receiver detector
aperture

Receiver detector
aperture

(@ (b)

Figure 2.14: (a) Without misalignment and (b) with misalignment between the center of
the optical beam footprint and receiver detector.

As the optical beam propagates through the atmosphere, a beam divergence is caused
by diffraction near the receiver aperture. Some fraction of the transmitted beam will
not be collected by the receiver and that will cause beam geometrical loss. This loss
can be calculated given the divergence angle, the link distance, and the receiver lends
aperture size. In calculating the geometric loss, an important factor is the optical
wave propagation model. For vertical FSO transmissions, a good approximations is
to consider a Gaussian profile for the beam intensity [26]. When a Gaussian beam has
a relatively large divergence, its statistical properties are close to the case of a point
source. In such a case, the approximations of plane or spherical wave can effectively
used [58].

In general, an optical source with narrow beam divergence is preferable. The narrow
beam divergence, however, causes the link to fail if there is a slight misalignment
between transmitter and receiver. Misalignment occurs in practice mostly due to

beam wander, building sway, satellite vibration, UAV hovering, or error in the track-
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ing system. An example of the misalignment loss is depicted in Fig. 2.14, in which
the cases of without and with the misalignment between the centers of optical beam
footprint and receiver detector are shown in Fig. 2.14(a) and (b), respectively. In
the situation using Gaussian beam, the misalignment further increases the geometric
loss. In the short range communications (i.e., less than one kilometer), the use of
spatially partially coherent Gaussian beams has been further proposed to mitigate
the misalignment-induced pointing error [59]. For a long distances, i.e., the optical
satellite communication, the use of automatic pointing and tracking mechanism at the

receiver becomes necessary to allow the beam well focused at the receiver detector.

2.3.4. Cloud Attenuation

Fraction of cloud cover ((0 - 1))

Figure 2.15: An example of global map of the fraction of sky covered by clouds.

Clouds are a visible aggregate of minute droplets of water or particles of ice or a mix-
ture of both floating in the air. They form mostly when moist warm air is ascending
to the sky then cooled down. The earth’s surface is 50% covered with clouds at any
given time which leads to strongly impact to the optical satellite communications.
The study of clouds and their effects was advancing [60], the need of a more com-
prehensive classification was growing. The latest, namely International Cloud Atlas,

categorized into four main types based on the altitude of the cloud’s base from the
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ground:

o [igh-level clouds: The altitude is approximately between 5 and 13 km at mid-
latitudes. In this level, clouds consist of ice crystals. Cloud types include:

Cirrus, Cirrostratus, and Cirrocumulus.

o Mid-level clouds: The height is 2 - 7 km at mid-latitudes. Clouds present with
primarily made of water droplets and ice crystals. Cloud types in this category

include: Altocumulus, Altostratus, and Nimbostratus.

o Low-level clouds: The height is less than 2 km at mid-latitudes. Clouds mainly
composed of water droplets. Cloud types include: Cumulus, Cumulonimbus,

Stratus, and Stratocumulus.

o Vertically developed clouds: Turbulent structures generated through either ther-
mal convection and usually associated with precipitation. Typical clouds type

are Cumulus (Cu) and Cumulonimbus (Cb).

In this dissertation, the focus will be on the clouds with high water content near
the ground such as stratus, Stratocumulus, Cumulus, and so on. That is because
clouds that are forming at other altitudes would consist mostly of ice particles, which
is much greater than the optical wavelength, and therefore the attenuation would
be negligible. In clouds, the size of air particles approximate optical wavelengths;
the attenuation is significant due to the Mie scattering phenomenon. Hence, cloud
attenuation is one of the major problems lies in attenuation of the laser beam. The
cloud attenuation is proportional to the wavelength and depends on the profile of
the liquid water content (i.e., the mass of liquid water present in the unit volume of
air) across the propagation path. The optical properties of the atmosphere are deeply
affected by the concentration and size. Specifically, the presence of opaque clouds may
occasionally disrupt the signal or completely block the optical signal from satellite.
These intermittent blockages can last from few seconds to several hours depending

on the geographical location and season. Clouds offers significant attenuation as high
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as tens of dB and therefore require necessary actions to combat the signal loss due to
cloud coverage.

Cloud Coverage: Understanding the distribution of cloud coverage plays an essen-
tial role in planning and designing the FSO-based satellite communication systems for
global connectivities. In fact, the cloud coverage distribution depends on the latitude,
climate, season, and environment (e.g., land or sea). Figure 2.15 illustrates a global
map of cloud coverage at a specific time. This map are drawn from the numerical
weather prediction (NWP) data produced by ECMWF [27]. Here, the fraction of
cloud cover data is depicted with spatial resolution of 0.75° x 0.75° pixel. Addition-
ally, clouds are more frequent over marine pixels due to the availability of sea water.
For example, the average total cloud coverage exceeds 0.5 in about 80% of marine

pixels and in 60% of continental pixels, respectively.

2.3.5. Atmospheric Turbulence Induced Fading

Under clear atmosphere conditions, the atmospheric attenuation can be negligible [58],
but we are faced to another adverse effect known as fading. Inhomogeneities in the
temperature and the pressure of the atmosphere, the atmospheric turbulence causes
random fluctuations in both the amplitude and the phase of the received optical
signal. Atmospheric turbulence is mainly characterized by three parameters: the
inner scales [y (order of millimeters) , the outer scales Ly (order of meters), and
the index of refraction structure parameter C2, widely known as turbulent strength.
Normally, the outer scale is approximated as Ly — oo as it has a negligible impact
on turbulence in practice [26]. On the other hand, the inner scale [y has a significant
influence on the turbulence [58]. The refraction structure parameter C? is altitude-
dependent and is larger at lower altitudes due to the more significant heat transfer
between the air and the surface [26]. Typical values for C2? vary from 10~'7 m~%/3
(weak regime) to 10713 m~%? (strong regime). Its variations depend on the location

and time that can attain four orders of magnitude in daytime and almost constant in

nighttime.
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Laser beams experience three effects under turbulence: (1) beam wander, (2) beam

spreading, and (3) beam scintillation.

e Beam wander: For the beam in the presence of large cells of turbulence com-
pared to the beam diameter, the beam can be deflected randomly through the
changing refractive index cells. Although wavelength-dependence is weak, the
longer wavelengths is less beam wander than the shorter wavelengths. In the
context of the satellite communications, beam wander is the main concern in

uplink due to the beam size smaller than the turbulence cell [26].

e Beam spreading: When the size of turbulent cell is smaller than the beam size,
the beam spreading needs to consider. In this case, the incoming laser beam
is diffracted and scattered independently, resulting in distortion of the received

wavefront.

e Beam scintillation: If the size of turbulence cell is of the order beam size, then
the eddies will act like lens that will focus and de-focus the incoming beam.
This will lead to redistribution of signal energy resulting in temporal and spatial
irradiance fluctuations of the received signal. these intensity fluctuation of the
received signal is known as scintillation. Of the three turbulence effects, FSO

systems might be most affected by scintillation.

The atmosphere with the heaviest concentration of particles extends to 20 km above
the Earth’s surface. Hence, the downlink optical beam from the satellite propagates
through the turbulence atmosphere only in the final part of the transmission path. In
this case, the turbulence-induced beam wander can be ignored since the turbulence
cell is of the order beam size. Hence, the optical power losses due to turbulence in the
downlink are likely to be dominated by the scintillation effect, which causes the signal
power fluctuation leading to the significant deterioration of system performance. To

quantify the fluctuation resulting from atmospheric turbulence, the scintillation index
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(SI) is frequently used in the literature and can be defined as

, _ E[I’
TTER

(2.5)

where [ is the intensity of the received optical wave and E[-] denotes the expected
value. Based on o7, the turbulence strength define weak, moderate, and strong cor-
respond to 07 < 1, 0? ~ 1, and o7 > [26].

While SI provides a characterization of the turbulence strength, full statistical charac-
terization has been further investigated in the literature and several statistical channel
models have been proposed for the distribution of turbulence-induced fading in FSO
system in general, in optical satellite communication in particular. The doubky-
stochastic scintillation model is the Gamma-Gamma distribution [26,61] which has
gained a wide acceptance in the current literature. In Gamma-Gamma model, the
received intensity [ is considered as the product of two independent Gamma random
variables X and Y, which represent the irradiance fluctuations arising from large-
and small-scale turbulence, respectively. The probability density function (PDF) of

atmospheric turbulence coefficient, I, can be expressed as

fi(l) = PQ Ez)ﬁ )FZB>I”¥”-1KQ_B (2 am) (2.6)

where K, s(-) is the (o — [5)-th order modified Bessel function of the second kind,
['(-) is the Gamma function. « and f represent the effective numbers of large- and

small-scale turbulence cells and can be calculated via 0% = o7 as follow

- 4 -1

0.490%
7/6
(14 111037)

a = |exp (2.7)

0.510%
5/6
(1+0.690}")

p= |exp (2.8)

where 0% is the Rytov’s variance. For the slant propagation path, the Rytov’s variance
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can be calculated in case of plane wave as

H
0% = 2.25k% [sec (C)]® / C2 (h) (h — ho)*dh (2.9)

ho
where k = 27” is the optical wave number, ( is the zenith angle, hg is the height of

the optical receiver, and H is the altitude of the optical transmitter. C2(h) is the
refractive-index structure parameter at the height, h, above the earth’s surface. The
Hufnagel Valley Boundary (HVB) is widely used to model C?(h) and can be given
by [57]

2
2 _ Vwind —57\10 _ h
C: (h) =0.0050424554 (10-"h) eXp< 1000)

h h
2.7 x 10716 —— | +B - 2.1
+2.7x10 exp( 1500) + exp< 100) (2.10)

where vying is the root-mean square of the wind speed, C2(0) is the turbulent strength

at the ground level.

2.4. Performance Improvement Techniques

The impact of weather and atmosphere causes degradation in the quality of the re-
ceived optical signal, which deteriorates the optical satellite system performance, such
as outage probability, bit error rate, average transmission rate, and achievable spec-
trum efficiency. In order to improve the reliability of the FSO system for different
atmosphere and weather conditions, various types of mitigation techniques are em-
ployed. In this section, we mainly address mitigation techniques at the physical layer

including site diversity technique, relay transmission, and hybrid FSO/RF system.

2.4.1. Relay Transmission

Relay-assisted transmission is an effective solution for counteract the effect of the
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(a) Serial relaying configuration

(b) Parallel relaying configuration

Figure 2.16: Relay transmission configuration: (a) Serial relay (b) Parallel relay [7].

weather and atmosphere. Figure 2.16 describes a relay transmission configuration
including two main types: (a) serial relay and (b) parallel relay. Notably, in serial relay
configuration, a signal from the source is consecutively transmitted to the destination
through N relay nodes. In parallel relay configuration, the source is equipped with a
multi-laser transmitter with each of the lasers pointing out to a corresponding relay
node. The receiver combines all of the signals from N relay nodes to recover the
original data. In both serial and parallel configurations, there are three techniques to
forward the signal at relay node including: amplify-and-forward, decode-and-forward,

and reflect-and-forward

o Amplify-and-forward (AF): The relay amplifies both received signal and noise

before forwarding to the destination.

e Decode-and-forward (DF): The relay decodes and regenerates the received signal

before forwarding to the destination.

o Reflect-and-forward: In this scheme, relay does not amplify or regenerate the
signal. The relay quickly forwards the received signal to the destination by

reflecting with the help of re-configurable intelligent surface (RIS).

For optical satellite communications, the main advantage of HAP are easier and

faster deployment than satellite, medium operational costs, easy maintenance, and
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environmental friendliness. HAP is proposed to act as a relay station to forward
the high-capacity optical data through the atmosphere to the ground [3,62]. Since
HAPs are located at a cloud-free altitude, they are capable of providing reliable links
between HAPs and between HAPs and satellites. In the context of satellite-to-ground
systems, HAP splits the system into two parts: (i) satellite-to-HAP link where the
attenuation is equal to optical beam spreading loss and (ii) HAP-to-ground link,
which is affected by the weather and atmospheric conditions. DF and AF are two
relaying schemes that are normally implemented at HAP [63-68].

Recently, a RIS can be mounted on a flexible UAVs, which can dynamically adapt
its deployment position [69-72]. The combination of UAV and RIS offers an at-
tractive solution for HAP-based SAGIN using hybrid FSO/RF in the presence of
cloud coverage. Besides the flexible deployment, it requires less complex additional
hardware than conventional relay nodes (i.e., using AF or DF at the UAV). RIS use
non-mechanical, fine beam-steering devices that consist of one-dimensional array of
ten of thousands of long thin electrodes to manipulate the amplitude or phase pattern
of a light beam [73]. The refractive index of liquid crystal on top of a pixel electrode
layer can be controlled to deflect the beam toward the intended direction with the

desired angle.

2.4.2. Hybrid FSO/RF
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Figure 2.17: Hybrid FSO/RF system block diagram.

The weather and atmosphere conditions severely affect the optical satellite system.

These effects can lead to link failures or poor performance. Therefore, it is wise to pair
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an FSO system with an RF system called a hybrid FSO/RF system. FSO channel and
RF channel exhibit complementary characteristics to atmosphere and weather effects.
In particular, FSO performance degrades significantly due to atmospheric turbulence
and cloud but is not sensitive to rain [74-76]. In contrast, the RF link is considerable
susceptibility to rain, but it is indifferent to turbulence and cloud. Therefore, FSO
and RF transmission systems are good candidates for joint deployment to provide
reliable high-data-rate wireless transmission solutions.

Figure 2.17 describes the hybrid FSO/RF system block diagram. There are several
practical transmission schemes for hybrid FSO/RF systems, such as single switching-
based hybrid FSO/RF transmission schemes, hybrid FSO/RF systems with adaptive

combining.

e Single switching-based hybrid FSO/RF transmission [64,77-79]: To keep the re-
ceiver implementation simple and lower power consumption at the receiver, the
transmission occurs only on one of the links at a time. In fact, the implementa-
tion is widely adopted in commercially available hybrid FSO/RF products [58].
For the purpose of transmitting high data rate, the FSO link is given a higher
priority and used for transmission whenever its link is acceptable. When the

FSO link becomes unacceptable, the system will resort to the RF link.

o Hybrid FSO/RF transmission with adaptive combining [65, 80-82]: In this
scheme, the FSO link is used as long as its link quality is acceptable. When
the FSO link’s quality becomes unacceptable, the system activates the RF link
and applies the combining scheme (i.e., maximum ratio combining (MRC) [65],
equal gain combining (EGC), selection combining (SC) [82]) on signals received
from both FSO and RF links [83]. When the quality of FSO link alone becomes

acceptable again, the RF link is deactivated to save power.

The key point of hybrid FSO/RF system is the estimation the channel conditions
at the receiver side so that the transmitter can adapt/switch relative to the current

channel state. As shown in Fig. 2.17, the channel estimator is implemented at
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the receiver to estimate the channel state information (CSI) for both FSO and RF
links. The CSI reflects the information regarding the received SNRs. In practice,
CSI is assumed to be reliable since a strong error correction code can be used in the
feedback channel [84]. Based on the available CSIs, the link selection is controlled by

link switching controller as depicted in Fig. 2.17.

2.4.3. Rate Adaptation
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Figure 2.18: An example of the rate adaptation design for FSO-based satellite system.

The aim of the rate adaptation is to maximize the data rate over the wireless channels
while satisfying a predefined quality of service (QoS), i.e., a target bit error rate
(denoted as BERg). The key idea of the rate adaptation is to estimate the channel
conditions at the receiver side and feed this channel estimate back to the transmitter
using an RF feedback channel so that the transmitter can be adapted relative to the
channel conditions. Besides, the temporal coherence times of the considered FSO link
(order of tens of milliseconds) are relatively long compared with the time slot duration,
including data transmission and feedback time (order of several milliseconds) [67].
Due to the slowly time-varying nature of fading channels, channel state information
(CSI) is still up-to-date information when arriving at the destination.

An example of rate adaptation design for an FSO-based satellite system is illus-
trated in Fig. 2.18. To support the adaptive rate in each link, for the sake of
simplicity, we employ adaptive modulation. The subcarrier M-arry quadrature am-
plitude modulation (M-QAM) scheme with a fixed symbol rate R; for m possi-
ble transmission modes of the FSO link. To facilitate the data transmission us-

ing rate adaptation, the channel is modeled by multiple states defined by a range
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of received signal-to-noise ratios (SNR). In particular, the range of received SNR
over FSO transmission is partitioned into m + 1 set of non-overlapping intervals:
{(=00,77), V1, 73); -, [74,00)} as shown in Fig. 2.18. Corresponding to each in-
tervals, the transmission mode is selected for FSO link if the instantaneous SNR

v € [ vi) with @ e {1,2,...,m} = {2QAM, 4QAM, ..., 2"QAM}.

