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ABSTRACT

Recent advances demonstrate satellite communications (SatComs) as a potent en-
abler for future Terabits/s wireless networks and bridging the digital divide. Ex-
isting SatCom systems, however, are mostly dependent on radio frequency (RF)
with limited available bandwidth, which is the main bottleneck for further data rate
increases. Free-space optical (FSO) communications, with huge license-free band-
width, have emerged as a candidate alternative. Despite their ability to deliver
high-throughput transmissions, FSO communications are weather-dependent and
susceptible to atmospheric turbulence effects. Therefore, improving the FSO-link
usability is crucial for better exploring its higher transmission rate. The goal of this
research is to develop effective FSO-based SatCom solutions that can achieve very
high throughput while enjoying high reliability and, as such, provide trustworthy
support for future global connectivity.

In this thesis, we adopt novel space-air-ground (SAG) FSO transmission ap-
proaches in the design of advanced SatCom systems for next-generation wireless
networks. We first propose a reliable Terabits satellite feeder link solution. In
particular, we propose a new SAG-FSO network with a strategically deployed high-
altitude platform (HAP) relay to successfully remedy the atmospheric turbulence
effects. We show that such a design can substantially mitigate the effects of atmo-
spheric turbulence. Then, we integrate the proposed SAG-FSO network and hybrid
single-hop (SH) FSO/RF transmission to create a SatCom feeder link with signif-
icantly improved performance and reliability. The numerical results show that the
integrated transmission system achieves about 10 dB performance gain over existing
solutions for both downlink and uplink scenarios. To mitigate weather effects and
increase the reliability of SAG-FSO networks even further, we propose to combine
SAG-FSO transmission with site diversity.

With the recent technological advancements in solar cells and batteries, HAP-

based relays can operate continuously for several months. A SatCom system with
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multiple HAP relays can enable a much more flexible design than a conventional
one with multiple ground station sites. More precisely, we consider switching-based
HAP relays with a hybrid SAG-FSO/RF transmission for SatCom. Our proposed
system switches between HAPs based on the ground-HAP channel quality, as there
are more atmospheric turbulence and weather effects. Meanwhile, the ground-HAP
links corresponding to different HAP relays may experience correlated atmospheric
turbulence. The obtained results illustrate that, despite the correlation adversely
affecting performance, the transmission system still maintains a considerable gain
over hybrid FSO/RF and single HAP systems.

To increase the transmission rate for end users in a particular hot-spot area with
higher traffic demand while maintaining ubiquitous coverage, we propose parallel RF
and FSO transmissions to explore their complementary properties in beamwidth and
bandwidth. In particular, RF transmissions serve the users over a large geographical
area, while the FSO link is employed to increase the throughput to a particular
hot-spot area with higher capacity demand through an access point. Independent
data streams are adaptively sent over both links to satisfy capacity and availability
requirements. Such a transmission strategy can effectively provide a high-speed
connection to a centralized location. In addition, it can maintain ubiquitous coverage
for numerous Internet-of-Things devices dispersed over a large geographical area via
an RF link.

We adopt the analytical system performance evaluation approach and develop
efficient analytical expressions for important performance metrics for the proposed
SatCom systems. Selected numerical examples and their discussions provide useful

insights for engineering applications.
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Chapter 1

Introduction and Motivation

1.1 Background

While taken for granted by many living in fully developed communities, Internet
connectivity remains unavailable or unaffordable in many regions of the world. Pro-
hibitive setup costs have created a digital divide that isolates a substantial portion
of the world’s population, approximately 2.7 billion people, from the connected
world [1]. Next-generation wireless networks should open up new avenues for con-
nectivity and contribute to the reduction of the digital divide. Indeed, the growing
demand has motivated the development of non-terrestrial networks (NTNs) to ef-
ficiently deliver broadband services and connect remote communities [2-4]. NTNs
can help improve coverage and service quality, particularly in areas where traditional

terrestrial networks may have blind spots [5-7].

1.1.1 Non-terrestrial Networks

Satellite communication (SatCom) is an attractive way to complement and support
terrestrial networks because of their unique capability of global coverage [8-10].

Several companies have developed satellite constellations to cover underserved com-
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Figure 1.1: High-throughput SatCom feeder link: (a) RF-based solution; (b)
Optical-based solution

munities and provide broadband Internet access around the world [11-13]. In low-
earth orbits (LEO), SpaceX had launched over 4700 Starlink satellites as of July
2023; OneWeb had a 634-satellite constellation as of May 2023; Telesat plans to
launch a global service with 298 satellites in 2025. Moreover, high-throughput Sat-
Com systems in geostationary-earth orbits (GEO) are also planned to improve the
user experience for broadband services, such as Ka-Sat with a throughput of 70 Gi-
gabits/s, ViaSat-1 with 140 Gigabits/s, ViaSat-2 with 350 Gigabits/s, and ViaSat-3
with a throughput of up to 1 Terabits/s by the end of 2023. They serve as significant
initial steps towards the advent of the “Internet from Space” [14].

Existing SatCom systems are mainly based on licensed radio frequency (RF)
bands, e.g., the Ku-band (12-18 GHz), the Ka-band (27-40 GHz), and the Q/V band
(40-50 GHz) and use multiple RF beams to communicate with separate ground sta-
tions (GSs), as demonstrated in Figure 1.1(a) [15]. The number of GSs is primarily
determined by the targeted traffic and the capacity of a GS. The RF bandwidth
limitation remains one of the key challenges for high-throughput transmission. RF-

based solution typically requires about 50 GSs to achieve 1 Terabits/s throughput,
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Figure 1.2: Representation of HAP-based networks [20].

which entails very high complexity and cost [16]. Furthermore, the service cost
of satellite communications is still too high for the general public in remote com-
munities and developing countries. High-altitude platforms (HAPs) are also being
explored as a way of extending the coverage of terrestrial networks and providing
wireless connectivity to unserved or underserved communities [17-19]. A network
of floating balloons that serve as mobile base stations with adjustable locations is
used to provide Internet access, as shown in Figure 1.2 [20]. For example, Project
Loon provided Internet access to Kenya’s rural millions and Puerto Rico in 2017 af-
ter Hurricane Maria damaged the island’s communications infrastructure. Despite
these successful use cases, Project Loon was shut down in 2021 due to over-cost con-
cerns. RF spectrum scarcity remains a big challenge to delivering affordable high
data-rate transmissions through HAPs. So, to reduce the cost per transmitted bit
to a similar level as terrestrial networks, it is essential to increase the capacity of

NTNs to Terabits/s in a cost-effective manner.



1.1.2 Free-space Optical Communications

To address the RF spectrum scarcity problem, one possible solution is to tap into
the much wider optical spectrum and harness the great potential of optical trans-
mission technology. Free-space optical (FSO) exploits an unlicensed spectrum with
a larger operational bandwidth. A single FSO feeder link can replace a large number
of RF feeder links, as shown in Figure 1.1(b), with reduced cost and complexity.
The German Aerospace Center (DLR) proved the practicality of using FSO com-
munications in a GEO-equivalent turbulent channel in May 2018, setting a world
record of 13.16 Terabits/s as a part of the Terabit-throughput optical satellite sys-
tem technology (THRUST) program [21]. Recently, the National Aeronautics and
Space Administration (NASA) plans to establish a 200 Gigabits/s optical link from
a nanosatellite in LEO to the ground as a part of the Terabyte Infrared Delivery
(TBIRD) program [22]. Besides the huge available bandwidth, FSO communications
enjoy several additional advantages, such as immunity to interference, decreased size
(=~ 0.1 of RF), and lower power consumption (= 0.5 of RF) [23]. Therefore, FSO-
based SatCom systems are the ideal solution to lower the cost per transmitted bit

and provide affordable high-speed Internet access anywhere on the globe.

1.2 Problem Statement and Motivation

Despite the many advantages of FSO-based transmission, optical signals are affected
by a wide range of factors when propagating through the atmosphere. Particles in
the atmosphere absorb and/or scatter optical waves. The particle-wave interaction
causes attenuation due to fog, rain, snow, and clouds [23]. On a clear day, optical
attenuation is about 0.2 dB/km, but when there are dense clouds, it could reach 300
dB/km. Moreover, high levels of air pollution (smoke, dust, and smog) and humid-
ity in urban regions reduce FSO link visibility. FSO transmissions also suffer from

atmospheric turbulence, which is generated when aerosol particles experience wind



and solar heating. Turbulent inhomogeneities lead to the formation of turbulent
cells (eddies) of varying temperatures. Such a phenomenon creates fluctuations in
the refractive index along the signal path and, in turn, causes the random variation
of the phase and amplitude of the received optical signal [24]. Furthermore, FSO
transmissions are vulnerable to pointing errors because of the misalignment between
the transmitter and the receiver and the beam-wandering effects [25]. Beam wan-
dering occurs when the optical beam diameter is smaller than the eddy size. So,
the uplink transmission to satellites is especially prone to beam-wandering effects.
The optical beam encounters turbulence near the transmitter and is deflected from
its original path.

A possible way to solidify the FSO approach for SatCom is to explore the com-
plementary nature of RF transmission [26]. Specifically, FSO and RF links are
vulnerable to non-overlapping weather conditions that are highly unlikely to occur
simultaneously. Rain and fog are the most common causes of link unavailability
for RF and FSO transmission, respectively [27]. Besides, RF transmissions are less
sensitive to pointing error effects due to their wider beamwidth that may extend to
hundreds of kilometers. The resulting hybrid FSO/RF SatCom enjoys the benefits
of both links while avoiding weather-dependent effects. Different implementation
strategies were proposed in this regard, such as hard switching and diversity com-
bining [28,29]. Meanwhile, because of the scarcity of the RF spectrum, the RF link
can only deliver a data rate of a few hundred Megabits/s. Thus, combining with
or switching back to the RF link will reduce the overall system transmission rate.
To better explore the Terabits/s transmission rate of FSO links, there is a pressing

need to increase FSO-link usability.
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Figure 1.3: Proposed high-throughput SatCom solutions.
1.3 Research Overview

The goal of this research is to develop promising, very high-throughput SatCom
solutions that can efficiently and effectively support broadband global connectivity
and help bridge the digital divide. To reach this goal, there are many technical chal-
lenges to be addressed. We need to devise transmission solutions that can alleviate
FSO channel impairments, such as beam-wandering-induced pointing errors, beam
scintillation, and weather-dependent effects, which are inevitable and inherent is-
sues in FSO communications. Besides, we need to increase the usability of the FSO
link in order to maximize the benefits of its higher transmission rate. Furthermore,
despite the FSO link’s potential to provide high-throughput transmission, it can
only cover a small region due to its narrow beamwidth. The FSO beamwidth at
the ground station can range from tens of meters to a few kilometers, depending on
the satellite altitude and zenith angle. It is expected that SatCom systems should
serve a group of users simultaneously over a wide geographical area. SatCom sys-
tems should also deliver a high-speed connection to support broadband access in a

certain hot-demand area.