Instantaneous SNR of FSO and RF links: y/,y"
SNR threshold of FSO link: y(fl),y(];), ...,y({m
SNR threshold of RF link: y(1), ¥(2), - ¥(i+1)
Transmission rate of FSO and RF links: R/, R”

FSO mode

Data is transmitted via only
FSO link. RF link is kept in
standby mode

}
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RF mode
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Figure 2.19: The flowchart of rate adaption for the hybrid FSO/RF system.

The operation of rate adaptation for hybrid FSO/RF system is shown in Fig. 2.19.
At the start, the instantaneous SNRs of FSO and RF links, denoted as v/ and 7",
are estimated. In addition, the SNR thresholds of the FSO and RF links, and the
transmission rate of FSO and RF links are predefined at the channel estimator. FSO
link is given priority in our study; therefore, the channel estimator firstly compares
the instantaneous SNR of the FSO link to the SNR threshold of the FSO link. If the
instantaneous SNR of the FSO link is greater than the SNR threshold of the FSO
link, the data will be transmitted via the FSO link, and the RF link will be kept
in standby mode. Next, the proposed algorithm helps to determine i-index which

directly decides the transmission rate of FSO link (or modulation order). Otherwise,
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the channel estimator checks the RF link. If the instantaneous SNR of the RF link is
greater than the SNR threshold of the RF link. The data is transmitted via the RF
link, and the FSO link is kept in standby mode. The i-index is determined similarly
with the FSO mode. In the case of both the instantaneous SNRs of the FSO and RF
links are smaller than these thresholds, the outage will be declared. In the situation
of system outage, no transmission takes places to avoid the high error rate.

In our proposed algorithm, the link switching between FSO mode and RF mode is
designed to counteract the weather effect, which strongly impacts the optical satellite
system. Hence, the decision link switching depends on the conditions of the weather-
related issue. To avoid frequent link switching, a timer is used to assist the decision-
making of link switching. When the FSO channel gets worse, the timer will be turned
on to count how long the instantancous SNR of the FSO links is below the predefined
threshold. If the time is higher than a set time, the link switching mechanism will
be executed, and the RF link will be selected. For example, on a sunny day, there is
no cloud in the sky; the atmospheric turbulence is strong due to the inhomogeneity
between temperature and pressure on the ground. The set time for the timer can be
the order of milliseconds. On a cloudy day with weak turbulence, the set time for the
timer can be the order of ten seconds due to the slowly changing cloud coverage. After
making a decision, the channel estimator sends a feedback signal (relates to select
FSO or RF link to transmit the data or system outage) to the source. Depending
on the transmission distance between the source and the destination, the feedback
time can be estimated. For example, the speed of light approximates 3 x 10® (m/s)
and the transmission distance is 500 km, then, the feedback time can be estimated

as 1.67 x 1073 s.

2.4.4. Diversity Technique

Site diversity technique is one of the techniques used to improve the link availability
of satellite communications by limiting weather effects, particularly those caused by

cloud coverage. A diversity scheme is typically required when using laser communi-
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cations from the satellite. The downlink transmissions of satellites cover very large
areas, that will have different weather. The site diversity technique consists of linking
two or more ground stations receiving the same signal: this way, if the signal is heavily
attenuated in one area, another ground station can compensate for it. For example,
cloud coverage area often have a horizontal length of no more than a few kilometers,
if we put the ground stations at a sufficient distance the possibility of cloud coverage
in the downlink signal will be reduced. Site diversity systems have been known to

minimize disruption of the optical link.

2.5. Summaries

In this chapter, we briefly described the relevant background of the study, focusing
on the issues from the physical layer. We showed the main challenging issues on the
satellite-based FSO links, including the atmospheric attenuation, atmospheric turbu-
lence, geometric and misalignment losses, and cloud attenuation. Then, we introduced
several mitigation techniques which help to improve optical satellite communications,

such as site diversity technique, relay transmission, and hybrid FSO/RF system.
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Rate Adaptation for Satellite
Hybrid FSO/RF System

This Chapter! addresses the design of hybrid free-space optical /radio frequency (FSO/RF)
systems for a high-altitude platform (HAP)-aided relaying satellite communication for
mobile networks supported by unmanned aerial vehicle (UAV). While prior work pri-
marily focused on fixed-rate design, which frequently switches between FSO and RF
lead reduced the system performance, we propose a rate adaptation design that gradu-
ally adjusts the data rate in each link when its channel state fluctuates, under a target
bit error rate (BER) constraint. The proposed design’s downlink performance is an-
alyzed, taking into account many challenging issues, including beam spreading loss,
cloud attenuation, statistical behaviors of the atmospheric turbulence in the dual-hop
channel, and pointing misalignment due to the UAV hovering. Different performance
metrics are analytically derived based on channel modelings, including outage prob-
ability, average transmission rate, and achievable spectrum efficiency. In addition,
the average system BER, which satisfies the design constraint, is also numerically

obtained. The results quantitatively confirm the effectiveness of our proposed system

IThe content of this Chapter was presented in part in
1. Thang V. Nguyen et. al., “On the Design of Rate Adaptation for Relay-Assisted Satellite
Hybrid FSO/RF Systems,” IEEE Photonics Journal, Vol. 14, No. 1, pp. 1-11, Feb. 2022.
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under the impact of UAV hovering misalignment and atmospheric-related issues like

clouds and turbulence.

3.1. Introduction

According to the International Telecommunication Union (ITU) report in 2019, half
of the world population did not have regular Internet access [85]. The main barriers
come from a lack of infrastructure and affordability. Satellite communications have
recently emerged as a complementary solution to bridge the gap by offering Internet
connectivity at a reasonable cost, and ubiquitous coverage [86]. For example, Starlink
presently offers Internet access from space with a fee of 99 USD per month (unlimited
data); download speed varies from 50 to 150 Mbps depending on the location [87].
As satellite communication is susceptible to weather-related issues (e.g., clouds, rain,
atmospheric turbulence), it is still challenging to increase the data rate and the cov-
erage area. A promising solution is to use a high-altitude platform (HAP), which is
a quasi-stationary vehicle located at a cloud-free atmospheric altitude from 17 to 25
km above the earth’s surface [3]. Thanks to unique properties, such as quick deploy-
ment, low maintenance cost, and broader coverage, the development of HAP-assisted
satellite can further improve the scalability of the 5G network and beyond [88-90].
In a HAP-assisted satellite network, a swarm of HAP can be deployed to cover a vast
area, e.g., approximately 100 km as expected by Softbank [91]. Besides, HAP can
be a stand-alone system to provide a stable connection to a remote area, temporary
link to emergencies situations, such as a natural disaster, as described in Fig. 3.1.
Furthermore, unmanned aerial vehicles (UAVs) as mobile base stations can further
enhance the Internet connectivity provision as they can flexibly adjust their positions
based on the demand on the ground. The UAV-mounted mobile base station solution
has gained significant interest in both academic, and industry [92,93]. In case of natu-
ral disaster, UAVs can promptly give warnings, rapidly assist rescue and temporarily
recover the operation of damaged communication networks [92].

In the considered network, HAP functions as a relay station between the satellite and
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Figure 3.1: HAP-assisted satellite network with UAVs.

UAVs. The system, therefore, consists of two links: (1) a satellite-to-HAP and (2)
HAP-to-UAV links. As the HAP situates in the stratosphere, which is less susceptible
to atmospheric turbulence and clouds, we employ a free-space optical (FSO) link from
satellite to HAP for a high-speed connection. In the second hop between HAP and
UAVs, the FSO link may face weather-related issues such as clouds, snow, haze,
rain, atmospheric turbulence, etc., which reduce link availability and limit the link
distance [94]. In addition, multiple UAVs can be supported by one HAP; UAVs’
locations are therefore not necessarily in the center of the optical beam. Also, UAVs
can be in mobility; the optical link outage may occur because of the combined effect
of beam misalignment and UAV hovering. Therefore, a hybrid FSO/RF system is
proposed, in which the FSO link is prioritized higher. The RF is used as a backup
link when the optical channel condition is insufficient to maintain the high data rate.
As a matter of fact, the dual-hop relay-assisted FSO and hybrid FSO/RF commu-
nications have been well studied for terrestrial networks [95-97]. In the satellite
networks, the current state-of-the-art of hybrid FSO/RF systems for relay-assisted
satellite communication focuses on fixed users [63-65,68,98]. In particular, in [63], the
authors studied the downlink satellite-HAP-ground with the assumption of gamma-

gamma turbulence channel model for FSO link and Rician distribution for RF link.
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The impact of pointing error and atmospheric attenuation was not included in the
study. The hybrid FSO/RF for uplink ground-HAP-satellite scenarios was consid-
ered in [64], in which the RF channel was also modeled by Rician distribution. The
combined channel model for the FSO link was taken into account free space loss, at-
mospheric turbulence, and beam wander induced pointing error. In both [63,64], the
single-threshold-based scheme was used to switch between RF and FSO links. The
adaptive-combining-based switching scheme was used for integrated satellite-HAP-
ground with hybrid FSO/RF system in both cases of uplink and downlink [65, 98].
The maximal-ratio-combining of FSO and RF links was implemented at the receiver
when the RF link was transmitted simultaneously with the FSO link. Nevertheless,
all previous work did not consider the case of mobile users, such as UAV-mounted
mobile base stations, which are being considered for irregular, unexpected events,
including sports events, natural disasters, and emergencies. In addition, the adaptive
rate hybrid FSO/RF system was recently applied for the downlink satellite-HAP-
ground [68]. With the help of the rate adaptation, the hybrid FSO/RF system can
avoid frequently switching between FSO link and RF link, leading to enhancing the
system performance.

In this paper, we, therefore, attempt to provide a comprehensive design and an in-
sightful evaluation of dual-hop satellite-HAP-UAV hybrid FSO/RF systems with rate

adaptation for mobile users, which can be summarized as follows:

e [irstly, we propose a multi-rate design for the integrated downlink satellite-
HAP-UAV with the help of hybrid FSO/RF systems to counteract the effect
of transmission media. As the role of the relay node, the amplified and for-
ward scheme is implemented at HAP thanks to its cost-effectiveness and simple

hardware requirements.

e Secondly, a number of performance metrics, including the end-to-end outage
probability, average transmission rate, and achievable spectrum efficiency, have
been derived considering various atmospheric-related issues. Specifically, the

Rician distribution is used to model the RF channel. The FSO channel is
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modeled by taking into account the atmospheric turbulence, which is modeled
by Gamma-Gamma distribution, cloud attenuation, beam spreading loss, and
UAV hovering misalignment. The Monte-Carlo simulation verifies the accuracy

of the theoretical model.

e [inally, from the perspective of practical design, the insightful numerical re-
sults are discussed to quantify the effect of transmission media on the dual-hop
satellite-HAP-UAV hybrid FSO/RF system. To this end, we have demonstrated

the effectiveness of the proposed system compared with the conventional ones.

The rest of this Chapter is organized as followed. The relay-assisted satellite hybrid
FSO/RF communication system description is shown in Section 3.2. In Section 3.3,
the FSO and RF channel models are investigated. Next, Section 3.4 presents rate
adaptation and analyzes the system performance concerning the average transmission
rate, achievable spectrum efficiency, outage probability, and average bit error rate.
The discussion on the numerical results is expressed in Section 4.5. Finally, the critical

points of our work are concluded in Section 4.6.

3.2. System Descriptions

Figure 3.2 describes a block diagram of dual-hop satellite-HAP-UAV with an FSO
system at first hop and hybrid FSO/RF system at the second hop. In the considered
system, the satellite is a source node. The HAP is a relay node that amplifies the
received signal from the satellite then forwards it to the destination. The UAV-
mounted base station is a destination node. At the transmitter, the data is modulated
by a quadrature amplitude modulation (QAM) modulator, and the output signal can

be expressed as
Sy (t)= Anrg (t) cos (27 f,t) — Angg (t) sin (27 f,t) (3.1)

where ¢(t) is the pulse shaping function, f, is the sub-carrier frequency, 0 < ¢ < T

with 7" is the interval time of the QAM symbol, A,; = {2n — 1 — I}izl and A,g =
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Figure 3.2: The dual-hop satellite-HAP-UAV hybrid FSO-FSO/RF systems including chal-
lenge issues (left side) and block diagram (right side).

{2n —1— Q}§:1 are the amplitude of the information signal belong to in-phase and
quadrature, respectively. Then, the electrical QAM signal is used to modulate the
intensity of optical beam to generate the SC-QAM optical signal, which can be shown

s(t) =P [1+ms,(t)], (3.2)

where P, is the transmitted power at the satellite, m is the modulation index. At the
HAP, i.e., relay node, the optical aperture collects the optical signals then forwards
them to an optical switch. Based on channel state information (CSI), the signal is
decided to transmit RF or FSO link in the next state. If the RF link is selected, the
optical signal is converted to the electrical signal by photodiode then amplify before
transmitting to the destination node. If the FSO link is chosen, the optical signal
is amplified and directly forward to the ground station. The representative of the

output signal of the relay node can be expressed as
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For RF link:
rr(t) = Grr [nhsrPyms,, () + 1nb1 + Nue hap) - (3.3)
For FSO link:
ry(t) = G [hsns(t) + moa) (3.4)

where 7 is the optical-to-electrical coefficient, hgg is the beam spreading loss at the
first hop, ny,; is the background noise, and 7 nap is the receiver noise, Gry is the
electrical amplifier gain, G is the optical amplifier gain. Based on CSI, the FSO
link will be activated if the channel quality is good. Otherwise, the RF link will be
applied if the channel condition is poor. The received signal at the ground station

can be expressed as

For RF link:
Yr(t) = hrpGrenhsr Pems, (t) + hrr Grennu1 + RREGRE e hap + Nre- (3.5)
For FSO link:
y£(t) = hrsonGrhsr Femsy(t) + nhpsoGrnnt + nne + Nirec, (3.6)

where hgrp and hpgo are the channel coefficient of the RF link and the FSO link,

1
(Pemhsgr)*+(on1)

and G& = (PtthR;é‘f' o the SNR at the destination node, denoted as v§* for

FSO-FSO link and 7¢%¢ for FSO-RF link, can be given as

T

respectively. n, and n.. are receiver noise. For convenient, G%{F = 5

For FSO—RF link:

(hgrGrenhsg Pom)?
(hRFGRFUO'bl)Q + (thFGRFO-re,hap>2 + (O_re)
_ Y172,RF ' (3.7)

7 +Y2rr +1

T —_—
Ye2e = 29
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For FSO-FSO link:

(hesonGrhsr Pom)?
(hrsonGrow:)” 4+ (nom2)” + (rec)
_ Y17Y2,FSO . (3.8)

7+ Y2rs0 + 1

7526' = 29

where v = (Pmhsn)® 5o the SNR of FSO link at the first hop. In the second hop,

(ob1)?

Vo,RF = ( (nhrr)” is the SNR of the RF link. And, y2rs0 = __(nhrso)®

hrF GRFUreJmap)2+(Ure)2 (nab2)2+(0rec)2

is the SNR of FSO link at the second hop.

3.3. Channel Modeling

The integrated satellite-HAP-UAV system considered in this Chapter contains two
hops: (1) satellite-to-HAP using FSO links, and (2) HAP-to-UAV using hybrid
FSO/RF links. This section investigates the challenging factors for each hop sep-

arately.

3.3.1. Satellite-to-HAP FSO link

Due to the relative motion between satellite and HAP, unfortunately, the Doppler
effect may affect received signals. Nevertheless, the existing receiver design for optical
satellite communication is able to deal with the Doppler frequency shift as reported
in [99,100]. Hence, the effect of Doppler can be negligible in our work. On the
other hand, the impact of clouds and atmospheric turbulence on laser beam can be
ignore since HAP situates at cloud-free altitude (i.e., 17-25 km) as described above.
Besides, an optical Gaussian beam is diverged by some amount over the path from the
satellite to HAP. The divergence loss is computed as the ratio between the fraction
of collected power of HAP’s aperture and the area of beam footprint. For a single

beam, the divergence loss can be approximately calculated as

2 2
Lyeo ~ Apexp <—%> , (3.9)

wdeq

53



Chapter 3

where wg,, = wﬁ% is the equivalent beam waist, in which wg = wpy /1 + ¢ (fr—zlg) ’
is the beam waist at the distance d;, which is given by dy = (Hs; — H))/cos(&;) in
which H; is the altitude of the satellite, H, is the height of the HAP, and &; is the
zenith angle of the satellite, wg = (2))/(76;) is the beam waist at d; = 0 with 6, is the
divergence angle of the satellite, ¢ = (1 + 2%), and pg (d1) = (O.55C’Zk3,d1)_3/5 is
the coherence length [101]. In this study, we assume that active tracking between the
satellite and the HAP is perfect, then the detector of HAP is located at the center
of beam footprint (i.e., p = 0). Hence, Ay = [erf(v)]? corresponds to the fraction of

the collected power at p = 0 with v = 5;@ is the ratio between aperture radius and

beam-width, in which a is the radius of detector.