To effectively overcome these technical challenges, we propose innovative ap-
proaches to SatCom system design, as shown in Figure 1.3, that can achieve high
transmission rates and ubiquitous coverage while enjoying high reliability at re-
duced cost and complexity. First, efficient satellite feeder link designs are proposed
to explore the Terabits/s throughput of FSO transmissions while maintaining high
reliability. Newly suggested space-air-ground (SAG) networks are utilized to suc-
cessfully mitigate atmospheric impairments. In addition, hybrid FSO/RF is adopted
to address weather-dependent effects. Next, parallel RF and FSO transmissions are
considered for end users to best explore their complementary properties in band-
width and beamwidth. The goal is to develop a SatCom system that can satisfy the
demand for ubiquitous coverage while boosting throughput in a certain high-demand
area. The proposed system is ideal for providing coverage to a remote community
where a traditional terrestrial solution is prohibitively expensive. Such a strategy
will also be useful for flexible SatCom system design with multiple ground station
sites.

In general, there are two approaches to evaluating the performance of SatCom
systems. One approach is to conduct experiments, which are typically costly and
time-consuming. On the other hand, analytical system performance evaluation can
be a possible alternative, and the obtained numerical results can be efficiently used
at the beginning stage of system design. In this work, we will focus on the efficient
analytical performance evaluation of the proposed SatCom systems, which provides

useful insights for engineering applications.

1.4 Thesis Contributions

The contribution of the thesis can be summarized as follows:
We propose a low-zenith-angle HAP relay deployment strategy to alleviate at-

mospheric turbulence effects and increase the FSO’s usability for SatCom systems.



Then we present a novel SAG network that integrates the suggested SAG-FSO
and hybrid FSO/RF transmissions to create a satellite feeder link with significantly
improved performance and reliability. End-to-end outage probability (OP), aver-
age symbol error rate (ASEP), and ergodic capacity performance are analyzed over
Gamma-Gamma (G-G) fading for FSO links in the presence of beam wandering,
atmospheric turbulence, weather attenuation, pointing errors, free-space loss, and
beam divergence loss and Rician fading for the RF link for both uplink and down-
link scenarios. We also derive the optimum switching thresholds for the FSO links,
which minimize the overall system ASEP.

We propose to combine the suggested SAG-FSO transmission with site diversity
to mitigate weather effects and increase the reliability of SAG-FSO networks. To
achieve a similar diversity benefit with reduced cost and lower complexity, we also
propose switching-based HAP relays with a hybrid SAG-FSO/RF transmission sys-
tem. The proposed solution switches between HAPs depending on the ground-HAP
channel quality. Meanwhile, the ground-HAP links corresponding to different HAP
relays may experience correlated atmospheric turbulence. To quantify the effect of
correlated atmospheric turbulence, we derived a novel, unified analytical expression
of the ASEP for both intensity modulation and direct detection (IM/DD) and het-
erodyne detection (HD) detection schemes over G-G fading. The ASEP analysis
reveals that changing the correlation coefficient value doesn’t affect the transmis-
sion system’s diversity gain but degrades the ASEP performance. However, the
transmission system still maintains a considerable gain over hybrid FSO/RF and
SAG-FSO/RF transmission systems.

We present a parallel FSO and RF transmission system for SatCom to increase
throughput to a hot-spot area while preserving ubiquitous coverage. We derive
a novel, unified analytical expression of sum capacity outage probability for both
IM/DD and HD schemes under Rician and G-G fading models for RF and FSO

transmissions, respectively. Additionally, to acquire meaningful insights for en-



gineering applications, we derive a simplified asymptotic expression for the sum
capacity outage probability and calculate the diversity gain. We also study the im-
pact of the power allocation on the outage probability of parallel transmission and

demonstrate that the optimal ratio varies with the weather condition.

1.5 Thesis Organization

This thesis consists of five chapters. A summary of the remaining chapters and their
contributions is presented as follows:

Chapter 2 presents and analyzes a novel transmission system for a reliable Sat-
Com feeder link. To successfully remedy the atmospheric turbulence effects, we
propose a new SAG-FSO network with a strategically deployed HAP relay. We
show that such a design can substantially mitigate the effects of atmospheric turbu-
lence. Then, we integrate the proposed SAG-FSO network and conventional hybrid
single-hop (SH)-FSO/RF transmission to improve overall system reliability and per-
formance even further. Integrating SAG-FSO and SH-FSO transmissions into a sin-
gle system can remarkably decrease the frequency of switching to a low-throughput
RF link, maximally benefiting from the higher transmission rate of FSO commu-
nications while enjoying high reliability. We perform a thorough analysis of the
resulting SAG-FSO/SH-FSO/RF transmission system. Furthermore, we consider
the optimal design of switching thresholds.

In Chapter 3, taking advantage of the SAG-FSO design’s excellent performance,
we combine site diversity with SAG-FSO transmission to mitigate both atmospheric
and weather effects. HAP-based FSO relay hovering directly above a ground sta-
tion can successfully mitigate atmospheric turbulence impacts, while site diversity
is an effective solution for addressing weather effects. Remotely distributed ground
stations have a higher probability of experiencing uncorrelated weather conditions.

Meanwhile, site diversity typically entails high costs due to the required terrestrial



10

infrastructure. To achieve a similar diversity benefit with reduced cost and complex-
ity, we propose a SAG-FSO network with multiple HAP relays. We investigate the
performance of the proposed transmission system with multiple HAP relays under
a correlated atmospheric turbulence channel model. We analytically derive exact
and asymptotic ASEP expressions. We also investigate the overall system diversity
gain.

Chapter 4 introduces parallel FSO and RF transmissions for high-throughput
remote access. In particular, RF transmissions serve the users over a large geo-
graphical area, while the FSO link is employed to increase the throughput to a
particular hot-spot area with higher capacity demand through an access point. In-
dependent data streams are adaptively sent over both links to satisfy capacity and
availability requirements. The ground users can achieve high data transmission over
the mixed FSO-RF link through the access point when inside its coverage. However,
users have to rely on a direct RF link to the satellite when they are outside the cov-
erage area of the access point. To highlight the significant potential of the proposed
SatCom system, we derive a novel analytical expression of the sum capacity outage
probability for the transmission to the access point.

Finally, we summarize the thesis in Chapter 5 and suggest some future research

directions related to this thesis.
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Chapter 2

Hybrid SAG-FSO/SH-FSO/RF
Transmission for Next-Generation

Satellite Communication Systems

In this chapter, we present a novel transmission scheme for a reliable SatCom feeder
link, called hybrid SAG-FSO/SH-FSO/RF transmission. We propose a new SAG-
FSO network with a strategically deployed HAP relay that can effectively mitigate
the atmospheric turbulence effects. In addition, unlike typical hybrid FSO/RF so-
lutions [26-34], which use a bandwidth-limited RF link as the only backup for FSO-
based SatCom, our proposed system uses SH-FSO link as an additional backup,
which can improve system performance and reliability even further. Note that, de-
spite the SH-FSO’s vulnerability to atmospheric turbulence, it can still support a
much higher data rate than RF transmission. We perform a thorough performance
analysis of the resulting integrated transmission system. The exact analytical ex-

pressions are derived and validated by Monte-Carlo simulations.
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Figure 2.1: SAG network with hybrid FSO/RF transmission in previous work.
2.1 Related Work

Recently, a HAP-based relay deployed between a satellite (SAT) and a ground sta-
tion has been adopted as an effective way to alleviate FSO channel impairments and
increase the FSO link reliability [35]. Such a HAP-based relay creates a SAG net-
work for SatCom systems. Because of the stratosphere’s unique properties, where
no weather event occurs, HAPs can maintain a quasi-stationary location, allowing
for reliable line-of-sight communication between the receiver and transmitter [19].
Therefore, atmospheric turbulence, which is an inevitable and inherent issue in FSO
communications, has a reduced impact on FSO transmission through HAP relaying
schemes. To improve the performance of the SAG-FSO transmission even further,
the RF link is employed to only backup the ground-HAP FSO link, which is more
vulnerable to atmospheric effects. A sample design of such hybrid SAG-FSO/RF
transmission was first proposed in [31-34] and is shown in Figure 2.1.

The main goal of such a SAG design is to decrease the beam-wandering effects

that become more severe as the FSO propagation distance through the atmosphere
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increases. With this design, the HAP is deployed in the stratosphere at the same
zenith angle as the satellite, effectively dividing the SH-FSO link into shorter hops.
According to [31-34], the SAG-FSO/RF transmission achieves a performance gain
over traditional SH-FSO/RF transmission in the uplink scenario. However, it only
yields a marginal performance improvement over downlink SatCom since the beam-
wandering effects are neglected. The ground-HAP FSO link encounters a compa-
rable level of atmospheric turbulence effects as SH-FSO transmission as they share
the same zenith angle. While minimizing the beam-wandering impacts, the SAG
transmission in [31-34] was unable to successfully mitigate the atmospheric turbu-
lence effects on FSO communication. Furthermore, it is sensitive to satellite zenith
angle variation and is more suitable for GEO satellites with relatively small and

fixed zenith angles.

2.2 Proposed SatCom Feeder Link

In general, FSO communication performance is negatively affected as the propa-
gation distance increases in a strong-turbulence environment. Ideally, we prefer
FSO transmission in a low-zenith-angle direction, which is often not possible for
direct ground—-SAT transmission due to the zenith angle of satellites. For SAG-
FSO transmission through the HAP relay, however, we can achieve low-zenith-angle
transmission between the ground station and the HAP by strategically deploying
the HAP, which is independent of the satellite position and becomes crucial when
working with LEO satellites.