3.3.2. HAP-to-UAV hybrid FSO/RF link

3.3.2.1. RF channel

The Rician distribution is used to model the RF channel due to line-of-sight (LOS)
transmission between HAP and UAV. The channel coefficient of the RF link can be
given as hgrr = g1h,, where g; and h, denote the average power gain and fading gain

of the RF link, respectively. The power gain of the RF link can be expressed as

91(dB) = Gr+Ggr—Lp—La— L, (3.10)

where G and G are the transmit and receive antenna gains, respectively. L4 denotes

Amds
fr

HAP to UAV, in which f, is the frequency for RF link, and dy = (H, — H,)/cos(§,)

the gaseous atmosphere loss [64]. Lr = 20log,, ( ) is the free space loss from the

is the transmission distance from HAP to UAV with HAP’s zenith angle of §,, and
H, is the altitude of UAVs.
Cloud effects: As introduced by ITU-P840 [102], the cloud attenuation model is based

on Rayleigh scattering suitable for frequencies up to 200 GHz, and it is expressed as

L. = deovy, (3.11)
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where L, is the attenuation due to effect of cloud, in which d. = d,/ cos &, is the signal
path propagation in clouds, in which d, is the considered length of clouds. ay; = K .M,
is the specific attenuation within clouds in which K, ((dB/km)/(g/m?)) is the specific
attenuation coefficient, M, (g/m?) is the cloud liquid water content [102].

Rician fading model: Due to LOS between HAP and UAV, and following [103,104],
the fading gain is then modeled by Rician distribution with the probability density
function (PDF) and cumulative density function (CDF) of the SNR received at the

destination can be given respectively by

K+1 K(K+1 K41
frome (a.rr) = ——1o (2\/ ( )%’RF> X exp [_M - K] .

YRrE YRF Yo,rF

(3.12)

Eypre =1 -G <\/ﬁ7 \/Q(WK—JFU%,RF) ; (3.13)

2,RF

where Q1 (-, -) is the Marcum @Q;-function, K is the Rician factor which reflects the
relative strength of the direct LOS path component of fading coefficient. 7y is the
average SNR of the RF link.

3.3.2.2. FSO channel

For the downlink from HAP to UAV, the mathematical model of channel coefficient
is expressed as hrgo = hchohy, in which h. is the cloud attenuation, A, is turbulence-
induced fading, and h, is UAV hovering-induced fading.

Cloud effects: In the optical downlink, atmospheric attenuation is severe due to scat-
tering, which is caused by clouds [25,57,105,106]. Clouds result from the condensation
of water vapors above the earth’s surface and may occasionally disrupt the signal or
completely block the optical signal from HAP to UAV. Besides, optical wavelength,
which operates in THz band corresponds to the range of wavelength from 0.8 to 2 um,

is about the same particle size of water vapors. Hence, the scattering phenomenon
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Figure 3.3: An example of the visibility for several cloud types.

occurs on the beam propagation, leading to decrease visibility significantly and signal
power [25,106]. In this model, the visibility can be determined based on cloud droplet

number concentration N, and cloud liquid water content M, as followed [107]

1.002
V= (N, x M,)"6 (3.14)

The cloud effects on the visibility is illustrated in Fig. 3.3 for various cloud types
such as stratus (N, = 250 cm™?), altrostratus (N, = 400 cm™3), and nimbostratus
(N, =200 cm™?). The figure reveals that visibility decreases rapidly when the CLWC
grows up. Following the Beer-Lambert law, the cloud attenuation can be expressed

[25]
he = exp (—and,) , (3.15)

where d. is the distance regarding scattering phenomena happen. q; is the attenuation

coefficient and can be expressed as

391 [ Alnm]\7?
@2 = V[k:m]< 550 ) ’ (3-16)

where ¢ is the coefficient, which is given by Kim’s model [25].
Turbulence-induced fading: The Gamma-Gamma distribution is used for modeling the

turbulence from weak regime to strong regime. The PDF of the turbulence coefficient
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can be expressed

fra (ha) = ihaf Ko 3 (2 aﬁha), (3.17)

where I'(+) is the gamma function and K, (-) is the v—th order modified Bessel function
of the second kind. In addition, @ and (5 can be found in [57], which is the function

of Rytov variance, o%, and for the plane wave, 0% can be given as

HP
0% = 2.25k5sect/6 (¢,) / C2 (h) (h — H,)" dn, (3.18)
Hy
where k,, = 27/ is the optical wave number. Based on Hufnagel-Valley model [57],
the variation of refractive index structure parameter C? (h) according to the altitude

h can be written as

2 - Vwind \ 2 -5 _L
G”(h)_o.oo594( 27) (10 h)exp( 1000)

+2.7x10 % exp <—L> + C2(0) exp <—i>

1
1500 100/’ (3.19)

where C2 (0) is the ground turbulence level varying in the range of 107"m~%/3 (weak
turbulence regime) to 10~*m~2/3 (strong turbulence regime), and v,;nq (m/s) is the
root mean squared wind speed with typical value of 21 m/s [57].

UAV hovering misalignment model: Pointing error is mainly caused by the wind
pushing the UAV around its operating position shown in Fig. 3.4. The HAP, on the
contrary, is assumed to remain stable as it is located at a much higher altitude where
there is little wind. The hovering results in a change of position of the UAV aperture.
Note that the UAV’s position is not necessarily in the center of the beam footprint
for the purpose of serving multiple UAVs at the same time. Let r be the radial vector
from the beam center to the UAV’s initial position. Due to the wind, UAV hovers
around 7, radial to another position. Consequently, the actual position can be a 7.

radial distance from the beam footprint, and it can be expressed in the coordinate
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plane as followed

Ty, =Ty + 2, = |7 sin (p) + 2, ,
Tpe (TrperUnpe) = 4 (3.20)
yT;ne = ry + yrh = ||T” COos (SD) + y?'h7

where || - || is the norm of a vector, x,, and y,, are zero-mean Gaussian random vari-
ables (RVs) with variance 012,. Besides, x,,, and y,, are two statistically independent
Gaussian RVs as z,,, ~ N (ry,02) and y,,, ~ N (ry,02). As reported in [19], the

variance of z,, and y, . are the same and equal O'g, the PDF of radial displacement

pe follows Rician distribution

r
frpe (rpe) = ﬁ
p

Tpel
%(%), (3.21)

where Io(-) is the modified Bessel function of the first kind with order zero, o7, is the
jitter variance. By considering the Gaussian beam, the UAV hovering misalignment

coefficient can be expressed as

272
hpe = Boexp <— 2pe) , (3.22)

zeq
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where By = [erf (v5)]? is the fraction of the collected power by UAV’s detector at

2 +merf(va) 2 asy/T -
20 ™ Suyexp(—2) ( )w is the equivalent beam-width, vy = v in which as is

Tpe = 0. w

2
Ady ) is the beam waist at the distance da,
O

the radius of detector, w, ~ w.g4/1 + 52(

W, is the beam waist at dy = 0, €9 = (1 + 255 (zdz))), and p,o (d2) = (O.556’2k12”d2)_3/5
20

is the coherence length. As derived in [19,108], the PDF of pointing error h,. can be

expressed as

2
9 9 Wdeq 9
Wye r hy \ 43 r Wy, h
h) = —dea ~ Y (e I | =)= Ddeayy (2 2
Fuo () 4Aoo—;exp( 203) (AO) < I, Ug\/ . “(AO)  (323)

Joint PDF and CDF of combined channel: After mathematical manipulation, the

joint distribution of the channel coefficient hrpgso can be expressed as

a+p

T 7“2 1 = rY;
st = S in e (i) ()~ ()

drio ( B) afBhrso 8aio) otf g
e e 5

(3.24)

where z; and w; are the weights and the zeros of the Hermite polynomial, respectively.
As reported in [19], the PDF of received SNR of FSO channel from HAP to UAV can

be expressed

. _ () * AP
f’)’Q,FSO (VQ,FSO) = Z 2$Z’wzm exp (_ﬁ) kpe
(

2z ( 1 ) En
Iy —
Op Y2,FSO

2 2
V2,F50 drio by
X Ka—/?’ 2 Q/kae 72F €xXp < 2 p) 72 FSO (325)

Leq

By applying [109, Eq.(8.4.23)], [110, Eq. (26)], and after several mathematical ma-
nipulations, the CDF of the SNR of FSO link can be shown as in Eq. (3.26), in which

the value of k. can be found in [19].
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n at

(ap) = r? Y\ ets
F’szFso (72,FSO) = Z 2$zwim €Xp —th kpe
i=1 P
atB
X exp 2aia, (@ + f) I V2 (’YQ,FSO !
0 =
L w%eq Op 72,FSO
| Azjo; Y2,FS0 1— o8
X Gf:?l) afkpe exp ( > p) 72’FSO a—B —ats’ asp |- (3.26)
L Leq R 2 2 P}

3.4. Rate Adaptation Design

This section focuses on the design of rate adaptation for our proposed systems. Several
performance metrics are then derived in our analysis, including outage probability,

average transmission rate, achievable spectrum efficiency, and average bit error rate.

3.4.1. Adaptive Transmission Schemes

The purpose of the adaptive multi-rate scheme is to maximize the data rate over the
wireless channels while satisfying a predefined quality of service (QoS). To support
the data-rate selection, a channel estimator is designed at the destination (i.e., UAVs)
to estimate the channel state information (CSI) for both FSO and RF links, as illus-
trated in Fig. 3.2. The CSI reflects the information regarding the selection of both
transmission rates and links based on the estimated received SNRs. In our study, for
the sake of simplicity in the analysis, the feedback channel carrying CSI information
is assumed to be reliable?. In addition, the temporal coherence times of considered
FSO [111] and RF [112] links, i.e., in the order of tens of milliseconds, are relatively
long in comparison with the time slot duration, including the data transmission and
feedback time (order of several milliseconds). Due to the slowly time-varying na-
ture of fading channels, CSls are still up-to-date information when arriving at the
HAP and satellite. Based on the available CSIs, the selection of data rate and link
for transmissions are controlled by the satellite’s rate-adaptive controller and HAP’s

switching controller, respectively.

2In practice, a strong error correction code can be used in the feedback channel [84].
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In our system design, the high-speed FSO link is considered as a primary link, while
the RF link is used as a backup when the quality of the FSO link becomes unac-
ceptable, e.g., due to the strong turbulence or cloud coverage. The design of rate
adaptation is applied for both FSO and RF links to increase the data rate while
satisfying a pre-defined QoS, i.e., a targeted bit error rate (denoted as BERy). We
adopt the subcarrier M-array quadrature amplitude modulation (M-QAM) scheme
with a fixed symbol rate of Ry for m possible transmission modes of the FSO link.
Similarly, the N-QAM scheme is also applied to the RF link with a fixed sym-
bol rate of R, for n possible transmission modes. To facilitate the data transmis-
sion using rate adaptation, the channel is modeled by multiple states defined by a
range of received signal-to-noise ratio (SNR). In particular, the range of received
SNRs over FSO transmission is partitioned into m + 1 set of non-overlapping inter-

vals: {(—o0 %2(6)) [%2(;)7%2(@))7 [’yé}: Y +00)}, in which the transmission mode

i-th is selected for FSO link if the instantancous SNR ~%, € [/ 4/8#)y with

i €{1,2,---,m}. To avoid a high error rate, no FSO transmission is allowed when

1
7526 < 752(6)'

In this case, the RF link using n transmission modes is activated.?
The range of received SNRs over RF transmission is divided into n + 1 set of non-

overlapping intervals: {(—oo, 7)), [t /0), -+, [1is™, +00)}, in which the trans-

1
[y r(7) (J+))

mission mode j-th is selected for RF link if the instantaneous SNR v, € [Vis) s Ve

with j € {1,2,--- ,n}; no RF transmission is allowed to avoid high error rate when
Vege < 7;"53. If both the FSO and RF links happen to be in standby mode (i.e.,
vl < %{Q(e) and 70y, < 7’;5?), the hybrid FSO/RF system goes into outage. In sum-

mary, the data bit rate for each link changes for every transmission mode and is given

as

Rylog,M, if fy-efé? <qp<AitY. FSO link,
R=14¢ Rlog,N, if{ <, < ¥, RF link,
07 lf 7626 < 7«52(6)7 ’}/82(:’ < 7656)7 OUtagev

3Whenever the quality of the FSO link becomes acceptable, the system switches back to this link,
and the RF link is put on the standby mode.
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where M = 2¢ with i € {1,2,--- ;m} and N = 27 with i € {1,2,--- ,n}. What
remains now is to determine the SNR threshold levels for both FSO and RF trans-
missions. These threshold levels are obtained based on the fact that the BER for each
transmission mode satisfies the targeted BERy. Specifically, for a link using X-QAM

modulation, it is formulated as [113]

where £ = M and v = 'ygz(? for the FSO link, while I = N and v = vr(j ) for the RF

eZe

link. From (3.27), the SNR threshold levels for FSO and RF links can be obtained as

Y= # In (5BER) (3.28)

An example of rate adaptation design for hybrid FSO/RF system is illustrated in

Table 3.1, in which m = n = 3 transmission modes for FSO and RF links.
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3.4.2. Performance Analysis

1) Outage probability: The outage occurs when the system moves to the zero-rate
mode, in which no data is transmitted to avoid the high error rate. The outage

probability is then defined as [95]

7 s

Pout = / f%‘k <7g2e) d,nge / f%r% (7226) d7£26
0 0

= F’yef% (’Yng)F‘/Z,ge (7226)7 (329)

and yr(l) are the outage thresholds for corresponding FSO and RF links,

eZe

where 72;(61 )
adopted in Table 3.1 by the SNR thresholds of lowest transmission modes for such
links. F.r (77y) and Fv£2€(7g26) are respectively the CDFs of end-to-end for the
dual-hop of FSO-RF and FSO-FSO, which are expressed as

For FSO-RF link:

, 7172.RF r Ve
F. e2e =Pr(—= < e2e =F ~ AT ] 3.30
Yeze ('Y 2 ) (VZRF 1 ez ) TaRE (71 - ’Ygze) ( )

For FSO-FSO link:

s Y172,FSO g
Ff ( e e>:Pr<—’ < e e>:F —. 3.31
Ve2e ,y 2 VQ,FSO + 1 fy 2 Tase ’Yl - /}/67/:26 ( )

2) Average transmission rate: The average transmission rate, which is an essential

parameter in adaptive multi-rate systems, can be determined as

N
R=> pRy, (3.32)
k=1

where N is the total modes. Since the transmission rate of each link is fixed, the link
switching threshold is designed based on targeted BER, then the fixed M-QAM is
used. Mode probability is defined as the probability that k-th mode is selected; then

it can be calculated as
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For FSO-RF link

s AR
Al IV O P SR
0 5D
f@ r(j+1 r(J
—1=Fy (NP, (0810) =P, (48] (3.33)
For FSO-FSO link
FGi4+1)
e2e
i = / Lo, () dole = By (WE50) = By (55D). (334)
75

3) Spectrum efficiency: As the system is in the state k-th, each transmitted symbol
carries R, information bits. We suppose that a Nyquist pulse shaping filter with the
bandwidth B = 1/Ry. Then, the achievable spectral efficiency, defined as the data

rate per unit bandwidth, is given by

N
1
Sot = - > peRi. (3.35)
0 k=1

4) Average bit error rate (ABER): The ABER is defined as the ratio of the average
number of erroneously received bits over the total average number of transmitted bits,

which is expressed by

N
RiprBER;,
Total errorneous bits kz::l KDk g
ABER = : — = : (3.36)
Total transmitted bits N
> Ripi
k=1

where Ry is the transmission rate at state k-th, BERy, is the bit error rate of selecting

mode k-th over fading channel, which can be determined as
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Figure 3.5: Outage performance versus satellite’s transmitted power for different CLWCs
at the UAV's position of 20 m.

For FSO-FSO link

f(k+1)

e2e

1
BERfso = W / BER (M7 ’}{Ze) fV£2e (7({26) d’yé;e' (337)
F(k)
Ve2e

For FSO-RF link

f(k+1)
Ye2e

1 , o
BER7f = pﬁ / BER (N7 7;26> fw;}e (7626) d’ye2e' (338)

b £ (k)
We2e’

where BER(M, ~/,,) and BER(N, %,,) are given in Eq. (3.27).

3.4.3. Conventional Hybrid FSO/RF Design

In conventional hybrid FSO/RF systems, the transmission rate of each link is fixed,
where the link switching mechanism is based on a predefined BERo(M, ). In other
words, the system works on two modes: FSO and RF ones. It is supposed that a
fixed M-QAM and N-QAM are used for FSO and RF modes, respectively. The SNR
thresholds for such FSO and RF links obtained from (4.33) are, then, expressed as
vé;(é) and fyié?, where i = log, (M) and j = logy(N).

The primary FSO link is selected when ~/, € [752(2)@0); otherwise the system

66



3.5 Numerical Results

switches to operate on the backup RF link with v/, € [7;"5?, oo). Therefore, the

average transmission rate for such systems can be written as
Eﬁx = pFSORf —I-pRFRr, (3.39)

where Ry and R, are respectively the data bit rate of FSO and RF modes. In addition,

the FSO and RF mode probabilities, denoted by p™°© and pfF', are defined as

00 I%
pFSO = f f%{zg (%526) dfnge = F%{ze <762(e)> )
s (3.40)

P = (1) By, (17)).

On the other hand, the average BER for conventional hybrid FSO/RF systems is

expressed as

Ryp"SOBER,, + R,p""BER,;
ABERg, = , 3.41
fi R;p¥S0 + R, pRF ( )

where BER;, and BER, s are defined as

BERfSO = f BER <M7 /}/6];6) fyée (7({26) d/yé;e’
f(@)
% (3.42)

o0

BERy = [ BER(N. ) fry, (1) i
'Yerzje

3.5. Numerical Results

In this section, we present selected numerical results to demonstrate the advantages
of our proposed adaptive hybrid FSO/RF design in the scenario of space-air-ground
networks. Notably, we highlight the effectiveness of our proposed systems by compar-
ing performance metrics analyzed in Section 3.4 with those of conventional systems,
i.e., adaptive dual-hop FSO-FSO, adaptive dual-hop FSO-RF, and fixed-rate dual-

hop FSO-hybrid FSO/RF designs. To this purpose, the sets of transmission modes
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using M-QAM modulation with M € {2,4,8,16, 32,64, 128} for FSO links and N-
QAM modulation with N € {2,4,8,16,32} for RF links* are adopted for the adaptive
multi-rate design. For the sake of comparison, 32-QAM modulation is given for RF
links, while different M-QAM modulations are considered for FSO links in the con-
ventional fixed-rate systems. The parameters used in the analysis, unless otherwise
noted, are given in Table 4.3.

Monte Carlo simulations using MATLAB are also provided to validate the analytical
results. Using the system parameters outlined in Table 4.3, the simulation is done by
using a discrete-event simulator. The details of simulation process are described as
follows. Regarding the FSO transmission, with a given value of C%(0), we generate 10°
independent coefficients of h,, which have the Gamma-Gamma distribution as given
in (3.17). In addition, for a given UAV’s hovering jitter variance o7, we generate 10°
independent RVs z, . and y, .. Then, using generated RVs z,, and y,,, we generate
10° independent coefficients of h, from (3.23). Since the path loss (h,) is deterministic,
it is generated using relations in (3.15). We then obtain 10 independent values of
UAV-based FSO channel coefficient (hpso) from hpso = hchgh, used to derive the
FSO channel SNR 7, pso as well as vgge from (3.8). As for the RF transmission, given
the Rician factor K, we generate 10° independent channel SNR 75 gr based on (3.12),
which is used to derive 7, from (3.7). Finally, using the obtained 10° independent
values of fyé;e and 7/, , the performance metrics based on Monte Carlo simulation can
be found.

We first analyze the effectiveness of our proposed dual-hop FSO-hybrid FSO/RF
adaptive systems by comparing with the conventional adaptive ones, including dual-
hop FSO-FSO and dual-hop FSO-RF, in terms of outage performance, over a range
of satellite’s transmitted power in Fig. 3.5. Here, in addition to the uncoded dual-hop
FSO-FSO system, we consider an additional transmission mode using BPSK with a

coding rate of 1/2 as the lowest mode [114], which results in a lower outage threshold,

4Tt is worth noting that more transmission modes result in better performance while the system
complexity is increased. As FSO is the primary link, the number of RF modes is, therefore, selected
to be less than the FSO ones.
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Table 3.2: System Parameters

Name Symbol Value
LEO Satellite
LEO satellite altitude H, 530 km
Divergence angle Osat 15 prad
Optical wavelength A 1550 nm
RF frequency fr 2 GHz
FSO symbol rate Ry 500 Msps
RF symbol rate R, 100 Msps
High Altitude Platform (HAP)
HAP altitude H, 20 km
HAP aperture radius Thap 10 cm
Zenith angle &p 60°
Divergence angle Onap 1.5 mrad
Unnamed Aerial Vehicle (UAV)
UAV altitude H, 100 m
Hovering jitter variance Uf, 0.9 m
UAV aperture radius Tuaw 5 cm
Detector responsivity R 0.9
Noise standard deviation On 107" A/Hz
Gaseous atmosphere losses Ly 5.4 x 1072 dB/km
Receiver noise bandwidth BW 74.8 dBHz
System noise temperature TN 17.6 dBK
Noise figure Npg 2 dB
Other Parameters
Targeted BER BER, 107°
Number of cloud concentrations N, 250 cm ™3
Considered length of clouds d, 2 km
Turbulence at ground level C2(0) 10713 m=2/3
Rician factor K 6 dB

for such a system. Also, different cloud conditions, i.c., CLWC = 6 mg/m?, CLWC
= 8 mg/m?, and CLWC = 10 mg/m?®, which are the critical concerns, especially for
FSO links, are investigated.

There are two remarkable observations here. Firstly, when the CLWC increases, the
outage performance of dual-hop FSO-FSO systems is significantly deteriorated, even
with the one using the strong coding scheme. While a minimal change is witnessed for
dual-hop FSO-RF ones. The reason is that the impact of clouds is much more severe
in FSO systems as the optical wavelength is smaller than the typical cloud droplet size

values [99]. Contrary to optical bands, the wavelengths of RF ones are often larger
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Figure 3.6: Outage probability versus satellite transmit power and distance from center
of Gaussian beam to UAV position with CLWC of 6 mg/m?.
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Figure 3.7: The impact of cloud to average transmission rate of adaptive rate system and
fixed rate system.

than the size of cloud droplets, resulting in a very low attenuation caused by clouds on
such links [102]. In addition, with high values of the satellite’s transmitted power, the
dual-hop FSO-FSO systems, however, can maintain a better performance than dual-
hop FSO-RF ones in less severe cloud conditions, e.g., CLWC = 6 mg/m?® and CLWC
= 8 mg/m®. Secondly, as is expected, our proposed dual-hop FSO-hybrid FSO/RF
systems can provide a significant performance improvement over the conventional

ones in different cloud conditions, thanks to inheriting both FSO and RF benefits.
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Figure 3.9: Average BER and average transmission rate versus UAV's position for different
values of HAP's divergence angle.

Also, in this figure, the analytical results closely follow the simulated ones, which
confirms the correctness of the model and analysis.

In Fig. 3.6, we investigate the outage performance in terms of beam footprint size
provided by the HAP-based relaying node, when CLWC = 6 mg/m3. Also, different
satellite’s transmitted powers, i.e., P, = 7 dBm, 8 dBm, and 9 dBm, and HAP’s
divergence angles, i.e., fgap = 1.5 mrad, 2 mrad, and 2.5 mrad, are taken into account.

This is a vital performance metric to determine the system operational coverage area.
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For instance, when fgap = 1.5 mrad, to retain a target outage performance level of
below 10~#, the operational area of UAVs should be within 15 m, 19 m, 24 m, for
P, = 7 dBm, 8 dBm, and 9 dBm, respectively. In addition, the highly directional
beam is obtained for smaller HAP’s divergence angles, resulting in a better outage
performance. Such smaller HAP’s divergence angles, nevertheless, restrict the system
operational areas, leading to the high outage probability at the edge of the beam
footprint. As a result, there exists a tradeoff between the operational areas and
system performance in the selection of HAP’s divergence angles.

Next, we further analyze the advantages of our proposed adaptive multi-rate design
compared to the conventional systems with fixed-rate schemes. Specifically, Fig. 3.7
investigates the achievable data rate over a range of CLWCs, when P, = 15 dBm. Ob-
viously, compared to the fixed-rate scheme, the adaptive multi-rate design could offer
considerably better performance under the impact of cloud coverage. This fact can
be explained from two remarkable points: (i) the systems with high modulation order
could maintain a high maximum achievable data rate in less severe cloud conditions;
(ii) the performance of such systems using high modulation order is significantly de-
graded in more severe cloud conditions, in which low modulation order is preferable
in this situation, leading to the limitation of maximum achievable data rate. As a re-
sult, systems using a fixed-rate scheme may not be efficient in time-varying channels,
and adaptive multi-rate design would be the promising solution. For example, when
CLWC = 6 mg/m3, our proposed adaptive system can achieve 2.45 Gbps of data
rate, while the fixed-rate one could only retain the data rate of 1.77 Gbps, 1.45 Gbps,
1.37 Gbps, 0.99 Gbps, and 0.5 Gbps with 32-QAM, 8-QAM, 64-QAM, 128-QAM,
2-QAM modulations used for the FSO links, respectively. The outperformance of the
proposed adaptive multi-rate design over the conventional fixed-rate one can also be
observed in Fig. 3.8 in which variations in achievable spectrum efficiency performance
with different values of the satellite’s transmitted power when CLWC = 6 mg/m?.
For instance, when P, = 20 dBm, our proposed design can achieve the spectrum ef-

ficiency of 6.8 bits/symbol, while they are only 6.2 bits/symbol, 5.8 bits/symbol, 4.9
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bits/symbol, 4 bits/symbol, 3 bits/symbol, 2 bits/symbol, 1 bits/symbol for respec-
tively 128-QAM, 64-QAM, 32-QAM, 16-QAM, 8-QAM, 4-QAM, 2-QAM with the
fixed-rate one.

Finally, we highlight the effectiveness of our proposed adaptive design by comparing
the average BER performance with that of conventional fixed-rate one, over a range
of beam footprint sizes, as illustrated in Fig. 3.9. Also, P, = 20 dBm, CLWC =
6 mg/m?, and different HAP’s divergence angles, i.c., fgap = 1.5 mrad, 2 mrad,
and 2.5 mrad, are considered. It is noted that the obtained results of BER are
based on their exact-form expressions found in (3.36) and (3.41) for respectively
the proposed and conventional designs. As expected, our proposed design offers a
lower average BER performance compared to the conventional one, even with higher
achievable data-rate transmissions. This phenomenon is due to the fact that the
objective of adaptive multi-rate design is to maximize the data rate over the time-
varying turbulence-induced fading channels while satisfying a pre-defined Quality of
Service (QoS), i.e., a targeted BER. Moreover, using this figure, we can decide the
operational range of UAVs to maintain a targeted BER performance by selecting a
proper HAP’s divergence angle parameter, which is an especially essential parameter
for mobile users. For example, to retain a level of BER performance of below 1077,
the operational area of UAVs should be within 24 m, 22 m, and 17 m for fgap = 1.5

mrad, 2 mrad, and 2.5 mrad, respectively.

3.6. Conclusions

We have proposed the adaptive hybrid FSO/RF design and a comprehensive analyti-
cal framework for the performance of HAP-aided relaying satellite communications for
mobile networks supported by UAVs. For hybrid FSO/RF channels, the Rician dis-
tribution was adopted for RF links. At the same time, several factors were taken into
account on FSO links, including atmospheric turbulence modeled by the Gamma-
Gamma distribution, the cloud coverage, and the UAV hovering-induced pointing

misalignment. Several system performance metrics, including outage probability, av-
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erage transmission rate, and achievable spectrum efficiency, were analytically derived.
Through the numerical results, there are several concluding remarks: (i) Our pro-
posed system could offer a significant performance improvement compared to the ex-
isting designs in the scenario of integrated downlink satellite-HAP-ground/vehicles,
i.e., adaptive design (dual-hop FSO-FSO and dual-hop RF-RF) and fixed-rate design
(dual-hop FSO-hybrid FSO/RF); (ii) Our results could support the proper parameter
selection for practical mobile users, i.e., beam size provided by HAP and satellite’s
transmitted power; and (iii) the correctness of our analytical model was confirmed by
the Monte Carlo simulations, in which the excellent agreement between theoretical
results and simulated ones was validated.

Our study could be a generalized framework for relay-based satellite-assisted vehicular
networks, with UAVs and other vehicles, e.g., high-speed trains and autonomous cars.
Future work would be interesting to investigate other adaptive schemes, i.e., power
adaptation, which is especially essential to save energy consumption in the domain

of satellite and/or vehicular networks.
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RIS-UAV Relay Assisted SAGIN

This Chapter® studies the satellite-ground integrated network (SAGIN) using hybrid
FSO/RF links, and unmanned aerial vehicle (UAV), high altitude platform (HAP)
as relaying nodes. SAGIN has been widely envisioned as a promising network archi-
tecture for 6G. In the SAGINSs, high altitude platform (HAP)-aided relaying satellite
systems using hybrid free-space optics (FSO)/radio-frequency (RF) communications
have recently attracted research efforts worldwide. Nevertheless, the main drawback
of hybrid FSO/RF systems is the restricted bandwidth of the RF connection, espe-
cially when the FSO one is blocked by cloud coverage. This chapter explores a novel
solution for the hybrid FSO/RF HAP-based SAGIN under the impact of weather and
atmospheric conditions. Specifically, an additional unmanned aerial vehicle (UAV)
is deployed to diverse the FSO link from the HAP-to-ground station to avoid cloud
blockage while maintaining a high-speed connection of the FSO link. A mirror array
constructed by re-configurable intelligent surface (RIS), an emerging technology, is
mounted on the UAV to reflect the signals from the HAP. The channel model of RIS-
UAV takes into account both atmospheric turbulence and hovering-induced point-

ing errors. Furthermore, we present a novel link switching design with a multi-rate

5The content of this Chapter was presented in part in
1. Thang V. Nguyen et. al., “On the Design of RIS-UAV Relay-Assisted Satellite-Aerial-Ground
Integrated Network,” In Revision.
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adaptation scheme for the proposed network under different weather and turbulence
conditions. Numerical results quantitatively confirm the effectiveness of our proposal.
Additionally, we provide insightful discussions that can be helpful for the practical
system design of RIS-UAV-assisted HAP-based SAGIN using hybrid FSO/RF links.
Monte Carlo simulations are also performed to validate the accuracy of theoretical

derivations.

4.1. Introduction

Recently, with the advance of the Internet of Things (IoTs), relying solely on the
traditional terrestrial networks can no longer meet the exploding requirements of
high-speed and reliable network access at any time and anywhere on the earth, in con-
sideration of its limited coverage and network capacity. This has aroused widespread
concern in the academia and industry on the air-ground coordination [88]. Thanks
to the popularity of low Earth orbit (LEO) satellites, the satellite-aerial-ground in-
tegrated network (SAGIN) has been widely envisioned as a promising network archi-
tecture for future sixth-generation (6G) wireless communications [89].

In the SAGIN, high-altitude platform (HAP)-based relaying and free-space optical
(FSO) communications are expected as the key technologies for extending the area
coverage and the provision of extremely high-speed connectivities, respectively. The
HAPs, which can be airships and balloons, operate at altitudes of 17-25 km, where
the impact of weather is negligible. With the benefits of flexible deployment, cost-
effectiveness, easy maintenance, and expansive coverage, HAPs have been widely
considered as relaying nodes to enhance the scalability of satellite systems [90]. On the
other hand, FSO communication has established a reputation for itself as capable of
delivering extremely high-speed data services over long distances without exhausting
radio frequency (RF) resources [3]. HAP-based SAGIN using FSO communications
can be considered for a wide range of applications, e.g., Internet of vehicles, post-
disaster emergency communications, and vertical backhaul solutions.

While the FSO link can be reliably maintained for the first hop of satellite-to-HAP,
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Figure 4.1: The proposal of HAP-based SAGIN using hybrid FSO/RF with temporarily
optical RIS-UAV relay solution.

it is challenging for the FSO connection on the second hop of HAP-to-ground station
under the impact of weather and atmospheric conditions. The primary concerns of
such links are the cloud coverage and atmospheric turbulence, which pose various
challenges to the design and performance of the SAGIN. To tackle this issue, an
efficient solution is to use the hybrid FSO/RF scheme for the second hop of the
HAP-to-ground station, where the RF link serves as a backup link in case of FSO
link failure [115]. This is because the RF link is less subject to atmospheric turbulence
and clouds. For example, the impact of atmospheric turbulence and heavy rain on
the corresponding FSO and RF links is drastically, but these factors rarely happen

simultaneously. As a result, two links can function in a complementary manner.
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4.1.1. Related Work and Motivation

Driven by the potential of the hybrid FSO/RF scheme, its implementation has been
extensively studied in terrestrial networks [115] and recently extended to the HAP-
based SAGIN [63-67]. Particularly, Swaminathan ef. al. analyzed the performance
of downlink SAGIN using HAP-based relay station with hybrid FSO/RF links [63].
The authors in [64] investigated the performance of hybrid FSO/RF uplink for the
HAP-based SAGIN, assuming Gamma-Gamma fading turbulence with pointing er-
rors for the FSO link and shadowed-Rician fading for the RF link. In [65], the authors
analyzed the performance of dual-hop SAGIN-based hybrid FSO/RF systems, both
uplink and downlink, using an adaptive combining-based switching scheme. A novel
HAP-assisted downlink SAGIN using hybrid FSO/RF communications was intro-
duced in [66], in which the best HAP node was selected among multiple HAP nodes
for relaying signals from the satellite. Different from [63—-66], where decode-and-
forward (DF) relaying scheme with constant data-rate transmissions were considered,
the authors presented the design of rate adaptation hybrid FSO/RF links for HAP-
based SAGIN using amplify-and-forward (AF) relaying scheme [67].