To minimize the traveling distance of the optical signal in a high-attenuation
region, we propose a low-zenith-angle HAP deployment strategy, where HAP hovers
directly above a ground station, as shown in Figure 2.2. Hence, beam wandering
and atmospheric turbulence effects experienced by the ground—HAP hop can be
successfully reduced [36,37]. On the other hand, such HAP deployment results in a
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Figure 2.2: SatCom feeder link with SAG-FSO/SH-FSO/RF transmission.

slightly longer propagation distance over the HAP—SAT hop by about 3%, assuming
an 80° satellite zenith angle (the worst-case scenario). Apart from propagation dis-
tance, optical signal power loss primarily depends on the atmospheric attenuation
caused by aerosols. As the concentration of aerosols is negligible at high altitudes,
the power loss is insignificant over the HAP-SAT hop [38]. Furthermore, the FSO
transmission over the HAP-SAT hop experiences a weak turbulence effect and en-
joys high reliability [39]. Therefore, the performance of such a SAG-FSO design is
insensitive to the variation of satellite zenith angle as long as optical transceivers
are tracking each other accurately [36]. As such, it can work well for both LEO and
GEO satellites with arbitrary zenith angles. Moreover, LEO satellites may benefit
even more from the SAG-FSO design. The communication session of LEO satellites
with a given ground station lasts roughly 45 minutes per day on average [40]. The
SAG-FSO link can start satellite acquisition significantly earlier, thanks to the HAP
relay, positioned roughly 20 km above the ground station, increasing the duration

of each session and the downlink data volume.
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Such a SAG-FSO design with a strategically deployed HAP can be integrated
with hybrid SH-FSO/RF to create a high-throughput and reliable feeder link for
SatCom systems, as shown in Figure 2.2 [36]. The proposed feeder link will only
restore the RF transmission if both the SH-FSO and SAG-FSO transmissions are
unacceptable. Integrating SH-FSO and SAG-FSO links into a single SatCom system
can remarkably minimize the switching frequency to the bandwidth-limited RF link

while maintaining high-rate and reliable FSO transmission.

2.3 System and Channel Models

Here, we consider an integrated transmission system, where the ground station can
communicate with the SAT through FSO or RF channels, as illustrated in Figure
2.2. We prioritize the FSO transmission through the HAP and use it whenever its
link quality is acceptable, i.e., it satisfies a target quality-of-service (QoS) require-
ment [37]. If the SAG-FSO link is no longer acceptable, the system will first check
the SH-FSO transmission before restoring the RF transmission. We use the hard-
switching scheme due to its practical relevance. The SH-FSO transmission serves as
an additional backup to increase the system’s reliability during unfavorable channel
conditions. Even though the SH-FSO transmission is more susceptible to atmo-
spheric turbulence effects, it can transmit at a significantly higher data rate than
the RF link [41]. We prefer a direct RF link to the satellite to minimize HAP’s
power consumption and hardware complexity, as HAP is a resource-limited system.
Note that the FSO links may undergo correlated fading effects if the distance be-
tween FSO transmitters is less than the coherence diameter of the atmosphere [42].
For uncorrelated fading, the current system configuration requires a distance of

approximately 20 cm [42, eq. (8)].
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2.3.1 Signalling Model

In this work, we apply FSO transmission over the HAP-SAT (HS), ground-HAP
(GH), and ground-SAT (GS) hops. For the ground-HAP hop, the baseband signal
received at the HAP is given by [31, eq. (2)]

YoulH] = (nGH Py G f) 2lk] + e ], (2.1

where x[k] is the transmitted signal, b depends on the detection scheme used (b = 2
for IM/DD scheme and b = 1 for HD scheme), 7, indicates the optical-to-electrical
conversion efficiency of the receiver (Rx) at the relay, P, is the transmit (Tx) power
over the ground-HAP link, x[k] denotes the modulated symbol, and n, [k] denotes
the additive white Gaussian noise (AWGN) with E{n,[k]n}  [k]}= aiGH [43]. The

tr T

gain of the ground-HAP link, G, equals SF ST where ¥, G, and FL, are

FLGH ’
the Tx gain, Rx gain, and the free-space loss, respectively. Here, the free-space

loss is defined as 47FLGH, where A, indicates the optical wavelength and L, =

Ar
(h

— hy)sec(f,,,) denotes the slant range, where h, h,, and 6, are the aperture

H H

height of the ground station, HAP altitude, and HAP zenith angle, respectively.

Besides, the aggregated channel irradiance, I, can be expressed as [31]

GH

Iy,=1I1 11 (2.2)

H  “GH “GH

1 . . a . . P
where I is the attenuation factor, I, is the atmospheric turbulence, and I_,
represents the pointing errors. The attenuation factor [ lG ., brimarily depends on
beam divergence loss and atmospheric attenuation due to FSO weather-dependent

effects, which is given by [30, eq. (4)]

L= —" I (2.3)
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where ¢, Dy, and I denote the Tx beam divergence angle, Rx aperture diameter
at the relay, and the weather-dependent attenuation factor, respectively. Following
the Beer-Lambert law, the FSO weather-dependent attenuation can be expressed as
I = exp(—yy dy) [23], where @y is the attenuation coefficient (in dB/km) due to
fog or clouds between the ground station and HAP, and d,, indicates the distance
over which the weather impact takes place, i.e., the thickness of considered clouds
[44, Sec. (3)]. Similarly, the signalling model for the direct ground-SAT link can be
obtained but omitted for conciseness.

At the HAP-based relay, a decode-and-forward (DF) scheme is used to avoid
noise forwarding [31, 33,45,46]. The received information is first decoded at the
HAP-based relay to obtain Z[k]. Then, z[k] is forwarded to the satellite. The received

signal at the satellite is described as

2

uslk] = (an Py e IHS) #1K] + s ], (2.4

where G4 indicates the gain of the HAP-SAT link and is obtained as G, above.

As HAPs are typically stationed at cloud-free altitudes, the weather attenuation will
wD?
S

4(¢HLHS)2 .

For the direct RF link to the satellite, the baseband signal at the receiver is

be almost equal to unity. Consequently, I Il{ ¢ can be simplified to

represented by [47, eq. (6)]

velk] = VP /Gy hy xlk] + [k, (2.5)

where h,. is the fading channel gain that follows the Rician fading model, P, indicates

the transmit power, and n,[k] denotes the AWGN with E{n,[k]n*[k]} = 02 . The

za

noise variance air is given by air = P,N,, where P, and N, denote the noise power

and the noise figure, respectively. The path gain, G,., can be expressed as [32, eq.
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(10)]
Gte Gr=

Gr: o 1 1
FL. L L,

(2.6)

where G* denotes the Tx antenna gain, GI* denotes the Rx antenna gain, FL, =
<47rf—fs>2, L., = (hy — hg)sec(f,,) denotes the slant range to satellite, where h,
hs, and 04 represent the aperture height of the ground station, the SAT altitude,
and the SAT zenith angle, respectively. L4 denotes the gaseous atmosphere loss due
to water vapor and oxygen, while the loss due to weather effects is represented by
L,. In [48], the international telecommunication union (ITU) recommends clouds

and fog attenuation model for frequencies up to 200 GHz, which is given by
Ly = ¢ dy, (2.7)

where ¢, represents the RF weather-dependent attenuation coefficient (in dB/km).

2.3.2 Channel Model

We assume that FSO transmissions experience G-G fading with pointing errors and
weather impairments. The excellent agreement between experimental and theoreti-
cal data for various turbulence regimes shows that the G-G distribution is a suitable
statistical model for describing optical signal irradiance fluctuations [44,49,50]. The
probability density function (pdf) of the irradiances I, ij € {GS,HS, GH}, can be
expressed as [51, eq. (1)]

LY L] &+1
P LTy PR A ’ 2.8
I"]( ) F(azj>r(5zj) b I’lj gi’aw’ﬂ@' ( )

where ¢ is the pointing error coefficient, I'(-) is the Gamma function [52, eq.
(8.310)], G(-) is the Meijer G-function [52, eq. (9.301)], and 3, and o, are the

large-scale and small-scale fading parameters of atmospheric turbulence. Note that
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B, and « for SatCom uplink follows [25, eq. (7a, 7b)], and for the downlink [53,
eq. (7-10)]. The main difference is the beam-wander-induced pointing error effects.
The instantaneous and average received signal-to-noise ratios (SNRs) can be

expressed as [31, eq. (6, 9)]

P .G 1)
— (771] 1;-2 %) ZJ) , (29)

ij,b

(,’71.7' RJ Gi.i k:i.i If])b

2
o
n,;

respectively, where £, = fi/({i + 1). With the application of (2.8), (2.9), and the

Vo = , (2.10)

power transformation of random variables, the unified pdf of the instantaneous SNR

for IM/DD and HD is obtained after some algebraic manipulations, as [54, eq. (2)]

£+1
2
€Zj7 Oéija BU

£ () = S e aﬂ,k,,( i >é (2.11)
’Y’Lj b F(alj>r(/81]) 173 v /’sz,b ’

where p, represents the average electrical SNR, which is linked to 7, , as

Mv’,j,l = 77;]',1 )

and
A B,eE+2)
o = (aij+ 1)(Bu T 1)<£g T 1)2 Yij2*

With the application of (2.11) and [55, eq. (07.34.21.0084.01)], the cumulative

distribution function (cdf) of v, is obtained after some algebraic manipulations, as

Eex et (e 2]t 5, (2.12)
i Mg b+1, 3b+1 ij ) :
Vi J + + j ,Uij,b B?] 7 0

b5ty g2 o Bk \? €241 €2+4b '
where Xij — (@m)p 1t F(Oéij)rzzﬁij)7 SU - (%> ’ lej - {ZJT’ T Z]T} COIPrises of
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2 24y
i fijerl
oot b )

aijerfl & 5ij+b*1
sy T 5

b terms, and B2 = { aT } comprises of 3b
terms.

The instantaneous SNR at the RF receiver is represented by [30, eq. (6)]

Yr = Vr hza (213)
where
— PT' Gr
Vr=— (2.14)
Tn

represents the average SNR of the RF link [56, eq. (5.34)]. In SatCom, RF transmis-
sions encounter minimal reflection and scattering from the environment. As such,
we adopt Rician fading to better describe the RF channel [33,34]. Using (2.13),
[57, eq. (2.15)], and the power transformation of random variables, the pdf of the
instantaneous SNR can be described as [57, eq. (2.16)]

K +1

ful) = == exp (—(K +1) 71 - K) Iy (2 K(K +1) %) . (2.15)

where K is the Rician factor. With the application of series expansion to the Bessel
function [52, eq. (8.447.1)] and rewriting the exponential function using the Meijer-
G function [58, eq. (11)], the pdf in (2.15) can be written as

Fo) =Hi" Goy | Foy , (2.16)

where H; = F exp(—K) >.07, % denotes the summation operation and F =

%. With the application of [55, eq. (07.34.21.0084.01)], the corresponding cdf is
given by
—u

Fo(v) =My Gy | Froy : (2.17)
0,—u—1
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2.4 Performance Analysis

Now, we analyze the OP, ASEP, and ergodic capacity of the integrated transmission
system, taking into account beam wandering, beam divergence, pointing errors,

atmospheric turbulence, free-space loss, and weather effects.