The major drawbacks of HAP-based SAGIN using the hybrid FSO/RF scheme are,
nonetheless, the lower data rate, even with the new millimeter-wave (MMW) fre-
quency bands, compared to that of FSO and the additional latency due to the opti-
cal/electrical and electrical /optical conversions. This fact is clearly indicated in the
presence of cloud coverage, where the FSO link may be blocked, and the backup RF
link is used more frequently [67]. An attractive solution for such a network scenario
is to quickly deploy an additional unmanned aerial vehicle (UAV) as a relay node to
diverse the FSO-based HAP-to-ground link in case of cloud blockage. Furthermore,
a re-configurable intelligent surface (RIS) array [116], an emerging technology, can
be carried by the UAV to reflect the incoming light from HAP and ensure that the
transmitted light points to the ground station.

The combination of UAV and RIS offers an attractive solution for HAP-based SAGIN

using hybrid FSO/RF in the presence of cloud coverage. Besides the flexible deploy-
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ment, it requires less complex additional hardware than conventional relay nodes
(i.e., using AF or DF at the UAV). Figure 5.2 illustrates the HAP-based SAGIN us-
ing FSO/RF over clouds, where the RIS-UAV is temporarily deployed to a position
with negligible (or without) cloud coverage. It is worth mentioning that the relevant
studies are still in the early stage, where few works on FSO-based RIS-UAV relays
have been recently reported in [69-71]. In these studies, the UAV carrying RIS array
serves as a relay station for FSO-based terrestrial networks between two buildings
in the presence of a blockage. To our best knowledge, the studies considering RIS-
assisted UAV relay in the SAGIN, and HAP-based SAGIN using hybrid FSO/RF in
this particular case, have not been available in the literature. For such network sce-
narios, a proper design of a link-switching scheme, especially with rate adaptation for
different links, is a critical issue under different weather and atmospheric conditions.
This plays an essential role in practical system deployment. As a result, it is of im-
portance and necessity to provide a comprehensive design framework for HAP-based
SAGIN using hybrid FSO/RF incorporating the FSO-based RIS-UAV relay in the

presence of cloud coverage.

4.1.2. Major Contributions and Novelty

This chapter offers a complete design and insightful analysis of FSO-based RIS-UAV
relay-assisted SAGIN under the impact of different weather and atmospheric condi-

tions. The key contributions of this chapter are summarized as follows.

Ci: It is a proposal of quick deployment of the UAV carrying RIS array as a relay
station for HAP-based SAGIN using hybrid FSO/RF in the presence of clouds.

In the HAP-based SAGIN, the primary FSO connection from HAP to ground station
may be blocked by clouds containing high cloud liquid water content (CLWC) value
[25]. In this case, instead of using a lower-rate backup RF link, the RIS-UAV is
deployed to a position with negligible (or without) cloud coverage to diverse the
FSO-based HAP-to-ground link. For this situation, the determination of time for

deploying RIS-UAV is especially important as it is related to the tradeoff of achievable
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data rate and energy consumption of the UAV. This can be determined based on the
predefined CLWC value. This practical issue, nonetheless, has not been addressed in

the literature on FSO-based RIS-UAV, e.g., [69-71].

Cs: We propose a multi-rate system design of HAP-based SAGIN incorporating the

FSO-based RIS-UAV relay, where a new link-switching scheme is presented.

In our proposal, the AF scheme is employed at HAP thanks to its cost-effectiveness
and simple hardware requirements. In addition, the adaptive multi-rate transmission
is considered for different links to reduce the frequent link switching. Different from
the design in [67], a new link-switching scheme, considering the SAGIN with primary
FSO-hybrid FSO/RF links and temporary FSO-based RIS-UAV link, is introduced,

which is based on the specific condition of atmospheric turbulence and cloud.

Cs: From the proposed system design, we develop a comprehensive analytical frame-
work that allows obtaining the system performance metrics, including outage

probability, average transmission rate, and spectral efficiency.

For the HAP-based SAGIN using hybrid FSO/RF links, the FSO channel is modeled,
taking into account the atmospheric turbulence described by the Gamma-Gamma
distribution, weather effect with cloud attenuation, and beam spreading loss. Addi-
tionally, the Rician fading model is considered for the RF channel. Regarding the
FSO-based RIS-UAV links, derive the statistical model that considers the combined
effects of atmospheric turbulence-induced fading and the RIS-UAV hovering-induced
pointing error. More importantly, capitalizing on the obtained probability density

functions (PDFs), we derive the performance metrics in the closed-form expressions.

Cy: We provide insightful numerical results into the detailed impacts of weather
conditions on the performance of the proposed network scenario. Furthermore,

a design guideline is also provided, which can be helpful for the practical design

of UAV-assisted SAGIN using hybrid FSO/RF schemes.
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Monte Carlo simulations are performed to validate the correctness of the analytical
model. In addition, we also highlight the effectiveness of our proposal by comparing
the existing state-of-the-art systems.

It is noteworthy that an essential novelty of the work is the complete solution for HAP-
based SAGIN that we set up by jointly considering the hybrid FSO/RF techniques
together with a temporarily optical RIS-UAV-based relay, and a new link-switching
scheme between them to counteract the impact of cloud and atmospheric conditions.
The remainder of the Chapter is organized as follows. The proposed system, link
switching scheme, and rate adaptation design are described in Section 4.2. Section 4.3
presents the channel models for transmission links. Different performance metrics,
including outage probability, average transmission rate, and spectral efficiency are
analytically derived in Section 4.4. Simulation results are given in Section 4.5. Finally,

we conclude the chapter in Section 4.6.

4.2. System Description

In this section, we first describe the hybrid FSO/RF-based satellite-HAP-ground sta-
tion (GS) system. Then, a proposal of FSO-based RIS-UAV relay for our considered
system in case of cloud blockage is introduced. Finally, we present the design of link

switching and rate adaptation schemes for our proposed system.

4.2.1. Hybrid FSO/RF-based Satellite-HAP-GS System

Figure 4.2 illustrates the hybrid FSO/RF-based, HAP-assisted satellite-to-GS system.
In our considered system, the HAP is a relay node for the satellite-to-GS link, which
employs the fixed-gain amplify-and-forward (AF) scheme. The FSO transmission is
used for the link from the satellite to HAP. In addition, the hybrid FSO/RF one,
using a switching scheme, is employed for the HAP-to-GS link, where FSO and RF

are considered as the primary and backup links, respectively.
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Figure 4.2: Integrated space-aerial-terrestrial hybrid FSO/RF system block diagram.

At the satellite, the modulated signal using a quadrature amplitude modulation

(QAM) modulation is expressed as

$p (1) = Aprg (t) cos (2 fot) — Angg (t) sin (27 fet) (4.1)

where ¢(t) is the pulse shaping function, f. is the QAM sub-carrier frequency, while
Ay ={2n—1-T1}_, and A, = {2n — 1 — Q}%_, are the in-phase and quadrature
components of amplitude, respectively. The QAM signal is then used to modulate

the laser intensity; as a result, the transmitted optical signal can be expressed as
s(t) = P14+ ms,(t)], (4.2)

where P, is the satellite’s transmitted power, m is the modulation index, and s, (¢)
is given in (4.1).

At the HAP relay, the received optical signal is amplified and forwarded to the GS.
Here, hybrid FSO/RF transmission is considered for forwarding the signals, by which

either the primary link of FSO or backup link of RF is selected based on the channel
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state information (CSI) feedback from GS. Particularly, if the primary FSO link is
chosen, the received optical signal from the satellite is amplified with a fixed-gain

GFso so that the output at the HAP is given as
rfi(t) = Grsolhsus(t) + ni], (4.3)

where hgy is the channel coefficient of the FSO-based satellite-to-HAP link, s(t) is
given in (4.2), and nf is the additive white Gaussian noise (AWGN) with variance

0?,. Besides, if the backup RF link is activated, the received optical signal is first

ny

converted to the electrical by a photodetector followed by a fixed-gain (Grg) amplifier.

The output RF signal is thus expressed as
ri (t) = Grr [nhsuPims,, (t) + ny], (4.4)

where 7 is the electrical-to-optical conversion coefficient, nj is the additive white

Gaussian noise (AWGN) with variance 012171», and s,(t) is given in (4.1).
At the GS destination, if the FSO transmission is selected for HAP-to-GS link, the

received signal at GS is given as
yD HGn SHUFSO LT n( ) HGn FSOnl n27 ( . )

where hij, is the FSO fading channel coefficient, and nj is the AWGN with the
variance o2;. In addition, if the RF is used for HAP-to-GS link, the received signal
L)

at GS is written as
y]g = hﬁgGRFT]hSHPthn(t) + hﬁGGRFTLq + Tlg, (46)

where hij is the RF fading channel coefficient, and n’ is the AWGN with the variance

2

T r.
Ty

From (4.5) and (4.6), the instantaneous received signal-to-noise ratios (SNRs) at GS,
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denoted as 7, for FSO-FSO link and 7/, for FSO-RF link, are expressed as

2
(h{IGnhSHGFSOPtm) B i

'Yfz = 2 =77
(WhenGrsoo,y) +02, e Tl
2

. (Rt Grenhsu Pom)? B e
e2e — - ’
(huanGreow)” + 02 i +1

where *ng = (hguPym)?/ ai{ and ’y{IG = (nh{IG)2 / aig are respectively the instanta-
ncous SNRs of satellite-to-HAP and HAP-to-GS FSO links, while vrr = (nhlye)?/ Tor
is the instantaneous SNR of RF-based HAP-to-GS link. Additionally, we assume
that the fixed-gain Gggop can completely compensate the noise, where we can set

4.2.2. Proposal of FSO-based RIS-UAV Relay

As reported in [25], the cloud coverage, especially with high cloud liquid water content
(CLWC) values, may completely block the FSO-based HAP-to-GS link. To maintain
the high-speed connection of the FSO link, a UAV equipped with a re-configurable
intelligent surface (RIS) array is deployed to the positions with negligible (or with-
out) cloud coverage. The UAV relay can diverse the FSO-based HAP-to-GS link, as
depicted in Fig. 4.2. The RIS module mounted on the UAV serves as a reflector,
which can reflect and forward the optical signals from HAP to GS [118]. It is worth
noting that the position for UAV’s deployment is based on the cloud forecast map
and the actual monitoring data. Besides, the RIS-UAV relay is deployed when the
CILWC value reaches a predefined CLWC threshold, M, which is determined by a
targeted outage level of the FSO-based direct link from HAP to GS.

From the optical output signal at HAP given in (4.3), the received signal at GS, which

is reflected and forwarded by RIS-UAV relay, can be expressed by

U = hiignGrso [hsuPims,(t) + ny] + nj, (4.9)
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where hij is the composite fading channel coefficient of HAP-UAV-GS FSO link. n}
and ny are the AWGN with the variance o7y and o7y, respectively. From (4.9), the

instantaneous received SNR at GS in the case of RIS-UAV relay, denoted by v%,, is

given as

v _ (PEenGrsol; m)? B e
2e — u Y
e (hﬁGnGFSOO'ni‘)2 + ‘7721; Vg 1

(4.10)

where vy = (hsuPm)*/ oy and Vi = (nht)?/ opy are the instantaneous SNRs of

satellite-to-HAP and HAP-UAV-GS FSO links, respectively.

4.2.3. Link Switching and Multi-Rate Adaptation Design

4.2.3.1. Link Switching Scheme

The proposal of a link switching scheme for our considered systems is illustrated in
Table 4.1 with three transmission strategies. In particular, we consider the FSO-based
satellite HAP-GS link, which employs FSO transmissions for both hops, is considered

the primary one.

Table 4.1: The proposal of link switching scheme.

Priority Transmission | Abbreviation | Description

Order Link

1 Strategy 1: | FSO-FSO1 Primary link
FSO-based
Satellite-HAP-
GS

2 Strategy 2: | FSO-FSO2 Use when high
FSO-based CLWC values on
Satellite-HAP- the primary link
UAV-GS

3 Strategy 3: | FSO-RF Use when first
RF-based two  strategies
Satellite-HAP- are not available
GS

When the clouds block the primary link of FSO-based HAP-to-GS, the system switches

to transmission strategy 2, in which the FSO link from HAP to GS is reflected and
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forwarded by the RIS-UAV relay. Suppose the first two transmission strategies are
not available. In that case, e.g., cloud blockage on the primary link and strong turbu-
lence on the RIS-UAV relay link, the 3rd transmission strategy is considered, where
RF transmission is used for the direct link between HAP and GS. It is worth noting
that the priority order considered in Table 4.1 is applicable in case of cloud blockage
on the primary link, which is the main focus of the chapter. For example, in other
scenarios, the outage occurs on the primary link due to the strong turbulence; the

RF transmission is preferable to the RIS-UAV relay solution.
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4.2.3.2. Multi-Rate Adaptation Design

The objective of the multi-rate adaptation scheme is to maximize the data rate over
turbulence fading channels while satisfying a pre-defined Quality of Service (QoS), i.e.,
a targeted bit error rate (BERy). For each transmission link, we adopt the subcarrier
M-array QAM schemes as in [17] with a fixed symbol rate of RY for N possible
transmission modes. The transmission bit rate changes for every mode given as R}, =
RZlogy(M), where M is the constellation size. Let vy, < 7, < -+ < 74, be the
switching thresholds for different transmission modes, and v,, be the instantaneous
end-to-end SNR for the considered transmission link. The transmission mode i-th is
chosen if v}, < Ve < Vh,,,» Wherei € {1,2,---, N—1}; to avoid a high error rate, no
transmission is allowed when 77,, < 74}, - These thresholds are obtained based on the
fact that the average BER for each transmission mode satisfies the targeted BER, as
in [68]. In our study, the feedback channel carrying CSI information is supposed to be
reliable, where a strong error correction code can be used [119]. Besides, the temporal
coherence times of considered FSO and RF links (order of tens of milliseconds) are
relatively long compared with the time slot duration, including the data transmission
and feedback time (order of several milliseconds) [67]. Due to the slowly time-varying
nature of fading channels, CSIs are still up-to-date information when arriving at the
HAP and satellite.

For the sake of explicit clarity, the aforementioned parameters used for FSO-FSO1 link
is {My, R!, N\, R, %), vk}, for FSO-FSO2 link is {M,, RY, No, R, 48 Al }, and
for FSO-RF link is {M3, R, N3, Ry, %y, Veoe s~ An example of multi-rate adaptation
design for different transmission links is illustrated in Table 4.2, in which N; = Ny =
3 transmission modes for FSO-FSO1 and FSO-FSO2 links, while N3 = 2 transmission
modes for the FSO-RF link.
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4.3. Channel Modeling

This section presents the considered channel models for each transmission hop, includ-
ing FSO-based satellite-to-HAP, hybrid FSO/RF-based HAP-to-GS, and FSO-based
HAP-UAV-GS.

4.3.1. FSO-based Satellite-to-HAP Link

As for the FSO-based satellite-to-HAP link, the effect of atmospheric turbulence
is generally small, which can be ignored as the laser beam goes through a non-
atmospheric path (above 20 km compared to the ground level) [120]. In this chapter,
we assume that HAP remains stable at its fixed position, and a fine-tracking sys-
tem [121] with perfect alignment is deployed. It is, therefore, supposed that the
beam spreading loss is a major impairment for this link. Besides, as reported in [18],
the maximum frequency shift between an LEO satellite and a stable HAP is the order
of several GHz. These values are, nonetheless, within the capability of the current
receiver design for LEO satellite-based FSO systems (i.e., can deal with frequency
shift up to more than 10 GHz [18]). As a result, we ignore the Doppler effect in the
performance analysis.

Considering the Gaussian beam profile, the fraction of collected power at HAP’s

circular detector with an aperture radius Dyap is approximated as [120]

2 2
hsg =~ Agexp | — 2/) , (4.11)
YL e(ea)
where Ay = [erf(v)]? is the fraction of the collected power at p = 0 with v =
DE—P\/‘%E corresponding to the ratio of the aperture radius and beam-width, and

/ 2
wr, = wor/l+e€ (%) is the beam-waist at the distance Lsy, which is given
0

by Lsg = (Hsat — Huap)/cos(&sar), in which Hgar is the altitude of the satel-
lite, Hyap is the altitude of the HAP, and &sar is the zenith angle of the satel-

lite, wy = (2X\)/(mOsar) is the beam-waist at Lsgy = 0 with Ogar is the diver-
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gence angle of the satellite, ¢ = (1+2WT3), and p(Lsy) = (0.55C2k2 Lgy) >/
Pol:sH

n -w
is the coherence length [101]. Besides, the equivalent beam-waist is determined as

2 9 /merf(v)

wL,e(eq) = wy, 2vexp(—v?)*

4.3.2. Hybrid FSO/RF-based HAP-to-GS Link

4.3.2.1. RF Channel

For RF channel, we consider the major impairments, including path loss, cloud atten-
uation, and fading phenomenon. The channel coefficient of RF link can be expressed
as hiye = grh., where h, is the channel fading coefficient, while ¢; is the path-loss of

the RF link, which can be expressed as [64]
g,(dB) =Gr+Gr—Lr—Ls— L., (412)

where G and Gy are the transmitted and received antenna gains (in dB), respectively.
L (dB) is the gaseous atmospheric loss. Lp(dB) = 92.45 + 20logf. + 20logLyg is
the free space loss for HAP-to-GS RF link, in which f, (GHz) is the frequency for RF
link, and Lyg = (Huap — Has)/cos(€ne) is the transmission distance from HAP to
the ground station with HAP’s zenith angle £gg and Hgs is the height of the ground
station.

Regarding the cloud attenuation, as recommended by ITU-P840 [102], Rayleigh scat-
tering model is suitable for modeling the attenuation with frequencies up to 200 GHz,

in which the attenuation on RF link due to cloud can be given as [102]

di o,

c= m, (4.13)

where d! is the vertical extent of cloud, &y is the HAP’s zenith angle for HAP-GS
beam, and a, = K.M, is the specific attenuation within clouds in which K, ((dB/km)/(g/m®))

is the specific attenuation coefficient, M. (g/m‘%) is the cloud liquid water content

(CLWC) [102].
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As for fading channel, due to the line-of-sight (LOS) of vertical link from HAP to GS,
the small-scale fading is widely described by the Rician distribution [103]. Therefore,
the probability density function (PDF) and cumulative density function (CDF) of the

instantaneous received SNR can be given as [103]

) K+1 K (K +1)%
Fine Oie) = =10 (2\/ He

HG The
K+ 1)+
X exp {—%—K] 7 (4.14)
TG
r 2(K+1
Fwﬁe (Yg) =1 - Q1 <V 2K, %Wﬁg) , (4.15)
HG

where @1 (+,-) is the Marcum @;-function, K is the Rician factor, and 77, is the
average SNR of the FSO-RF link. From (4.8) and (4.15), the CDF of end-to-end
FSO-RF link is given as

[ o
TsuVHG v
F, (y)=Pr <v|=FE, . 4.16
i (7) (%&G +1 7) e (ng — 7) 410

4.3.2.2. FSO Channel

We take into account the major impairments on the FSO-based HAP-to-GS link,
including cloud attenuation A/, atmospheric turbulence h{, and beam spreading loss
h{. The composite channel coefficient, denoted by hl,, hence, can be expressed by
h{IG = hihIh{. We now describe these major impairments, as follows.

Regarding the cloud attenuation, the liquid water particles in clouds cause the scat-
tering phenomenon of the FSO beam propagation, leading to a decrease of visibility
and significant attenuation of received signal’s power. Here, we consider low cloud

types (1-3 km), e.g., Stratus and Cumulus, which is the most challenging for FSO
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communications [25]. The attenuation due to clouds can be expressed as [68]
hl = exp (—agd!) , (4.17)

where oy is the attenuation coefficient, which is given as [67]

~ 391 /Anm]\ 7
YT Vkm] ( 550 ) ’ (4.18)

where V' is the visibility, which is a function of the number cloud droplet concentration
(N.) [25]. Additionally, ¢ is the size distribution of the scattering particles, and by
using the Kim model, it can be found in [57].

As for the atmospheric turbulence, this phenomenon causes the scintillation effect
leading to the signal power fluctuations at the GS. As reported in [57], Gamma-
Gamma (GG) is one of the most suitable models for describing a wide range of
turbulence conditions in FSO-based satellite communications. The PDF of h! is

given as [118]

g () = 20 5 00 s (2o ) (1.19)

where I'(+) is the gamma function, and K, (+) is the v-th order modified Bessel function
of the second kind. Additionally, o and [ are respectively the effective number of
large-scale and small-scale eddies of scattering environment found in [118] and are

the functions of Rytov variance (c3), which is given as

Hyap
0% = 2.25kT/5sec!/6 (€yq) / C? (h) (h — Hgs)”*dh, (4.20)
Hgs

where k, = 27/ is the optical wave number corresponding to the optical wave-
length \. Besides, the variation of refractive index structure parameter, C2(h), ac-
cording to the altitude h can be described by the most widely used Hufnagel-Valley

model and is given as [57], i.e., C2 (h) = 0.00594 (2z24)? (107°R) exp (— g ) +2.7
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1071 exp (—15) + C% (0) exp (— 1), where C2(0) is the ground turbulence level vary-
ing from 107""m~2/3 to 107 m~2/3, and vyinq (m/s) is the root mean squared wind
speed.

For the beam spreading loss, similar to (4.11), the fraction of the power collected by

GS with aperture radius of Dyap can be approximated as [120]

2
f
h ~ Alexp —2( fp ) ) (4.21)

where p/ is the radial displacement between centers of HAP beam footprint and
GS’s detector, wﬁe(eq) is the equivalent beam waist, and A = [erf(v!))? with v/ =
/T Dyuap/ (ﬁw{e) Additionally, w};e ~ OycLug, where Oy is the divergence angle
for the HAP-GS beam, and Ly is the propagation distance from HAP to GS, i.e.,
Luc = (Huap — Has) sec(&na).-

Given hii, = hIhIh!, where hl, h!, and h! are found in respectively (4.17), (4.19),

and (4.21), and by using a simple transformation, the CDF of instantaneous SNR for

FSO-based HAP-to-GS link, denoted by 71{1(;» can be expressed as

1 ’yf 1
e f Yo L g2l g, Jue , 4.22
e <7HG) T ()T (3) 1 Thic a, 3,0 "

where Juc is the average SNR for FSO-based HAP-to-GS link, and G}7'(+) is the
MeijerG function. From (4.7) and (4.22), the CDF of end-to-end instantaneous SNR
of the primary FSO-FSO1 link can be derived as

f - f
_ YsuVHG - Y
F’yi}e (v) =Pr (— < 7) = FW{IG ( 7 ) . (4.23)

Yhe + 1 Yeu — Y

4.3.3. UAV-Assisted HAP-to-GS FSO Link

Figure 4.3(a) depicts the structure and perspective view of RIS-based liquid crystal
(LC) materials for the UAV-assisted HAP-to-GS FSO link. In this chapter, for the

93



Chapter 4

-axis
Glass Substrate  Liquid-Crystal CMOS Silicon HAP Y
Layer Layer Backplane Layer S

6/0 0 RIS-UAV

Z-axis

-7

Alignment Layers \‘\‘ GS

- Indium Tin Oxide Layers - .
X-axi1s
Tunable Element

(a) (b)
Figure 4.3: Beam reflect-and-forward by RIS mounted on UAV.

sake of simplicity, we adopt RIS-based LC structure® in [122] using a single element
(large size) to illustrate our proposed network scenario. For this structure, there are
seven layers of thin materials, including a glass substrate layer, two indium tin oxide
(ITO) layers, two alignment layers, the LC material, and a CMOS silicon backplane
layer.

Particularly, the incident beam, which faces refraction on the glass substrate, propa-
gates through the RIS-layer structure. The glass substrate layer is also in charge of
generating the director, which defines the final light orientation. Here, in a cell, LC’s
molecules tend to point toward a predefined direction called the director. In addition,
the ITO is a thin conductive coating material realized with a fair trade-off between
conductivity and transparency. Its primary role is to assist with heat generation and
control of the LC cell. The alignment layers guide light arrays through the predefined
direction in the LC cell. The CMOS silicon backplane, which represents the bottom
layer as depicted in Figure 4.3(a), is made of a material with a high reflection coeffi-
cient. The RIS depth and crystal orientation can be adjusted by a tunable element
so that the light reflected on the CMOS silicon backplane is oriented in the receiver’s
direction.

A schematic of the considered optical RIS-UAV-assisted HAP-to-GS links is illus-

SInterested readers can refer to [116] for other structures of optical RIS-based materials.
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4.3 Channel Modeling

trated in Fig. 4.3(b), wherein the Cartesian coordinate system [z,y, z] € R? is con-
sidered. Without loss of generality, we assume that the RIS array lies on the z — y
plane and its center is at [0, 0, 0], which is the intersection of the incident beam (from
HAP) and reflected beam (at RIS). Here, 6, and 6, are the incident and reflected an-
gles at the RIS array, respectively. Additionally, 6, is the angle between the reflected
beam and the normal vector of the lens at GS. In this chapter, we take into account

the major impairments on the links, including (i) atmospheric attenuation A}, (ii)

u

v and (iii) atmospheric turbulence hY.

RIS-UAV hovering-induced misalignment h
The composite channel fading coefficient is, then, formulated as hfjq = hj'hphy. The
attenuation h{', which can be found in [19, (7)], is considered in clear sky conditions.
As for the RIS-UAV hovering-induced misalignment, since the RIS-UAV relay receives
a sufficiently large beam footprint from HAP, the beam truncation can be ignored. As
a result, the position fluctuations of the RIS array within its plane, i.e., the x—y plane,
can be neglected. In other words, only the fluctuations along the z axis, denoted
by € ~ N (0,0%,), are considered. The misalignment due to the UAV hovering
results in the misalignment between center of reflected beam footprint from the RIS-
UAV relay and the center of the GS’s detector, denoted by u. Using Fig. 4.3(b), if
the UAV position fluctuation of €Z, the misalignment v at GS can be computed as
1 sin(0i+6r)

) 2 z 2 : :
sl cost, G- As N (0,02,), the misalignment also follows a zeros mean

u =

1 sin?(6;46,) o2
cos?6,, cos26; ris*

Gaussian distribution, i.e., u ~ A (0, 02) with the variance of 02 =
On the other hand, as the Gaussian beam profile is considered, the fraction of collected

power at the GS’s detector with aperture radius of Dgg can be approximated as [70]

2 2
hy =~ Ajexp <_twi2> ) (4.24)
L
where Ay = [erf(v)]?, t = ZUexpE/—;r'j;g(c?sz(G,‘l)’ and v = %L"‘)DGS. Besides, wy, =

2 2
wu\/ (1 — L%O) + (%) is the optical beam waist at the GS’s detector. Here, Fj
is the radius of curvature (Fy = oo, for a collimated Gaussian beam), and Lyg is the

propagation distance from UAV to GS, i.e., Lyg = (Huav — Hgs) sec(§ug) with &ua
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the UAV’s zenith angle. Additionally, w, = ngils with Oris = Ouu(l + Luy/Luc),
where Lyy = (Huap — Huav) sec(§qu) with gy is the HAP’s zenith angle for the
HAP-UAV beam. It is worth noting that this chapter considers the power amplifying-
RIS structure as depicted in Figure 4.3(a), in which the geometric loss at RIS array
can be compensated as reported in [122].

From (4.24) and by assuming that u follows a zero mean Gaussian distribution, the

PDF of h¥ is given as [123]

I

w \ @w—1
(Z-m) , (4.25)
0

tw?
where 0 < hy, < Af and @ = 7%,

Regarding the atmospheric turbulence, it can be expressed as hy = hy hy , in which

the PDF of hY , z € {1,2} can be modeled by the GG distribution as

az+Bz

u _2(O‘zﬁz) 2 u 2=t ”
Jne, (haz)—m (i) Kaz—ﬂz(Q\/ a-B:hy.), (4.26)

where a, and [, are respectively the effective number of large-scale and small-

scale eddies of scattering environment. From (4.26), the PDF of h¥ can be ex-
pressed as fru (hY) = [ fh;”hg1 (R |n) S, (h) dhi. With the help of [124, (9.31.2),
(8.4.23.1)], [109, (8.4.23.1)], and [110, (21)], along with some mathematical manipu-

lations, the PDF of hY can be derived as

1
[ () T (B1) T (o) T (Ba) hy

fhg (hg) =

XG(%ZZ ayfrasBahy : (4.27)
03] ﬁl (%) 52

Composite Channel Statistical Model: The PDF of composite channel coefficient, i.e.,
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e = hithy hY, is given as

u 7 1 %—LIG u u
fhﬁc <hHG) = /th% ( hg > fh}i (ha)dha7

& 1
B Agh}‘\/%l“ (041) rp)r (042) ['(82)

y / 1 1 ( ht e )w‘l
(h)? (Aghfhg) Aghy'hy
hith hl “he
Aghi(l, HG
x Gyl | cuBrasBiht dh. (4.28)
ar B oaz B
By using a transformation § = 4 /In (%), 2? = wH? and applying the Gauss-
H

Hermit quadrature integration [125, (25.4.46)] along with several mathematical ma-

nipulations, the closed-form of (4.28) can be obtained as

Y B n QIU, 1
Jrag (hiig) = ; VAT (1) T (B) T () T () (hﬁc)

h 2
xGé:i —041512353 HE oxp (ﬂ) , (4.29)
0 a1 B oag B

where w; is the weighting factor and z; is the zeros of the Hermite polynomial found
in [125]. It is noted that the Gauss-Hermite used in (4.28) quickly converges for finite
values of N (e.g., N = 90 terms).

4.3.4. End-to-End Channel Statistical Model

We now analyze the end-to-end statistical models, i.e., cumulative density function
(CDF), which is then used to obtain the performance metrics. The CDFs shown at
the top of next page are derived for each link in the considered HAP-based SAGIN,
including FSO-FSO1, FSO-FSO2, and FSO-RF (refer to Table 4.1 for the definition),

as follows:
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1
a7ﬁ70 ‘

(4.30)

Y 1 2,1 Y
—F, - Gag | —— T
e <7§H — v) L)L () " [ Ve (s — )

S u
Tsu
F’Ygze ("}/) = PI‘ (SH—}I(} < fy)

P L TR v
= Fpu. (%H _ ’y> ; VAL (an) T'(B1) T (a2) T' (B2)

1
a1 B < w ) : exp (»’U_ZQ) [
\/TI-LIG w + 2 w Png -y

4,1
x G715

,0

1
ar B oag By 0|
(4.31)

for
YsHTHa
F.r =Pr| =2>>—"=<
5. (7) (’Yﬁ(} +1 7)

2 (K +1
=Py || =1-@Q | V2K, (_f ) L . (4.32)
Ysg — Y THG Ysu — 7

e FSO-FSOL1 Link: From (4.7) and (4.22), the CDF of end-to-end instantanecous
SNR of the primary FSO-FSO1 link can be derived in (4.30). Here, yn¢ is
the average SNR for FSO-based HAP-to-GS link, and G}''(-) is the MeijerG

function.

e FSO-FSO2 Link: From (4.29), we can derive the CDF of hyig, i.e., Fhu , (hiiq),
and then the CDF of g, i.e., Fiu (7fig), by using a variable transformation
Yo = (nh}flG)Q/afzg. Here, the average SNR 7 = n’E[(hfi)?]/05y, where
E[(hiig)’] = (Aghi')*\/ =55 is derived in the Appendix A. From (4.10) and
using the CDF of Fu_ (14ig), the CDF of end-to-end SNR of the FSO-FSO2

link can be computed in (4.31).

e FSO-RF Link: From (4.8) and (4.15), the CDF of end-to-end FSO-RF link
can be obtained in (4.32).
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Here, it is noted that PDFs of end-to-end instantaneous SNR for each link can be

easily obtained from the derived CDFs by the following expression, i.e., f,,.(7) =

%F'Ye% (7) .

4.4. Performance Analysis

This section focuses on the performance analysis of the proposed system with rate
adaptation transmission over atmospheric turbulence channels. In particular, the
probability of transmission mode selection for the rate adaptation scheme is inves-
tigated, then used to analytically derive the performance metrics, including outage

probability, average transmission rate, and spectrum efficiency.

4.4.1. Transmission Mode Selection Probability

As mentioned in section 4.2-C, to determine the mode selection probability for the
system’s performance analysis, we need to determine the switching SNR threshold
levels. As reported in [67], these threshold levels are obtained based on the condition
that the average BER for each transmission mode satisfies the targeted BER,. As a
result, the switching SNR threshold level for the transmission mode i-th can be given

as

—2(M —1)

Yeb, = In (5BERy), (4.33)

where M is the modulation order [67]. In addition, the mode selection for each
transmission link can be formulated as

;

Mode i-th for FSO-FSO1 ify), <1k, <,

Mode Selection = 4 Mode j-th for FSO-FSO2 ih, < Yeze < Vb (4.34)

Mode k-th for FSO-RF Yhy, < Veze < Vingyy
\
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where i € {1,2,--- ,N; — 1}, 7€ {1,2,--- |Ny— 1}, and k € {1,2,--- , N3 — 1} with
N1, Ny, and N3 are the number of transmission modes for FSO-FSO1, FSO-FSO2,
and FSO-RF links, respectively.