2.4.1 Outage Analysis

The OP is defined as the probability that the instantaneous received SNR will fall
below a particular 4, threshold. The threshold is chosen to meet a predefined QoS
requirement, typically in terms of target SEP. The OP of the proposed SatCom can

be written as

SatCom SAG SH RF

PP

out out

(2.18)

out out

RF
where P = F,,

lated using the cdf of 7, defined in (2.17). P.., represents the OP of the SH-FSO

(7tn) denotes the OP of the direct RF link to the satellite calcu-

transmission given by (2.12) with the corresponding ji. ,, &5, Bas, and o values.

SAG
P

out

of either HAP-SAT or ground-HAP hop falls below the predefined threshold ~y,.

represents the OP of the SAG-FSO transmission when the instantaneous SNR

SAG
Hence, P, can be calculated as

SA

Pl =1=(1=p3%) (1= Po). (2.19)

where P, and P, are the OP of both HAP-SAT and ground-HAP hops, respec-

tively, defined by (2.12) using the corresponding s §yv By, and a; values.

i)
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2.4.2 Error Rate Analysis

Assuming M-ary phase-shift keying (MPSK) signalling, the SEP conditioned on the
instantaneous SNR can be described as [59, eq. (11)]

A .m
P(ely) = Eerfc (ﬁsm M) : (2.20)
where
1, M=2;
A= (2.21)
2, M>2.

Note that the expression in (2.20) is exact when M = 2 and an upper bound when
M > 2 [57, eq. (8.25)]. With the application of [55, eq. (07.34.03.0619.01)], (2.20)

1s written as

A oo\ 2 1
P(ely) = NG Gig 0 (sm M) . . (2.22)

N

Applying the Maclaurin series [52, eq. (3.321)], (2.20) can also be rewritten as

A A 1
P(eh) = 9 ﬁ Ho 7v+2 ) (2-23)

)2v+1

oo (—=1)¥ (sin X
where Hy = )7 v!(@vfn

According to the system operation, the SAG-FSO transmission acts as the main
link, while the SH-FSO/RF transmission acts as the backup. Therefore, the overall

ASEP of the system is given by

—SatCom

P

e

—SH—h

=Py pe Pt (2.24)

e

where P: e represents the ASEP of the SAG-FSO links with acceptable link quality,

SA

i.e., v,y and v, are greater than a predefined threshold ~,, P, " is calculated in

[e)
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(2.19), and P." " denotes the ASEP of the hybrid SH-FSO/RF transmission.
Considering DF relaying scheme, ]5: " is given by (60, eq. (22)],

P =P "+ P - P P, (2.25)

where P, and P." denote the ASEP of the HAP-SAT and ground -HAP hops,
respectively, when v, > vn and 7., > 7. The analytical expression of PeG " can

be derived as

P = /Oo P(el) fy,, (7) dy

Vth

- / T P(eh) fr () dy— / " Pel) £ () dy . (2:26)

(& [\ J/
-~

~-
Iey I,

The expression of PGGH is now split into two terms, /., and I.,. The analytical ex-

pression of 1., can be calculated using (2.11), (2.22), and [55, eq. (07.34.21.0013.01)]

as
1
I . A XGH 3b, 2 gGH 17 5’ BéH (2 27)
e1 — 5 /= UYUbt2 341 2 .
2T (sm M) T BZH,()

After applying (2.23), I., is obtained by

b A Tth A v+%
I, = ) Fre (V) Ay — = Hov © [, (0) dy (2.28)
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Using [55, eq. (07.34.21.0084.01)], I., can be analytically expressed as

1
G 3b, 1 5 ,yth 1 ? BGH
b+1, 3b+1 aH )
Fenp | B 0

GH

A
QZXGH§

I,

1 gl
“th I—wv 27BGH

H 2 _p—1
GH.b BGH’ v 2

A v+%
— X N Ha Yin

Gbibi, §b+1 Eon (2.29)

Similar to (2.26), the analytical expression of PCH ® is obtained, replacing Py Sans
Qay, and By with e, gy e, and By Consequently, the ASEP of the FSO
transmission through the HAP in (2.25) can be obtained.

The ASEP of the SH-FSO/RF transmission in (2.24) is calculated as [31, eq.

(27)]
(2.30)

H

where P can be calculated using (2.12) with the corresponding parameters Pasys

Easy Bag, and ag, P:H denotes the ASEP of the SH-FSO transmission when v, >
Y, and is calculated using (2.27) and (2.29) with the corresponding p,, &us, Bas
and o values, and PER ’ indicates the ASEP of the RF link, which is represented

by

S

RF

P / " Plely) £, (v) dn. (2.31)

With the application of (2.16) and (2.22), and [55, eq. (07.34.21.0013.01)], P can

be analytically expressed as

_ A
P = Hi Gy2

v 2.32
Zﬁ(sin%)mﬂ ) (Sin%)2 O’ Cu—1 ( )
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2.4.3 Ergodic Capacity Analysis

The ergodic capacity of the integrated SatCom system can be calculated as
c o, (2.33)

where C™*¢ and C™"" are the ergodic capacities of SAG-FSO and hybrid SH-
FSO/RF links, respectively. Using DF relaying, the end-to-end capacity of the
SAG-FSO transmission scheme is given by [61, eq. (16)]

S

O™ = min {CGH : OHS}, (2.34)

where C°" and C™ denote the capacity of the ground-HAP and HAP-SAT FSO

links when their instantaneous SNR is greater than . C°" can be calculated as

GH

C :/ BW; logy (1 +€7) f,,,(7) dv

Yth
_ BW; _ BW;

n(2) /0 In(1+€7) Frem (7) dvy n(2) /0 In(1+€7) Fre (y) dvy, (2.35)

~~ ~~
Iy I,

where BWy is the bandwidth of the FSO link and € is a constant such that e =1
for HD technique and € = e/(27) for IM/DD technique. Note that the expression
in (2.35) is an exact solution for HD, while it is a lower bound for IM/DD [51].
To evaluate the integral 1., we rewrite In(1 + e7y) into a Meijer G-function using
[55, eq. (07.34.03.0456.01)]. The analytical expression of I, is obtained after some
algebraic manipulations, using (2.11) and [55, eq. (07.34.21.0013.01)] as

_ BWf XGH 3b+2, 1 gGH 0, 1, BéH

I, = — 2.36
1 111(2) b+2, 3b42 € Mo BZH 0,0 ( )
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To evaluate I.,, In(1 + € 7y) is replaced by its Taylor series as [41, eq. (14)]

o0 (_1)m+1 em m m

In(1 =In(1
irey=hltrea + 2 ivcan 41,

(—a)™ " A" (2.37)

m=1
Now, ., can be expressed in the form of 1., = I.,, + I.,,, as

BWf Vth
1., = In(1 2.
=i | W) £,() v (2.38)

and,
o0

BW Yth m+1 e o
f/ Z 1 + € a m Z (—CL) v f'YGH (7) dy, (2'39>

respectively. By using (2.11), (2.38), (2.39), and [55, eq. (07.34.21.0084.01)], the

analytical expressions of I.,, and [.,, are given by

I.,, = BW; logy(1 + € a) Py, (2.40)
and
BWf X o0 m+1 em m
-[c — GH
2 In2 ; (1 + €a)m Z "
b, Vth l—n , B
X Gbi’rl, 31b+1 €GH . ) (2'41)
Hemp BiH ., —n

respectively. Note that a is a constant satisfying the ratio test of [41, eq. (14)]. We
set a = 5.295 to ensure the convergence of the Taylor series. The expression of ™
can be obtained similar to (2.35), using the corresponding parameters o, Byq, uss
and fi,,,. Then, C™ in (2.34) can be analytically evaluated.

The ergodic capacity of the hybrid SH-FSO/RF transmission scheme can be
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computed as [28, eq. (3)]

~SH—h ~SH SH ~RF

=™ 4+ p

out ’

(2.42)

where C*" indicates the capacity of the SH-FSO when v, > 7, and can be defined
as (2.35) and the corresponding i ,, qs, Bes, and agg values.

The capacity of the RF link can be expressed as

_xe BW,

where BW, is the bandwidth of the RF link. We first rewrite In(14+) into a Meijer
G-function using [55, eq. (07.34.03.0456.01)]. Then, the corresponding analytical

expression is obtained after some algebraic manipulations, using (2.16), [55, eq.

(07.34.21.0088.01)], and [52, eq. (9.31.2)] as

_ BW. = K" K+1 0,1
O = TR exp(—K) Y G - . (2.44)
n(2) — (ul) Y| 14,0,0

It is worth noting that the terms in the infinite summations of (2.44) decrease at the
rate of ﬁ, ensuring their convergence. Also, the derived expressions are applicable
for both downlink and uplink scenarios by using the appropriate expressions for

and 3.

2.5 Overall System Diversity Gain

To provide further insights into the behavior of the proposed system, we derive sim-
pler asymptotic expressions [62]. In particular, the Meijer G-function is represented
in terms of the summation of much simpler functions (see the Appendix of this

chapter for derivation details).
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2.5.1 OP Diversity Gain

~Po,sac

From (2.57) and (2.58), we can observe that Pouta o (%)

2
mln(ch g Bon SHs s BHS). Since

b > b b b’ b b

, where the diver-

sity gain with respect to outage D

0,SAG
. 2 B

£GH < €Hs7 Aoy K Qg and /BGH < 6HS’ DO,SAG = mln(%>%’%)' For

the SH-FSO transmission, the diversity gain with respect to outage is given by

2
Dysy = min(g%, 28 5%) Because the higher-order terms are insignificant, just

the first term in (2.59) is considered, P, . o (3,) . Thus, the diversity gain of the

RF link for outage, D is equal to unity. As a result, the overall system diversity

O,RF?

gain in terms of OP is given by

D =D + Dy + L. (2.45)

0O,SatCom O,SAG

2.5.2 ASEP Diversity Gain

It is observed from the derived expressions in (2.62) and (2.63) that ]5; " x (%)me’sAG .
Thus, the diversity gain with rspect to the ASEP of the FSO transmission through

the HAP, D is equal min(gG—H e ﬁG—H) Simalr to the SAG-FSO transmis-

e,SAG) b ' b b

sion, the diversity gain of the SH-FSO transmission is also obtained for ASEP as
D

2
P min(gGTS Zas ﬁﬁ) Taking only the dominant term into account, we can

b b
deduce from (2.64) that P o (7). Thus, the RF diversity gain for ASEP equals

unity. Note that the term with the smallest exponent of average SNR dominates the
ASEP. Therefore, the overall system diversity gain for ASEP, considering (2.60), is

obtained as

2 2
De,SatCom = mln (mln(ng I /8% gGH 9 ﬁ%

o 2o Py p ) ao

), min(-S%
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where D, ¢, , denotes the diversity gain with respect to ASEP of the SH-FSO/RF

transmission and is calculated by

2 2
D, ., , = min (mm(%, s, %) , min(%, s, %) + 1). (2.47)
After simplification, D, ¢ .. 18 given by
& Qon B
De,SatCom - mln (% Y gH 9 %) (248)

2.6 Switching Threshold Optimization

In this section, we derive the optimum switching thresholds for both FSO links
in terms of minimizing the overall system ASEP. First, we obtain the optimum
switching threshold for SH-FSO transmission, viff, which is given by differentiating
(2.30) for v, and equating it to zero, as

d - d _
—p"y = PP =0, (2.49)

out e
fyth th

From (2.12) and (2.26), we can rewrite (2.49) as

—RF

—P(ely) frgs() + frgs (V) Fe = 0. (2.50)

With the application of (2.20), the optimum switching of the SH-FSO transmission

is given by

Yo = |5 erfc 1 P, . (2.51)
M

Now, we derive the optimum switching threshold for FSO transmission through the

HAP 7§£G. By differentiating (2.24) for ~y, and equating it to zero, we can obtain

d - d —SH-h
_PSAG +_ PSAG PSH b

out e,opt
Yin Yth

=0, (2.52)
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—~SH—h
where P,

denotes the ASEP of the SH-FSO/RF transmission with optimum
switching threshold, ’yosgf Given that aerosols are typically concentrated within 2 km
of the ground [23], the HAP-SAT hop experiences extremely weak turbulence with
very large fading parameters in the order of 10*. On the other hand, the ground-
HAP hop is vulnerable to atmospheric-turbulence effects and weather conditions.
Thus, it is more likely that v, > 7., and the effective instantaneous SNR of the
FSO transmission through the HAP can be approximated as 7., ~ Yy [33]. Hence,

(2.52) can be rewritten as

d - d —SH-h
—PeGH—f—— PGH PSH b

Vth Y O OO ~ 0 (2.53)

Using (2.12), (2.20), and (2.26), the optimum switching for FSO transmission over
the HAP is obtained as

sin =~

SAG 1 -1 2 — SH—h 2
A erfc 1 P, opt ) (2.54)
M

2.7 Numerical Results

We now illustrate the performance of the integrated transmission system using se-
lected numerical examples. We also use Monte Carlo simulations to verify the ob-
tained expressions. Unless otherwise stated, we assume an IM/DD scheme without
losing generality, and the system parameters as listed in Table 2.1 [31]. Note also
that using a 1550 nm wavelength is preferred for both uplink and downlink FSO
transmissions to mitigate the atmospheric turbulence effects [24]. Furthermore, we
assume that FSO and RF links have equal average SNR through power control. It

should be noted that the zenith angles (6, and 6,) vary with the satellite’s posi-

HS

tion, whereas for 0, is independent of the satellite’s location and remains fixed at

H

a low value. The infinite summations are truncated to v = 50, m = 30, and u = 30



Table 2.1: Simulation parameters

Parameter Symbol Value
Ground station height hg 2 m
HAP relay altitude h,, 20 km
SAT altitude hy 620 km
Ground-SAT and HAP-SAT

‘ Opes Ocs 30° : 80°
zenith angle
Ground-HAP zenith angle 0 5°
Wind speed w 21 m/s
Ground level turbulence C%(0) 1.7 x 107 4m=

FSO subsystem [31]

Optical bandwidth BW; 100 GHz
Optical wavelength Af 1550 nm
Telescope Tx gain G 75 dB
Telescope Rx gain GF 75 dB
Background noise power o2 250 W [63]

Pointing error coefficients

gGS’ €GH’ and £HS

5.2, 5.2, and 13.07

Optical-to-electrical efficiency n 0.8

Beam divergence angle o 15urad [63]

Telescope aperture diameter D 0.2 m

Transmitting beam radius W wi 0.02 m

Switching threshold Yth 10.5 dB
RF subsystem [64]

RF carrier frequency fr 30 GHz

RF link bandwidth BW, 1 GHz

RF Transmit antenna gain Gt 52 dB

RF Receive antenna gain G* 52 dB

RF Noise power spectral density | P, -114 dBW/MHz

Noise figure N, 5 dB

Rician factor K 6

31
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Figure 2.3: OP performance with varying average link SNRs.

since larger values have a minor impact on the obtained performance.

Figure 2.3 shows the OP of the integrated transmission system given by (2.18)
as a function of average link SNR over uplink and downlink scenarios. The re-
sults of other transmission systems are also plotted for comparison purposes. We
assume a 10.5 dB outage threshold and a 60° satellite zenith angle. From this fig-
ure, we can observe that the derived analytical expression for OP exactly matches
the Monte-Carlo simulation. Because of the residual beam-wandering effects in the
uplink scenario, all SatCom systems achieve better performance in the downlink
scenario than in the uplink. Also, the SAG-FSO/RF design in [31] outperforms SH-
FSO/RF transmission [27] over the uplink, while the downlink performance gain is
negligible. With our integrated transmission system, we can achieve about 10 dB
performance gain over the SAG-FSO/RF transmission [31] for both downlink and
uplink scenarios, at an OP of 107Y. The performance gain over downlink and up-
link scenarios suggests that the proposed system is a promising solution for future

SatCom systems.
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Figure 2.4: Probability of the RF-link usage for different satellite zenith angles over
uplink scenario.

Because FSO transmissions typically have higher throughput than RF trans-
missions, a lower probability of RF-link usage denotes higher system throughput.
Therefore, we show the probability of RF-link usage in Figure 2.4 to highlight the
benefit of the suggested transmission system. To do so, we assume varying satellite
zenith angles, an outage threshold of 10.5 dB, and a 20 dB average SNR. For the sake
of comparison, we also plot the probability of RF-link usage for SH-FSO/RF [27],
SAG-FSO/RF [31], and our proposed system without SH-FSO transmission. From
this figure, we can see that the integrated transmission system results in substantially
lower RF-link usage than SAG-FSO/RF [31], whereas SAG-FSO/RF [31] slightly
outperforms SH-FSO/RF [27]. The probability of RF-link usage is decreased from
2 x 1072 and 5 x 1073 for SH-FSO/RF [27] and SAG-FSO/RF [31] systems to
7 x 1078 for our proposed system, at 40° satellite zenith angle. Importantly, the
RF-link usage increases to 4 x 10~* without the use of SH-FSO transmission as an
additional backup. Despite its vulnerability to atmospheric turbulence, the SH-FSO

contributes to improved system performance.
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Figure 2.5: ASEP performance for different wind speeds.

Figure 2.5 presents the ASEP of the integrated transmission system given by
(2.24) for different wind speeds, binary PSK modulation, a switching threshold of
10.5 dB, a 20 dB average link SNR, a 60° satellite zenith angle, and an uplink sce-
nario. Note that high wind speeds cause vortex formation, which alters the refractive
index structure of the air. Such a phenomenon leads to pointing errors and possible
fluctuations in the amplitude of the received signal. Therefore, a degraded SatCom
performance is expected. From this figure, the wind speed affects the SH-FSO link
to a greater extent, and employing the RF link as a backup achieves a significant
performance gain. The hybrid FSO/RF transmission benefits from the complemen-
tary property of available beamwidth. The SH-FSO beamwidth at the receiver can
range from tens of meters to a few kilometers, while the RF beamwidth ranges from
tens to hundreds of kilometers, depending on the satellite altitude and zenith angle.
Furthermore, we can also see that the proposed SatCom system achieves the best
ASEP among all transmission schemes thanks to the small zenith angle of HAP
deployment. When the wind speed changes from 10 m/s to 40 m/s, S, and oy,
are changed from (66.37,46.31) to (23.13,19.79). Thus, the FSO transmission over
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Table 2.2: Optimal switching thresholds for SAG-FSO link.

. Optimal Thresholds (dB
Average SNR of the Link Arzl)alytical Numegica%
v, = 20 dB 9.088 9
7, = 25dB 9.882 10
7, =30 dB 10.515 10.5

05 3 6.5 10 13.5
Switching Threshold for SAG-FSO link with g; (dB)

Figure 2.6: ASEP performance as a function of switching threshold values.

the HAP experiences a weak turbulence effect.

Figure 2.6 presents the ASEP of the proposed system with respect to the switch-
ing thresholds for different average SNRs. We assume a 65° satellite zenith angle,
binary PSK modulation, a ground level turbulence C2(0) = 4.69 x 10~¥m ¥ , and an

uplink scenario. It is observed that there are optimum switching thresholds, yiﬁg

SH
and 7>,

at which the ASEP reaches its minimum value, and the optimal value
choice increases with the average SNR. Table 2.2 shows the obtained numerical re-
sults of the optimum switching thresholds compared to the analytical values given
by (2.51) and (2.54), verifying the accuracy of the analytical expressions.

Figure 2.7 shows the ergodic capacity performance given by (2.33), assuming

a satellite zenith angle of 80° and an uplink scenario. We can observe that the
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Figure 2.7: Ergodic capacity comparison of Satcom transmission systems.

asymptotic results closely match the exact expressions at high-SNR values. Also,
the analytical results match the Monte-Carlo simulations perfectly. Further, the
integrated SatCom system achieves the best performance over all SNR values. It
can achieve capacity gains of about 190 Gbps, 245 Gbps, and 300 Gbps over SH-
FSO with site diversity [65], hybrid SAG-FSO/RF in [31], and SH-FSO in [25],
respectively, at an average SNR of 30 dB. This performance advantage originates
from the minimization of the atmospheric turbulence effect with the low-zenith angle
considered for the ground-HAP transmission. The frequency of switching to the RF
link is also reduced to a large extent, which increases the overall system throughput.

In Figure 2.8, we compare the ergodic capacity of the integrated SatCom system
with different detection techniques. From this figure, the integrated SatCom system
with IM/DD scheme can achieve better capacity performance than that with HD
scheme over all satellite zenith angles when the average received SNR increases. For
example, we can obtain a capacity gain of about 25 Gbps over the HD technique at an

average SNR of 17 dB. This somewhat surprising result can be explained as follows:
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Figure 2.8: Ergodic capacity comparison of IM/DD and HD detection techniques.