From (4.33) and (4.34), the probability that FSO-FSOL1 link using the mode i-th for

transmission can be given as

'yth
/ f")’fe2e = '){:25 <f}/{hi+1) - F’}‘iz«s <fy£fhl) ? (4'35)
'Yth

where f7 (-) and FY (-) are respectively the PDF and CDF of FSO-FSO1 link found
in (4.30). Regarding the FSO-FSO2 link, the probability of selecting the transmission

mode j-th, given the outage occurs on the FSO-FSO1 link, can be expressed as

’Ythl ’yth
/ 7625 d/y / erZe d’Y?
’Yth
= F"{;Ze (f)/gllll) [F’ZZe (P)/E’th+1> - F";Lege <F)/tuh]>:| Y (4’36)

where 'thhl is the outage threshold level of the FSO-FSO1 link, while f* () and
F . (+) are respectively the PDF and CDF of the FSO-FSO2 link found in (4.31).

In addition, the FSO-RF link is activated when either (i) outage of the FSO-FSO1
link due to strong turbulence (without UAV deployment) or (ii) both FSO-FSO1 and
FSO-FSO2 links are not available (cloud blockage at the FSO-FSO1 link and strong
turbulence at the FSO-FSO2 link). Then, the probability that FSO-RF link using the
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Figure 4.4: Selected mode probability vs. CLWC values for different transmission links

with P, = 11 dBm, M = 10.3 mg/m?, and N; = N, = N3 = 2 modes.

mode k-th for

where ~,, is

Fr . (-) are th

transmission can be formulated as

If CWLC < M™ : without the UAV deployment

’ythl vg‘hk-}—l
/ Fo () dy / .. () dy,
’Y{hk
= F’Yfe26 <7{3fh1> |:F'Ye26 (’ythk:+1) - F':«:Qe (fyghk)] ) (437)

If CLWC > M™ : with the UAV deployment

f

Yiny Vehy Vihyyy
pk - / 'YeQe d’)/ / 'Ye2e d’y / 'Ye2e de’
Viny

f f u L r
- F’Yeze <7th1 )F’)’eze (Fy‘zh1 ) [F’:eze <7€hk+1 > - F’;e2e (’ythk )] ’

(4.38)

the outage threshold level of the FSO-FSO2 link, while f7 (-) and
e respectively PDF and CDF of FSO-RF link found in (4.32).

An example of the mode selection probability for different transmission links over a

range of CLWC values is depicted in Fig 4.4. Using this figure, we can investigate

the possibility

of using transmission modes and links for different values of CLWC.
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Specifically, with low CLWC values, the primary link (FSO-FSO1) can select the
highest mode for the transmission. In addition, when the CLWC value increases,
lower transmission modes are chosen for the primary link to satisfy the predefined
QoS. The probability of using the primary link starts decreasing at high CLWC values,
e.g., CLWC = 14 mg/m?® and higher, in which the system switches to the backup
options, i.e., FSO-FSO2 and FSO-RF links.

4.4.2. Performance Metrics

Using the transmission mode probabilities derived in section 4.4, we now investigate
different performance metrics for our proposed system, including outage probability,

average transmission rate, and spectrum efficiency.

4.4.2.1. Outage Probability

The outage probability, denoted as P,,, is defined as the probability that the system
moves to the zero-rate mode, where no data is transmitted to avoid the high error

rate. It is computed as

f u r
’ythl 7t111 ’ythl

Py = / 1. () / oo () / 7o (1) d,
0 0 0

- F’feQe (fytfh1> F’}ZQe (P)/;th) F’;:e2e (fy:',ﬂh1) ) (439)

where f* () and FY (-) are the corresponding PDF and CDF, while ’thhl, Vihy o
and 77y, are the outage threshold levels for the FSO-FSO1, FSO-FSO2, and FSO-RF

links, respectively.
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4.4.2.2. Average Transmission Rate
The average data bit rate for each transmission link can be calculated as

(

_ Ny
Rl =>"p/R[, for the FSO-FSOLI link,
i=1

_ Nz
R = 1221 pyRy.,  for the FSO-FSO2 link, (4.40)

_ N3
Rl = > piRy . for the FSO-RF link,
k=1

where p/ and pj are given in corresponding (4.35) and (4.36), while pj, can be found
in (4.37) and (4.38) [68]. Additionally, {Nl,R{;}, {N2, Ry}, and {Ns, Rj, } repre-
sents for total number of transmission modes and data bit rate of the FSO-FSO1,
FSO-FSO2, and FSO-RF links, respectively. From (4.40), the average system’s trans-

mission rate can be given as
R,=R/ +R'+ Ry, (4.41)

4.4.2.3. Spectral Efficiency

It is supposed that a Nyquist pulse shaping filter with the bandwidth B = 1/ R}, where
R} is the symbol rate. The achievable spectral efficiency for different transmission

links is, then, determined as

~

_ Ny
5% = 2r > p!/R{, for the FSO-FSO1 link,

_ Ny
Sy = Rig le;fRﬁj, for the FSO-FSO2 link, (4.42)
]:

_ N3
St = RL; kZ_:l pply,,  for the FSO-RF link,

Ve

where R/, R, and R’ are the fixed symbol rates of the FSO-FSO1, FSO-FSO2, FSO-

RF links, respectively [67]. From (4.42), the average system’s spectral efficiency can
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Figure 4.5: Outage performance of the primary FSO-FSO1 link versus CLWC for different
satellite’s transmitted powers.

be given as

Sp = SI 4+ St + Sr. (4.43)

4.5. Numerical Results and Discussions

In this section, we present the performance evaluation for our proposed system an-
alyzed in section 4.4 with different parameter settings. We also comparatively dis-
cuss the performance of our proposed system with the existing state-of-the-art sys-
tems, including all-optical HAP-assisted SAGIN and the hybrid FSO /RF-based HAP-
assisted SAGIN proposed in [67], which highlights the effectiveness of our proposed
system in the presence of cloud coverage. Regarding the rate adaptation design,
N; = Ny = N3 = 3 transmission modes, i.e., BPSK, QPSK, 8-QAM. In addition, the
parameters, unless otherwise noted, are shown in Table 4.3. Monte Carlo simulations
using MATLAB are also performed to validate the correctness of analytical results

and good match can be confirmed.

4.5.1. Outage Performance

First, we investigate the time for deploying the RIS-UAV relay in our proposed system,
which is determined by the CLWC threshold, M. To that purpose, the rule of thumb

here is that we want to maximize the achievable data rate while saving the energy
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Table 4.3: System Parameters

] Name \ Symbol \ Value ‘
LEO Satellite
LEO satellite altitude Hgar 600 km
Divergence angle Osat 15 prad
Satellite’s zenith angle EsaT 10°
High Altitude Platform (HAP)
HAP altitude Hyap 20 km
HAP’s aperture radius Duap 10 cm
Divergence angle (HAP-GS beam) ite) 3 mrad
Divergence angle (HAP-UAV beam) Ouu 4 mrad
HAP’s zenith angle (HAP-GS beam) Site 15°
HAP’s zenith angle (HAP-UAV beam) ity 20°
Unnamed Aerial Vehicle (UAV)
UAV altitude Hyav 2.5 km
RIS jitter variance ORIS 1 cm
UAV’s zenith angle Suav 60°
Ground Station (GS)
GS altitude Hgs 50 m
GS’s aperture radius Dgs 10 cm
Other Parameters
Optical wavelength A 1550 nm
RF frequency fe 2 GHz
FSO symbol rate RI R® 500 Msps
RF symbol rate R 50 Msps
Targeted BER BERg 107°
Number of cloud concentrations N, 250 cm 3
Vertical extent of cloud df, d: 2 km
Turbulent factors (HAP-GS link) a-p 7.5-6.5
Turbulent factors (HAP-UAV link) ag - By 7.2-6.2
Turbulent factors (UAV-GS link) ag - B 5.6 -4.1
Rician factor K 6 dB
Noise spectral density o2 2 x 1072 A%/Hz

consumption of the UAV. As a result, the UAV needs to deploy when the outage
performance of the primary link (FSO-FSO1) is about to happen, which is decided
by a predefined outage level. Specifically, Fig. 4.5 analyzes the outage performance
of the primary FSO link over a range of CLWC values. Also, different satellite’s
powers, i.e., P, =7 dBm, P, = 11 dBm, and P, = 13 dBm, are considered. We could
find the CLWC thresholds from a predefined outage level that the UAV should be

deployed using this figure. For example, with the predefined outage level of 1073, the
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Figure 4.6: Outage performance of different systems versus CLWC, when P, = 7 dBm.

UAV should be deployed at the time that CLWC = 7.8 mg/m?, 10.3 mg/m3, and 11.7
mg/m? for the transmitted power levels of 7 dBm, 11 dBm, and 13 dBm, respectively.
Next, we highlight the effectiveness of our proposed system in comparison with (i)
all-optical HAP-assisted SAGIN (FSO-FSO Only) and (ii) the hybrid FSO/RF-based
HAP-assisted SAGIN (FSO-Hybrid FSO/RF Only) proposed in [67]. Particularly,
Fig. 4.6 investigates the system’s outage performance for different CLWC values, when
P, = 7 dBm and CLWC threshold M = 7.8 mg/m?. As is expected, in the presence
of clouds, our proposed system outperforms the existing ones in terms of outage
performance. The reason is that when the CLWC increases, the outage performance
of the system with FSO-FSO only is significantly deteriorated. In contrast, our
proposed system can maintain a better performance than the FSO-hybrid FSO/RF
system in [67] because it can attain spatial diversity with the aid of RIS-UAV relay.
For instance, to retain the outage level of 107 our proposed system can operate
under the CLWC value of 12.5 mg/m?, while they are 5 mg/m3 and 10 mg/m? for the
system with FSO-FSO only and one with FSO-hybrid FSO/RF only, respectively.

Figure 4.7 focuses on the selection of GS’s aperture size to maintain a required out-
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Figure 4.7: Outage performance versus GS's aperture radius for different satellite’s trans-
mitted powers and HAP's zenith angles.

age performance for the proposed system under the impact of cloud, e.g., M. = 13
mg/m3. Also, different satellite’s transmitted powers, i.e., P, = 7 dBm (M® = 7.8
mg/m?3) and 11 dBm (M = 10.3 mg/m?), are taken into account. Additionally,
different divergence angles for HAP-GS beam, i.e., fg¢ = 3 mrad and 4 mrad, are
considered. Using this figure, we can select a proper GS’s aperture size for the given
satellite’s transmitted power and divergence angle for HAP-GS beam to retain a spe-
cific system’s outage level. For example, when P, = 7 dBm (or P, = 11 dBm), the
GS’s aperture size should be 14 cm (or 7 cm) to maintain an outage level of 107 for

the corresponding HAP-GS beam’s divergence angles, i.e., fgg = 3 mrad.

4.5.2. Average Transmission Rate and Spectral Efficiency

We are now able to analyze the other essential system performance metrics, including
average transmission rate and spectral efficiency under the impact of clouds.

We further highlight the effectiveness of our proposed system in terms of average
transmission rate performance. Figure 4.8 analyzes the average transmission rate

over a range of CLWC values. Also, P, = 11 dBm and M® = 10.3 mg/m?. As is
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Figure 4.8: Average transmission rate of different systems versus CLWC, when P, = 11
dBm.

expected, our proposed system can achieve a considerable enhancement in terms of
achievable rate in comparison with the systems with FSO-FSO only as well as with
FSO-hybrid FSO/RF only as in [67]. At high CLWC values, while the achievable data
rates significantly decrease in systems with FSO-FSO only (deteriorated by clouds)
and with FSO-hybrid FSO/RF only (switching to the lower-rate mode of RF link),
our proposed system can even attain a higher data rate due to the fact that the
UAV-assisted FSO-FSO2 link can have more chance to select higher data-rate modes
for transmission. For example, when CLWC = 18 mg/m?, our proposed system can
maintain the achievable data rate of 1.15 Gbps, while they are merely 264 Mbps and
352 Mbps for the systems with FSO-FSO only and with FSO-hybrid FSO/RF only,
respectively.

In Fig. 4.9, we analyze the achievable data rate of the proposed multi-rate adaptation
design for the backup FSO-FSO2 link in comparison with the fixed-rate schemes.
Also, P, = 7 dBm, M = 7.8 mg/m3, and different fixed-rate schemes, i.e., My =
2 (BPSK), My = 4 (QPSK), and M, = 8 (8-QAM), are taken into account. As
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Figure 4.9: Average transmission rate versus CLWC for (i) fixed rate and (ii) adaptive
rate on FSO-FSO2 link, when P, = 11 dBm.

is expected, the proposed system with FSO-FSO2 link using the rate adaptation
scheme offers considerably better achievable data rate than the one using the fixed-
rate scheme. For instance, when CLWC = 18 mg/m3, the system with FSO-FSO2
link using the rate adaptation scheme can achieve 1.17 Gbps, while that using the
fixed-rate scheme can maintain only 83 Mbps, 173 Mbps, and 0.96 Gbps for My = 2,
M, =4, and M, = 8, respectively.

Figure 4.10 investigates altitudes for the deployment of RIS-UAV relay in terms of
achievable data rate over a range of CLWC. We set the satellite’s transmitted power
P, = 11 dBm. Also, different HAP’s altitude, i.e., hyap = 20 and 24 km, are
considered. As seen, when the CLWC value increases, the system has more chance
to select the UAV-assisted FSO-FSO2 link for transmission, resulting in an increase
in achievable data rate. In addition, using this figure, we can decide the altitude for
deploying the RIS-UAV relay and HAP. A higher achievable data rate can be achieved
with lower UAV and HAP altitudes due to smaller RIS’s virtual divergence angle for
the UAV-GS beam, defined by a ratio between HAP-UAV and UAV-GS distances.
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Figure 4.10: Average transmission rate versus CLWC for different UAV's altitudes, when
P, =11 dBm.

The rule of thumb here is to maintain a targeted achievable data rate while quickly
deploying the RIS-UAV relay. As a result, for example, when CLWC = 19 mg/m?,
the HAP and RIS-UAV relay should be deployed at the altitude of 20 km and 1 km,
respectively, to retain a targeted achievable data rate of 1.25 Ghps.

Finally, we highlight the effectiveness of our proposed system in terms of average
spectral efficiency. Figure 4.11 investigates the average spectral efficiency of different
systems over a range of CLWC values. This figure shows a considerable achievable
spectral efficiency improvement of the proposed system compared to those with FSO-
FSO only and with FSO-hybrid FSO/RF only. For instance, when CLWC = 19
mg/m?, the achievable spectral efficiency of our proposed system is 2.5 bits/symbol.
In comparison, they are 0.29 bits/symbol and 0.52 bits/symbol for the systems with
FSO-FSO only and with FSO-hybrid FSO/RF only.
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Figure 4.11: Average spectral efficiency of different systems versus CLWC, when P, = 11
dBm.

4.5.3. Design Guidelines

From the obtained insightful numerical results, we now provide the design guidelines
recommended for effectively designing our proposed system in the presence of cloud

coverage, as follows.

e Given a predefined outage level of 1073 for the primary FSO-FSO1 link, the
CLWC thresholds for deploying RIS-UAV relay are MM = 7.8 mg/m?, 10.3
mg/m?, and 11.7 mg/m? for the satellite’s transmitted power levels of 7 dBm,

11 dBm, and 13 dBm, respectively.

e When P, = 7 dBm and M® = 7.8 mg/m?, to maintain the outage level of 1079,
our proposed system can operate under the CLWC value of 12.5 mg/m?, while
they are 5 mg/m?® and 10 mg/m? for respectively the system with FSO-FSO
only and one with FSO-hybrid FSO/RF only, which highlights the effectiveness

of our proposed system.

e When P, = 7 dBm (or P, = 11 dBm), the GS’s aperture size should be 14 cm
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(or 7 cm) to maintain an outage level of 1077 for the corresponding HAP-GS

beam’s divergence angles, i.e., fgg = 3 mrad.

e At higher CLWC values, our proposed system can achieve a higher data rate
(more chance to select higher transmission modes). In contrast, achievable data
rates significantly decrease in systems with FSO-FSO only and with FSO-hybrid
FSO/RF only. For example, when P, = 11 dBm and CLWC = 18 mg/m?, our
proposed system can maintain the achievable data rate of 1.15 Gbps, while they
are merely 264 Mbps and 352 Mbps for the systems with FSO-FSO only and
with FSO-hybrid FSO/RF only, respectively.

e The effectiveness of multi-rate adaptation scheme is confirmed, in which, for
example, when P, = 7 dBm and CLWC = 18 mg/m?, the system with FSO-
FSO2 link using the rate adaptation scheme can achieve 1.17 Gbps, while that
using the fixed-rate scheme can maintain only 83 Mbps, 173 Mbps, and 0.96

Gbps for M, = 2,4, 8, respectively.

e The higher achievable data rate can be achieved with higher UAV altitudes due
to smaller RIS’s virtual divergence angle for the UAV-GS beam, defined by a
ratio between HAP-UAV and UAV-GS distances. When CLWC = 19 mg/m?,
for the quick deployment, the HAP and RIS-UAV relay should be deployed at
the altitude of 20 km and 1 km to retain a targeted achievable data rate of 1.25

Gbps.

e The effectiveness of our proposed system in terms of achievable spectral ef-
ficiency is confirmed, in which, for instance, when CLWC = 19 mg/m?, our
proposed system can achieve 2.5 bits/symbol. In comparison, they are 0.29
bits/symbol and 0.52 bits/symbol for respectively systems with FSO-FSO only
and with FSO-hybrid FSO/RF only.