HD generally outperforms IM/DD under severe atmospheric turbulence conditions
and over low SNRs due to its coherent detection nature. With the proposed SAG-
FSO transmission in a low-zenith-angle direction, the adverse effect of atmospheric
turbulence will be successfully reduced. Therefore, over a high SNR region, the SAG-
FSO with IM/DD can achieve a higher transmission rate than with the HD scheme.
For example, the SAG-FSO with IM/DD can maintain a capacity gain of 15 Gbps,
at an average SNR of 17 dB. Note that the threshold setting has an impact on this
behavior. In particular, when the threshold is set too low, the system will use SAG-
FSO over a low SNR scenario, where the system with HD outperforms that with
IM/DD. The HD technique can also maintain a lower outage probability compared
to the IM/DD technique. Therefore, the frequency of switching to the hybrid SH-
FSO/RF is lower compared to the IM/DD case. The SAG-FSO with HD technique
has an outage probability of 3.92 x 10~7 that increases to 2.21 x 1072 in the case of
IM/DD, at an average SNR of 17 dB. As such, the SatCom with IM/DD benefits
more from the backup SH-FSO/RF links than with the HD detection technique.
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Appendix: Asymptotic Analysis of Hybrid SAG-
FSO/SH-FSO/RF Transmission System

Under the condition of a very small value of its argument, Z — 0T, the Meijer G-
function can be represented in terms of the summation of basic elementary functions

as [52, eq. (9.303)]

H;:l;j;ﬁg I'(dj — dy) H;:1 I'(1+dy—¢;)
st DUt dg — dj) TIio T (e — dg)’

j=t+1

(2.55)

G st z\ Clye 3y Ctyo a5 Cp -
P,q o
di,...,ds,...d,
S
E 2%
g=1 J=s+1

where p < ¢ and no two d; (for j = 1,2, ..., t) differ by an integer.
Here, we apply the asymptotic expansion of the Meijer G-function in (2.55) to
obtain the asymptotic SEP and outage probability, and ergodic capacity expressions.

The asymptotic OP of the integrated transmission system is expressed by

Prta = Pouva Pouta Pouta - (2.56)
where
Poslicc,;a =1- <1 - Pocl;:,a> (1 - P(:lst,a> : (257)

Using (2.55) and (2.12), the asymptotic OP of the ground—-HAP hop is given by

3b B2:9
PN =y Ron gy (Ean ) 2.58
out,a — 82’9 3 ) ( . )
g=1 GH /LGH,b
3b 2 2
1209 L Bas =B . HS SH . .
where H, = —==22 G GH). Similarly, P, , and P ., can be obtained, using

1 P (Ban—Bh)

the corresponding parameters p_,, £, 8,, and « . With the application of (2.55)
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and (2.17), the asymptotic OP of the RF link, after some algebraic manipulations,
is given by

u+1 u+1

al ) (aa)

P i exp(—K) K" (K +1)

out,a ~ — (1 + U) (u')g

The asymptotic ASEP of the integrated transmission system is as follows

Peva :pe,a + Pout,a pe,a + Pout,a Pe,a ) (260)
where
P, =Fl, + P, — P, P, (2.61)

The asymptotic ASEP of the FSO transmission over the ground-HAP hop is given
by P [ — I, where

e’

By
a, _ Z +B2g) 8GH @ (2 62)
fa BZs (sin 1)2 7 '
GH M luGH,b
and
2 %h)‘gé’% { 1 Ha }

L =AX,, H, (L — - . , (2.63

Z T 2B%2  m(v+ 5 + B )

respectively. Similarly, P: 2 and ]52 2 can be obtained, using the corresponding pa-

rameters p1,,, £, B, and «. For the RF link, the asymptotic ASEP is represented
by

~(u+1)

() (2.64)

o i Aexp(—K)K" (K +1)7 T2 4 u)
o= oum (sin %)%H (14 u) (u!)?
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The asymptotic ergodic capacity can be expressed by

CYSatCom — min {@GH CHS} X

a a a

[1 — (1= ) (1- P(ﬁi,a” {C + P uCh ] (2.65)

The asymptotic ergodic capacity of the ground-HAP link can be written as C’f "=
I, — I, —1I.,, where

Cc227

3642

a BWf GH (1 +Bsg) ( gGH )Béﬁ
Ic1 o Z H 1 — B3 g) € Hans ) (266)

a GH
I, =BWy logy(1+€a) P,

out,a’

(2.67)

S (e (S (m "
-~ —a)™ " —2— (2.68
Z m(l+e€a)™ = < ) (=) n + B¢ (2.68)

T2 2 (B —Bei) 3
_ =129 GH g
Here, we define H, = T sy and B>9 = {B%9
~GS

C

. can be obtained, using the corresponding parameters o, 3., &, and p, . The

0,0}. Similarly, C® and

GH’ a

asymptotic ergodic capacity of the RF link can be written as

~RF BWRF B i (K)u 3 F(l—f—Bi’Fg) (K+1)B4R’bg
c, = ) exp(—K) ; (al? > H, T(—pie) \ 3 . (2.69)

where H, = [ [ (B — BY9) and B9 = {1+ u,0,0}.

z=1;27#£g
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Chapter 3

Reliable Terabits Feeder Link for
Satellite Communications with
SAG-FSO transmission through
Multiple HAP Relays

Clouds represent a considerable barrier to optical communications. In addition, FSO
transmissions are susceptible to the adverse impacts of atmospheric turbulence. In
the following, we present two candidate solutions for Terabits satellite feeder links
based on SAG-FSO networks [66]. In particular, we propose to combine SAG-
FSO transmission with site diversity to mitigate weather effects and increase the
reliability of SAG-FSO networks. A HAP-based FSO relay hovering directly above
a ground station can successfully mitigate atmospheric turbulence impacts, while site
diversity is an effective solution for addressing weather effects. To achieve a similar
diversity benefit with reduced cost and lower complexity, we also propose switching-
based HAP relays with a hybrid SAG-FSO/RF transmission. The proposed solution
switches between HAPs depending on the ground—HAP channel quality.
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3.1 Related Work

Cloudy weather conditions represent a primary obstacle to reliable FSO transmis-
sions. Site diversity demonstrates as one of the most effective solutions to mitigate
cloud effects. It can sustain feeder link availability with the use of geographically
dispersed ground sites such that at least one site is visible to the satellite at any given
time. Remotely distributed ground stations have a higher probability of experienc-
ing uncorrelated weather conditions. In [67], the SH-FSO transmission was com-
bined with site diversity to provide reliable connectivity. In particular, the downlink
SH-FSO transmission with the highest received SNR was selected among multiple
ground stations. The numerical results in [67] showed that SH-FSO transmission
with site diversity achieved a considerable performance gain when the zenith angle
of satellites was relatively small. Nonetheless, it had a limited performance gain
when the satellite zenith angle became larger as FSO transmissions were exposed
to higher atmospheric-turbulence fading effects. Site diversity cannot efficiently
mitigate beam wandering and atmospheric turbulence as their effects become more
severe as the propagation distance of the FSO link increases in high-turbulence

environments.

3.2 SAG-FSO Transmission with Site Diversity

Taking advantage of the SAG-FSO design’s excellent performance in [41], we can
combine site diversity with SAG-FSO transmission to increase the FSO feeder link’s
reliability, as illustrated in Figure 3.1. In the suggested setup, we adopt a hard-
switching scheme due to its low complexity and practical relevance. The sites are
connected through fiber-optic lines and can share information with each other. By
dynamically switching between the two SAG-FSO transmissions at the main and

backup sites, the integrated SAG-FSO networks can successfully alleviate both at-
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m—— FSO link

HAP,

m— Ground network = l
Main site Backup site

Figure 3.1: SAG-FSO transmission with site diversity for reliable SatCom feeder
link.

mospheric turbulence and weather effects. From a practical perspective, the pro-
posed SatCom system enjoys several additional advantages, as its performance is
insensitive to variations in the zenith angle of satellites. It can work well for GEO
satellites with fixed zenith angles as well as LEO satellites with varying zenith an-
gles. Besides, it enjoys more independent weather effects when compared to SH-FSO
transmission with site diversity proposed in [67], especially at high satellite zenith
angles. With the design in [67], the probability of uncorrelated weather conditions
between remotely separated ground sites decreases as the zenith angle of satellites
increases.

In Figure 3.2, we plot the ergodic capacity of the SAG-FSO transmission with
site diversity as a function of the target BER for binary PSK modulation with a
satellite zenith angle of 60° and a 15 dB average link SNR [66]. We can see from this
figure that the proposed satellite feeder link solution outperforms other transmission
schemes over all target BER values. Specifically, at a BER of 107, we can obtain
a capacity of 0.335 Terabits/s, leading to a spectral efficiency of 3.35 bps/Hz. On
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Figure 3.2: Ergodic capacity performance with varying targeted BER values.

the other hand, the SH-FSO with site diversity [67] and hybrid SAG-FSO/RF [31]
transmission schemes only achieve a capacity of 218 Gbps and 85 Gbps, respectively.
The obtained performance gain of the proposed feeder link solution is mainly due
to deploying HAP relays for FSO transmissions, which significantly mitigates the
adverse effects of atmospheric turbulence and attenuation. Furthermore, the two-
step optical amplification helps reduce the required transmit power for SAG-FSO
transmission compared to that for SH-FSO transmission [37].

Meanwhile, site diversity typically entails high costs due to the required terres-
trial infrastructure. The primary criterion for choosing suitable sites is the prereq-
uisite of a clear sky as much as possible during the year. To get such clear-sky
conditions, a ground station may need to be placed on a mountaintop. For ex-
ample, NASA’s laser communications relay demonstration (LCRD) mission deploys
ground stations on Table Mountain in Southern California and on Haleakala Vol-
cano in Hawaii [65]. Such ground stations, on the other hand, require additional

terrestrial infrastructure investment because they are located far from the commer-
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cial markets they are supposed to serve. The cost and complexity of the required
terrestrial infrastructure will increase exponentially as the number of backup sites

increases [68].

3.3 Hybrid SAG-FSO/RF Transmission with Mul-
tiple HAP Relays

In order to achieve a similar benefit of site diversity at a reduced cost, a SatCom
system with multiple HAP relays could be a promising solution. The use of multiple
HAPs was recently proposed to improve SatCom performance in the downlink [69].
With this design in [69], the satellite selects the HAP node that provides the best
channel quality depending on the feedback channel state information from each
HAP node. In the second hop, the selected HAP decodes and forwards the received
optical signal to the ground station using hybrid FSO/RF transmission. The authors
adopted the same data transmission scheme over both RF and FSO links. At the
ground station, the highest received SNR is selected. According to [69], selecting
a HAP depending on the SAT-HAP channel quality was shown to improve the
SatCom system performance. However, transmitting the same data simultaneously
over both RF and FSO links limits the overall SatCom system’s throughput and
wastes the transmit power over the RF link when the FSO link experiences weak
turbulence effects.

In contrast to the current literature, we propose a reliable SatCom strategy for
FSO feeder links using a single ground station and multiple HAP relays. More pre-
cisely, our proposed design switches between HAP relays depending on the ground-—
HAP channel quality, as there are more atmospheric turbulence and weather effects.
We also propose a hybrid SAG-FSO/RF transmission system to further increase the

SatCom system reliability and make use of the conventional RF transmission to the
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satellite. For the system mode of operation, we adopt a hard-switching scheme to
benefit from the FSO link’s higher transmission rate while simplifying the design
of the receiver. Moreover, we recommend HAPs with purely FSO communication
payloads to minimize their power consumption and hardware complexity as they
are resource-limited systems.

Meanwhile, the ground-HAP links corresponding to different HAP relays may
experience correlated atmospheric turbulence. It is of great practical interest to ana-
lyze the performance of the proposed transmission system over correlated FSO links.
The effect of correlation between FSO branches was analyzed over G-G fading for
several scenarios. In [50,70,71], the outage probability and error rate performance
were analyzed for single-input-multiple-output (SIMO) FSO systems, assuming se-
lection combining and maximal ratio combining receivers. In [49,72], the error rate
performance was investigated for a multiple-input-single-output (MISO) FSO sys-
tem with simultaneous FSO transmissions and a single aperture-based receiver. To
the best of my knowledge, no previous work has yet analyzed the effect of correlated
turbulence on the performance of switching-based FSO transmissions. This moti-
vates my work to analyze the performance of the hybrid SAG-FSO/RF transmission

system over correlated atmospheric turbulence channels.

3.4 System and Channel Models

We consider a SatCom system, as shown in Figure 3.3, where a ground station
communicates with a satellite with the help of two HAPs acting as FSO relays.
In particular, the ground station can establish the communication link with the
satellite over dual-hop FSO links through HAP relays or directly over an RF link.
To simplify the receiver design at the satellite, only one link will be active at a time.
The ground station switches to the most favorable channel based on a feedback

signal from the satellite. A feedback signal of 2 bits is required to transmit using
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Figure 3.3: Proposed switching-based HAP relays with a hybrid SAG-FSO/RF
transmission.

the best link. The proposed system with HAP-based FSO relays can mitigate the
blocking effects of flying drones, birds, and clouds. The system can also alleviate
weather and turbulence effects by adaptively switching between two FSO links,
achieving similar diversity benefits of geographically dispersed ground stations with
much lower complexity and cost [68].

We adopt a single-threshold hard-switching scheme due to its low complexity.
Without losing generality, we assume HAP; has a smaller zenith angle than HAP,,
i.e., HAP; hovers directly above the ground station. We prefer the FSO transmission
through HAP; [73], and use it whenever the link quality is acceptable. To eliminate
the noise in the forward signal, we used a decode-and-forward relaying scheme at
HAPs. The effective instantaneous SNR of the FSO transmission through HAP; is
Ysac, = MIN(Voy, s Va,s)s Where 74, and 7, ¢ denote the instantaneous receive SNR
of the ground-HAP; (GH;) and HAP;-SAT (H;S) hop, respectively [74, eq. (26)].
When the FSO transmission over HAP; experiences unfavorable channel conditions,

L.e., Ysuq, I8 smaller than a threshold v, , the system switches to FSO transmission
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through HAP,. Note that v, is selected to satisfy a predefined QoS, typically in
terms of SEP [31,36,39]. Since HAP, is at a longer distance from the ground station,
the FSO transmission over HAP, will require more transmit power than HAP; to
maintain the target SEP. Aerosol particles in the atmosphere scatter and/or absorb
optical signals [23]. Note also that the FSO link through HAP, can sustain higher
data rates than the RF link despite experiencing more atmospheric turbulence [41].
The transmission system will restore the single-hop RF link only if both SAG-FSO
links are unacceptable. According to the above operation mode, the overall effective

SNR of the system is given by

Tsac,»  Tsac Z Vow

To = Vsacys  Vsacy < Vi Vsac, = Yo (3‘1>

s Tsac, < TVins Vsac, < Yens

\

where ~, is the instantaneous receive SNR of the RF link. We adopt uncoded signal
with MPSK modulation for data transmission over FSO and RF links. SEP may
still be a relevant performance metric that ensures the demodulated data bits can be
retrieved at the receiver satisfactorily. It measures the reliability of the transmission
link. It also applies to both coded and uncoded systems. The conditional SEP of
MPSK given the instantaneous SNR of the link, -, can be written as [57, eq. (8.25)]

P(e|lv) = g erfc (ﬁ sin %) : (3.2)

where A = 1 for binary PSK modulation (i.e., M = 2), A = 2 for higher order

modulations (i.e., M > 2), and erfc (-) denotes the complementary error function.
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3.4.1 FSO Channel Model

In this work, we assume the FSO transmissions experience G-G fading [44]. The

pdf of the instantaneous receive SNR can be generally represented by [75, eq. (2)]

_ y! 20 [, A
S () = br(al)F(ﬁl)G°’2( “ (u) a8 ) 83)

where [ € {GHy, H;S, GHy, HyS}, b defines the detection type at the optical receiver
(i.e., b = 1for HD and b = 2 for IM/DD), p, is the average electrical SNR [76], I'(-) is

the Gamma function [52, eq. (8.310)], and «, and 5, are large-scale and small-scale
fading parameters related to the atmospheric conditions. For the ground-HAP; hop,
gy, and B, can be calculated as [31, eq. (49, 50)]

GH;
2

AGH1

LL%Hl

2
0.49 T,

wlot

Tan,

2W,
oy, = |5:95(hy, — he)? secQ(GGHl) ( )

+ exp

—1
e 1] . (34)
(14056 oy, )

-1

2
0.51 O, .

Ban, = |exp , (3.5)

12
(1+0.69 o, )’

where hy , hg, 0 A,y Tan, s Wor W

G) YGHy? GHyp)

and Ung denote the HAP; altitude,
the aperture height of the ground station, the zenith angle of the HAP;, the beam-
wandering-induced pointing error, the Fried parameter, the optical beam radius
at the ground station, the optical beam radius at the HAP;, and Rytov variance,

respectively [16]. The strength of atmospheric turbulence is often measured by J§H1’
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which is calculated for the slant path of the ground-HAP; hop as [16, eq. (6)]

11

Uan =2.25 k%(hH1 — hG)g sec’® (O )
hg, h—h ‘ h—nh ‘
/ oz (1 s <\ dn, (3.6)
he hHl - hG hH1 - hG

where k = 27 /X and C?(h) denotes the refractive index structure [33]. Similarly, «,
and g3, for other hops can be evaluated.

Atmospheric turbulence is induced by aerosols experiencing solar heating and
wind. Turbulent inhomogeneity along the propagation distance leads to the for-
mation of turbulent eddies of different sizes. They range from tens of centimeters
to meters in size [77]. Note also that aerosol particles such as haze, smoke, dust,
and smog are mainly concentrated near the earth’s surface [38]. Hence, the ground-
HAP links experience more atmospheric turbulence and are likely to experience a
spatial correlation of atmospheric turbulence. We adopt a scenario where correla-
tion exists only between large-scale turbulent eddies [50]. In practice, this is the
real scenario that is verified in [78] and validated by an acceptable simulation model
in [79]. We assume a correlated Gamma-Gamma fading environment for ground

station to HAP hops with identical fading parameters, i.e., agy = gy, = gy and

9 GH

Ban, = Ban, = Bau- The joint pdf of the received SNR at HAP; and HAP, is given
by [50, eq. (7)]

kgu, tFGHy

1—/p)ien - =TI (aGH + Ko, +kGH2)p °
; (1= vp) D

o e, o o) = Lo (L yp) e o o

GHy ™

_Zeguthan, than, 20cH 1
ic{GH;,GHa} GH v

()
02 1,

=0k
1

agutrithan aguTFithgh
25 ( 1 ) 2b
H;

) . (3.7)

1
b

agutki—Ban \ [ 2eutki—Ban
2 ’ 2
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where = = g, f., /(1 —/p). p €10,1) represents the correlation coefficient. On
the other hand, the HAP-SAT links encounter extremely weak turbulence. The
fading parameters oy, o, oy ¢, By and By ¢ are very large [33]. We assume that
with sufficient transmit power level, the HAP-SAT hops for both HAPs enjoy high

reliability, with SNR always greater than v, , i.e., v, ¢ and v, ¢ > 7,

3.4.2 RF Channel Model

RF transmissions between ground station and satellite experience a strong line-of-
sight communication link and weak scattered paths. Therefore, the Rician fading
model is adopted to model the RF link over the SatCom environment. The pdf of
the instantaneous receive SNR can be expressed by [57, eq. (2.16)]

K+1

Frp (1) = =2 exp <—(K+1) %—K) I (2 K(K +1) %) (3.8)

where Iy(-) denotes the 0y, modified Bessel function of the first kind, K represents
the ratio of the power contribution from line-of-sight path to the remaining multi-

paths, and 7, is the average SNR as given by [80, eq. (18)].

3.5 ASEP Performance Analysis

The average SEP of the hybrid SAG-FSO/RF transmission system can be written
as [36, eq. (25)]

SAG; =SAGy SAG12 =RF

+ P

€ out € out e

(3.9)

—SAGH

wher represents the average SEP of the FSO link through HAP; when

e

e
Ysac, = Ve and Pjﬁel denotes its outage probability. The average SEP of the

FSO link through HAP, when 74, < 7, and 7g,q, = 7, is given by £, P

out

SAG] o
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defines the probability that both FSO links are in an outage, and PeR " is the average
SEP of the RF link.