It is worthy that the above design guidelines are useful for practical deployment of

network scenarios, e.g, space-assisted vertical backhaul/fronthaul solutions for wire-
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less mobile networks. Our network could be complementary to the terrestrial back-
haul /fronthaul networks in some situations. For instance, it is deployed in case of
failure in the terrestrial networks or temporary demand for backhaul/fronthaul during
a social event such as sporting events. Moreover, our network is capable of offering
backhaul/ fronthaul to the small-cell base stations that are located in hard-to-reach
areas where fiber or microwave links may not be readily available and expensive to

deploy. Examples of these locations could be in rural /remote or urban arcas.

4.6. Conclusions

In this Chapter, we have proposed to deploy the additional UAV equipped with a
RIS array in the HAP-based SAGIN to enhance the system performance under the
impact of weather conditions. We also proposed a link switching scheme and rate
adaptation design. Several performance metrics, including outage probability, aver-
age transmission rate, and spectral efficiency, were analytically obtained. Numerical
results illustrated the outperformance of the proposed system compared to the ex-
isting state-of-the-art ones over the turbulence fading channels. We also provided
the design guidelines that can be helpful for the practical system design of RIS-UAV
relay-assisted HAP-based SAGIN. Future work would be interesting to investigate the
deployment of multiple RIS-UAV relays. The spatial diversity can be attained using

selection combining, equal-gain combining, and maximum ratio combining schemes.
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Site Diversity Technique

This chapter” address the link availability in satellite-based free-space optical (FSO)
communications. In particular, we present an accurate analysis for the estimation
of the link availability in the presence of clouds and atmospheric turbulence. For
this purpose, a 5-years reanalysis meteorological ERA-Interim database, produced by
European Center for Medium-Range Weather Forecast (ECMWEF), is investigated.
The cloud liquid water content (CLWC) obtained from ECMWF database is used to
analyze the link availability for several regions in Japan. In addition, the site diversity

scheme is also investigated to enhance the system availability.

5.1. Introduction

In recent years, broadband satellite networks using free-space optical (FSO) com-
munications have attracted considerable attention from both academia and industry
thanks to the combined advantage of global coverage and huge bandwidth connec-
tivity [126]. The primary concerns of FSO are the atmospheric turbulence and cloud

blockage [57], which can severely deteriorate the system performance and link avail-

"The content of this Chapter was presented in part in

1. Thang V. Nguyen et. al., “Link availability of satellite based FSO communications in the
presence of clouds and turbulence,” IEICE Communications Express, Vol. 10, No. 5, pp. 206-211,
Feb. 2021.
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ability. For this reason, an investigation of the link availability in particular sites of
interest should be performed in planning and designing a satellite-based FSO com-

munications system.
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Figure 5.1: Site diversity implementation in Japan [8].

Driven by the recent development of the satellite-based F'SO networks, there are num-
ber of works focus on investigating the site diversity scheme to avoid the effects of
clouds [8,127-130]. In [8,127], the motivation of these works is to verify the site diver-
sity taking actual satellite orbits into account through on-site long-term acquisition,
storage, and analysis of cloud data such as the altitude, cloudage, and the distribution
of clear sky region. Figure 5.1 depicts optical ground stations where collects the cloud
data. An example of a field installation of an environmental-data collection station
is illustrated in Fig. 5.1. At that location, a whole-sky camera is implemented to
measure the cloudage/ceilometer for estimating the height of clouds, temperature,
and various other weather sensors. The data is acquired from the whole-sky camera
for identifying clear-sky regions during daytime and nighttime as shown in Fig. 5.1.
The observed data is sent to the sever (central station) via the terrestrial network,
stored in the database, statistically processed and analyzed. However, to confirm the
effectiveness of the site-diversity as proposed in [8,127], the data needs to collect,
store, and analyze during a long period, i.e., at least three years. Besides, for the

large-scale network consideration, the complex facilities are required for all of stations.
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There is an alternative approach that is cost-efficient, easy implementation, and has
good accuracy. That approach is based on CLWC data from the available databases
observed by satellites, e.g., the European Center for Medium-Range Weather Fore-
cast (ECMWF) database [27]. There are several studies on the investigation of the
site diversity scheme based on the CLWC data analysis approach [128-130]. In those
works, authors proposed an ON/OFF channel and investigated a methodology for the
calculation of cloud-free line-of-sight (CFLOS) probability based on the CLWC for
the optical satellite systems. Those works highlighted the use of monthly statistics of
cloud coverage for the design of FSO-based satellite links. Based on monthly varia-
tion of cloud coverage statistics, the site diversity technique is used to investigate the
minimum number of ground station satisfying the link availability requirement.

This letter, therefore, aims to provide a more accurate analysis for the estimation of
the link availability considering the impact of both clouds and atmospheric turbulence.
First, we obtain the CLWC data from the meteorological ERA Interim database
produced by the European Center for Medium Range Weather Forecast (ECMWF)
[27]. Based on the cloud attenuation statistical model developed in [25], the data is,
then, used to derive the link availability for several regions in Japan. In addition, site

diversity scheme is also investigated to improve the link availability.

5.2. Network Descriptions

A satellite-based FSO network is illustrated in Fig. 5.2, in which we consider laser
downlinks from a satellite to multiple ground stations (GSs)®. During the downlink
transmission, FSO links may experience (a) cloud blockage, (b) clouds with low CLWC
values that the connection is still maintained, and (c) clear sky. In the following, we
focus on the two major impairments on the FSO links, namely cloud attenuation and

atmospheric turbulence.

8The optical ground stations shown in Fig. 5.2 are developed by NICT, Japan.
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Figure 5.2: Satellite downlinks with multiple ground stations.

5.2.1. Cloud Attenuation

The liquid water particles in clouds cause the scattering phenomenon of the laser
beam propagation, leading to the decrease of visibility and significant attenuation of
signal power. Based on the CLWC data obtained from the ERA Interim database [27],

the visibility (km) can be estimated as

1.002
V= T oy

where L (g/m?) is the CLWC value and N, (cm™?) is the cloud droplet number concen-
tration. Using Mie theory, the visibility is then used to derive the cloud attenuation,
which can be found in [25].

According to [25], the log-normal distribution can be used to accurately model the

cloud attenuation whose the probability density function (PDF) is given as

(In A, — p1)°
20?2

fAc (Ac> s (52)

exp

1
Y 2o A,

where A, is the cloud attenuation expressed in dB while ¢ and p are obtained based

on the maximum likelihood estimation of the curve-fitting method.
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5.2.2. Atmospheric Turbulence

The atmospheric turbulence phenomenon causes the scintillation effect, which results
in fluctuations in the received signal power. The turbulence strength is determined
by the Rytov variance, denoted as 0%, where weak, moderate and strong turbulence
conditions correspond to 0% < 1, 0} ~ 1 and 0% > 1, respectively [57]. For the
satellite-to-ground optical channels, the Rytov variance in the case of plane wave

propagation is given as

Hsat
2\ /¢ , /
0% = 2.25(7”) sin~11/6 () / C2 (h) (h — Hg)™dn, (5.3)
Hg

where A (nm) is the optical wavelength, 6 is the satellite elevation angle, while Hg
and H,, are the receiver and satellite altitudes, respectively. In addition, CZ(h) is

the altitude-dependent index structure parameter, which can be found in [57].

5.3. Performance Analysis

This Section focusses on an estimation of the link availability. Specifically, we first
analyze the power loss due to the cloud attenuation and atmospheric turbulence. The
link availability is, then, estimated based on the obtained power loss. In addition,

site diversity scheme is also investigated to improve the link availability.

5.3.1. Power Loss

The power loss due to the cloud attenuation and atmospheric turbulence, denoted as

Ajss (AB), can be expressed as
Aloss — Ac + At7 (54)

where A; is the power loss caused by the turbulence-induced fading.

Let dg, be the distance from the satellite to the ground station, A; (dB) is then given
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by
1
Ay =4.343 [erfcinv (2pin) 1/2In (62 +1) — éln(ag, + 1)} ) (5.5)
L, \5/6177/°
where 03 = 0% [1 + 0.33(27;5f ) } is the power scintillation index with D being

the receiver aperture diameter and py, = 1072 [131]. On the other hand, the cloud

attenuation A. can be written as

Ahy
sin(f)’

3.91/ X\ %
5.6
Vi (550) (5:6)

where M is the total cloud layers considered while Vi and Ahy are the visibility and

M
A, = 24.343
k=1

the vertical extent of the k—th layer, respectively [25]. In addition, ¢, depends on Vi,

which can found in [57].

5.3.2. Link Availability

Given the power loss in (5.4), the link availability can be estimated by
Pavai =Pr [Aloss S Abudget] = Pr [Ac S Abudget - At] 5 (57)

where Apyager (dB) is the total link budget for the cloud attenuation and turbulence

loss. Based on (5.2) and given Ay, = Apudget — At (dB), (5.7) is rewritten as

Ath
Pavai = / fAc (Ac) dAc = 1 + lerf |:hl (Ath) — ,IL:| . (58)

22 V20
5.3.3. Site Diversity Technique

To improve the link availability, we consider site diversity technique. Let K denote
the total number of sites that are available for communications. By applying the

technique, the link availability, which is defined when at least one station is available
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at any time, can be determined as

K K

A=1=[]PrlAwss(i) > Audger) = 1 = ] ] Paon(9), (5.9)

i=1 =1

where Poon(i) = 1 — Pyani(i), with with P,y being given in (5.8), is the probability

that the i-th station is not available at a given time.

5.4. Results and Discussions

In this Section, numerical results of the link availability during rainy season (i.e., July)
in a 5-year period (2015-2019) for several regions in Japan are presented. The CLWC
data are collected with one sample every hour over a spatial resolution of 0.25° x 0.25°
latitude/longitude grid and with M = 5 cloud layers within 1-3 km above sea level.
For simulations of the atmospheric turbulence, the optical wavelength of A\ = 1550
nm, satellite elevation angle 6 = 40°, satellite altitude Hg,y = 36,000 km, receiver

aperture diameter D = 10 cm, and receiver altitude Hg = 10 m are chosen.

5.4.1. Impact of Clouds on Link Availability

Firstly, we investigate the impact of clouds without considering the atmospheric tur-
bulence. In this scenario, Fig. 5.3 illustrates the link availability for 47 prefectures
in Japan when the link budget for the cloud attenuation is 30 dB. It is observed
that Hokkaido and Shikoku achieve the highest and lowest levels of link availability
during the rainy season, respectively. In addition, the link availability decreases from
the north to the south of Japan. From the network design perspective, the obtained
results are useful in deciding the optical GSs that can communicate reliably with the

satellite.

5.4.2. Joint Impact of Clouds and Atmospheric Turbulence

Next, Fig. 5.4(a) depicts the link availability in Tokyo over a range of link budgets

under the joint impact of clouds and atmospheric turbulence. Here, the total link
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Figure 5.3: Link availability in Japan during rainy season.

budget, Apudget, for the cloud attenuation and turbulence loss is considered. As seen
from the figure, severe clouds combined with the atmospheric turbulence significantly
deteriorate the link availability. For instance, when Apygger = 30 dB, the link availabil-
ity are 86%, 83%, and 82% in no turbulence, weak turbulence, and strong turbulence
cases, respectively.

Finally, we highlight the advantage of site diversity technique in improving the link
availability in Fig. 5.4(b) when Apueer = 30 dB and C2(0) = 107'3. It is evident
that the link availability increases with the number of GSs. For example, the link

availability reaches 99.29% when using three GSs.

5.5. Conclusions

This letter has presented an estimation for the link availability of satellite-based FSO
communications in the presence of clouds and atmospheric turbulence. The 5-year

reanalysis meteorological ECMWF ERA Interim database for Japan was used for the
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investigation. Site diversity technique was employed to improve the link availability.
Comprehensive numerical results were presented to show the link availability during

rainy season and to confirm the effectiveness of using site diversity technique.
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Summaries and Future Research

6.1. Summaries

A mission of the next-generation network is to connect the remaining half of the world
due to nearly 50% of the population being unconnected to the Internet nowadays. Two
main barriers that restrict connectivity are the lack of infrastructure and affordability.
To address these issues, optical satellite communications have recently emerged as
a complementary solution to bridge the gap by offering Internet connectivity at a
reasonable cost and ubiquitous coverage. On the one hand, the advantage of satellite
communication is expanding connectivity to uncovered and under-served regions. On
the other hand, FSO communication has been considered as an alternative for low-
cost, energy-efficiency, and effective broadband wireless connectivity thanks to the
use of a new and vast unlicensed optical spectrum. The combination of satellite and
FSO communication, therefore, is a potential technology for the development of the
next-generation network.

The optical links from space are subject to atmospheric-related issues, such as at-
mospheric attenuation, atmospheric turbulence-induced fading, and weather-induced
disruption. Besides, misalignment loss is a critical problem in satellite-based FSO

communication since it could arise due to many reasons such as UAV hovering, ground
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station fluctuation, etc. From this perspective, this dissertation focuses on the design
and performance evaluation of satellite-based FSO communications, considering the
adverse issues. To do so, we propose several mitigation techniques to improve the sys-
tem performance. Firstly, to provide broader coverage and flexible deployment, both
high and low-altitude UAVs are proposed as a relay node to avoid cloud coverage.
High altitude UAV, also known as HAP, can be an airship, aircraft, or balloon, is a
low-cost solution that inherits most of the advantages of the satellite. Besides, the
mirror array, also known as RIS, is mounted on the UAV to quickly reflect and forward
the signal from HAP to the user terminal. Secondly, the hybrid FSO/RF system is
used in optical satellite communication to improve the overall system availability. In
a hybrid system, the lower data rate RF link is considered as a backup link when the
optical channel condition is insufficient to maintain the high data rate. Moreover, the
rate adaptation design is applied to the hybrid system to avoid frequently switching
between FSO and RF links. Finally, we apply the site diversity technique to enhance
the optical satellite system in the presence of the cloud and atmospheric turbulence.
In this dissertation, we also provide insightful discussions that can be helpful for the

practical system design of satellite-based FSO communications.

6.2. Future Research

For future directions, we aim at expanding the current research to explore new mitiga-
tion techniques that address the challenging issues of optical satellite communication
in the new space era. In recent years, space organizations, i.e., OneWeb, SpaceX, have
started a project, Global Information Grid (GIG), built on a space-aerial-ground in-
tegrated network (SAGIN). Thanks to the inherent advantages in terms of large cov-
erage, high throughput, and strong resilience, SAGIN can be used in many practical
fields, including earth observation and mapping, the intelligent transportation system
(ITS), military mission, disaster rescue, and so on. Unlike traditional terrestrial net-
works, SAGIN is affected by limitations simultaneously from all three segments, from

the aspects of traffic distribution, load balancing, mobility management, power allo-
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cation, route scheduling, end-to-end quality of service (QoS) requirements, etc. Thus,
it is critically necessary for system design to achieve optimal performance in end-to-
end data transmission given various practical network resource constraints from each
segment. Based on current achievements, future research can be expanded to the

following areas:

e Acquisition, tracking, and pointing (ATP) mechanism is a critical component
for a wide variety of use cases of mobile FSO communications. ATP mechanisms
are used to align an FSO transmitter and receiver to attain line-of-sight, which
is required for the effective operation of FSO communications. In the context
of SAGIN, ATP mechanisms are expected to decrease in size and complexity to
save energy consumption for moving terminals (e.g., battery-powered drones).
To advance this research direction, we plan to address two critical questions: (1)
among many mechanisms types: gimbal-based, mirror-based, adaptive-optics,
RIS-based, hybrid FSO/RF-based, what are the effective mechanisms for ATP
system? And (2) how can those mechanisms be used to design efficient solutions

for SAGIN.

e Rcinforcement learning (RL) is a promising technique for SAGIN due to does not
require labeled datasets like machine learning (supervised and unsupervised).
RL can learn from prior experience and seems more suitable for a dynamic
wireless network like SAGIN. In SAGIN, the channel state information (CSI)
is importation information that describes how the signal propagates through
the environmental conditions. The accuracy of CSI estimation can help limit
bit error rate and select modulation schemes, especially in SAGIN using rate
adaptation for hybrid FSO/RF systems. In particular, the transmitter (satel-
lite) transmits a pilot signal for estimating the CSI and uses the estimated CSI
dataset to train and estimate the remaining channels and future CSI using RL.
In this context, several promising uses-cases to investigate the application of the
RL technique include: (i) adaptive data rate/power for the hybrid FSO/RF in

SAGIN, (ii) adaptive beamforming to enhance the performance of multi-beam
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satellites, and (iii) monitoring applications.
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