With the decode-and-forward relaying scheme at HAP;, the average SEP of the
FSO link is given by [60, eq. (22)]

— GH;

—HyS —HS
- P, P

€ € e )

(3.10)

where P and P."° denote the average SEP of the ground-HAP; and HAP, SAT

1

hops, respectively. The analytical expression of peGH when You, 18 greater than ,,

can be obtained as [37, eq. (9)]

P = / P(ely) frm, (1) d

“th

= [P g, ) dv= [ Plen) g, 0 )

[ J/
-~ -~

Iel 152

The expression of I, can be analytically expressed using (2.22), (3.3), and [55, eq.
(07.34.21.0013.01)] as

o +8, —1
I = Ap e G2b,2 (aGH GH)b 1’% (3 12)
ey _— _ , b R . .
(27T>b ! 2ﬁ F(aGH) F<BGH) 22 b2b (sm %)2 uGHl B(l}H, 0

With the application of (2.23), (3.3), and [55, eq. (07.34.21.0084.01)], I, is given

e

1 @ +8 -1
I = A G4 o By | 222 ' 1 Ay
1,3 GH/PGH Qs ﬁGH’ 0 (27‘r)b_1\/7_r

00 i gt (o g\ b .
Z (—1)'7,, " (sin§7) G2 (%HﬁGH> Ve 1—75—3
=31+ ) Tag) M) AN ) pa, | B =1 )

(3.13)
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b— b— .
where B(l}H = {a%, ce %HTH, BGTH, ce %} consists of 2b terms. The ASEP

of the FSO transmission over HAP;-SAT hop with ~, ¢ always greater than v,

—H;

P

. S, can be analytically expressed by

H;S

P = [T Pte) £, 0) 3 (3.14)

Hence, PBH ¥ can be expressed similar to (3.12) using the corresponding parameters
s s Q,ss and By .

Since we assume vy ¢ > V,,, if Yoy, falls below v, , the SAG;-FSO link cannot
satisfy the target SEP and the system switches to the backup SAG,-FSO or RF
links. Posu/t% can be evaluated by [75, eq. (2)]

1 Yo )" 1
Pl = G ag, B, | . (3.15)
out b F(aGH) F(/BGH) 1,3 e MGHl aGH’ ﬁGH’ O

The average SEP of the FSO link through HAP», Pes AGQ, can be similarly calculated
as (3.10), whereas P.?° is given by

_H,S °
P = [T PR £y (0 e, < 7). (3.1

Yth

Because correlated turbulence only affects ground—-HAP FSO transmissions, the
HAP-SAT FSO transmissions can be considered to experience independent turbu-

lence effects [69]. As a result, (3.16) can be simplified to

P = [ P(eh) £, () d, (3.17)

Yth

which is analytically expressed using (3.12) with the corresponding parameters Qs
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By,ss and gy o The average SEP of the ground-HAP; hop is given by

— GH &
P = [ PUl) Frany 01 Tne, < 70 (3.18)

Vth

Since vy g > 7,,, (3.18) can be equivalently calculated as

—GH o
P = [T Pll) Frgn, 019, < 7). (3.19)
Yth
where
Yth
Fren, O 1Yam, <70) = | L, g, Olomy Yomy) e, (3-20)

With the application of (3.7), [58, eq. (26)], and [52, eq. (9.31.5)], the expression of

f'YGHQ (7‘7(;1{1 < Vth) is given by

«@ +ko+p
GH ""27PgH
O‘GH+k2 +Ban

y o 1 2b
f'YGHQ (P)/ | fyGHl < fyth) bT (O{ 4 k )k <,UGH (7

cgutketban
26

b
20 [ = g -
GO’Q H(ﬂ ) (aGH+k2_’BGH) _(aGH+k2_/BGH> ’ (3'21)
GHyp 2 ) 2

where

Y (1_ﬁGH iz Qo +Fy+ o) p 2

F(aGH)F GH P 1+\/_) gy thitke

1 21 [ = T 1
X o2 = | Lo . (3.22)
U (g, + k) k! 5 (MGHI Qo + K1, Bogss O

To obtain the average SEP of the ground—HAP5 hop over correlated atmospheric

o=

turbulence, we rewrite (3.19) as
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e /0 Pely) from, (Y [ Ve, <) dv

[\

-~

I,

Yth
[P g e, <) A G2

J/
-~

I,

The analytical expression of I, can be obtained after some algebraic manipulations

using (2.22), (3.21), [55, eq. (07.34.21.0013.01)], and [52, eq. (9.31.5)],

VA baGH+k2+BGH71 22 —=b 1, 1
L. = G, = 12 , (3.24)
P (2m)P 2y D(agy +k,) k! 227 g2 (sin %)2 fam, | By 0

where BéH = {aGHb+k2 e aGHHZﬁb*l, ’BGTH, e ’BGL} consists of 2b terms. With

the application of (2.23), (3.21), [55, eq. (07.34.21.0084.01)], and [52, eq. (9.31.5)]

I,, can be analytically expressed as

The SAG-FSO links will be in outage if both 7., and 7, are below 7, . As

the ground-HAP FSO transmissions experience correlated turbulence, P 22 can
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be written as

Yth Yth

SAG1 2

/ / Frny v, Yam s Yo, ) Dan, Dan,- (3.26)
0 0

Substituting (3.7) in (3.26), the double integrations are carried out with the help of
[58, eq. (26)] and [52, eq. (9.31.5)]. The final expression of the outage probability

over correlated G-G is given by

PSAGI,Q (1 \/ﬁ Z Z gy T kGH + kGH )
o r (&GH) F 6 1 + \/_ GH+kGH1 Hran,

k
1
> . (3.27)
gy + ki, 6GH’ 0

cH; tRGH,
Since the RF and FSO links experience independent fading effects, the average

1
H P 2 G2’1 (: (b) b
N oL | = '
Z'G{G'Hl,GrHQ} F (aGH + kz) k7,~ L
SEP of the RF link is expressed as

GH =0 kGH _0

—RF

P = / " Plel) £,(7) dr. (3.28)

With the application of (3.8), series expansion to the modified Bessel function using
[52, eq. (8.447.1)], and rewriting the exponential function in terms of the Meijer
G-function using [58, eq. (11)], the analytical expression of P, is obtained after
some algebraic manipulations using [55, eq. (07.34.21.0013.01)] as

SRE S 4 (Kf)u
= F exp(—K) ; 2/ (sin )™ (ul)?

. —u—1
o L T T TR ) 3)
’ (sin 1) 0, —u—1

M

where F = £EL Note that the terms of the infinite summation in (3.13), (3.24),

Ir

(3.25), (3.27), and (3.29) converge since the terms decrease at the rate of &, 7,
7! 3!
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Table 3.1: Computation time for asymptotic and exact SEP expressions

Parameters Ezecution time (sec)

Correlation coefficient Truncation value Exact | Asymptotic
0.2 Jj=050,u=20k =21| 276 0.83
0.5 Jj=050,u=20k =41| 382 3.02
0.8 Jj=050,u=20k; =71| 534 8.52

and ﬁ, respectively. In addition, the obtained expressions are applicable for both
downlink and uplink scenarios, using the suitable expressions for large-scale and

small-scale fading parameters [31].

3.6 Overall System Diversity Gain

To calculate the overall system diversity gain, we perform asymptotic analysis at
high SNRs. With the application of [52, eq. (9.303)] on (3.9), we can represent
the Meijer G-function by its basic elementary form and obtain the asymptotic SEP
and outage probability expressions as given in the Appendix of this chapter. Such
expressions are analytically more tractable because they involve the summation of
much simpler functions and are computationally less intensive, as shown in Table
3.1. At high SNR, the ASEP expression of a particular system should have the form
C(SNR)~P, where D denote the diversity gain of the system [62, eq. (1)].

From (3.32), (3.33), and (3.34), we can observe that P, " oc (p,) " Pe5461 | where

D, sac, = min(=G, ’B%H : Izls 6H1 ®) is the diversity gain of the SAG;-FSO link with

. B
respect to SEP. Since o, < oy ¢ and By < By s, Desac, = = min(%¢8 Z¢) From

b b
(3.35), it is observed that P..'

aout (:ul)ipo’SAGl, where DO,SAG = mln( GH, BGH)

b b
is the diversity gain of the SAG;-FSO link with respect to outage. Using only the

dominant terms, we can conclude from (3.32), (3.36), (3.37), and (3.38) that P,

SAG2
(p,) " Pesacz where D gag, = 2min(%, BG—H) is the diversity gain of the SAGQ—
FSO transmission with respect to SEP. From (3.39), we can find that P

aout



o8

(,ul)fpo’SAGl»?, where Do sac,, = 2 min( 9, BGTH) is the diversity gain of both FSO
links with respect to outage over correlated turbulence. Because the higher-order
terms are insignificant, just the first term in (3.40) is considered, P, o (%,)
Thus, the diversity gain of the RF link is unity. As a result, the diversity gain of

the transmission system can be expressed as
D = min (De,SAGl ) DO,SAGl + DE,SAGQ ) DO,SAGLQ + 1)' (3'30)

After simplification, D can be written as

D = min (O‘ZH , ﬁ%) (3.31)

This indicates that the overall diversity gain of the transmission system is mainly
dependent on atmospheric turbulence between the ground station and HAP and is
unaffected by the correlation effect. Correlated turbulence only affects the code gain

of the system.

3.7 Numerical Results

We present the effect of correlated turbulence on the switching-based HAP relays
with hybrid SAG-FSO/RF transmission in terms of ASEP. The numerical results are
obtained based on the derived analytical expressions and confirmed by Monte-Carlo
simulations. The correlated fading envelope samples are generated in MATLAB
using [81]. We assume the transmission system parameters as listed in Table 3.2.
We also adopt an uplink SatCom scenario. The infinite summations in (3.13), (3.25),
and (3.29) are truncated to u = 20 and j = 50 as larger values have a negligible
impact. The number of required terms for the infinite summation in (3.27) is highly

dependent on the correlation coefficient (see Table I in [50] for k; truncated values).



Table 3.2: Simulation parameters

29

Parameter Value
Satellite altitude 620 km
HAP altitude 20 km
Ground station aperture height 2m
HAP; zenith angle 0°
HAP, zenith angle > 0°
FSO wavelength 1550 nm
Telescope aperture diameter 20 cm
Beam radius at optical transmitter 2 cm
Optical-to-electrical conversion efficiency 0.8
Wind speed 21 m/s
RF carrier frequency 30 GHz
Rician factor 6
Switching threshold 10.5 dB

In Figure 3.4, we examine the ASEP performance of the proposed transmission
system as a function of correlation coefficient values. We assume BPSK, an IM/DD
scheme, refractive index structure of 1 x 10713 m%, a switching threshold of 10.5
dB, p, = 25 dB, and %, = 25 dB. The results of RF-only [57], FSO-only [25],
hybrid FSO/RF [27], and SAG-FSO/RF [31] SatCom systems are also plotted for
comparison purposes. We can see that the performance of the proposed system
degrades as the correlation coefficient value increases, as expected. The ASEP
changes from 5 x 107! to 3.7 x 107 when p increases from 0.1 to 0.9. Despite the
ASEP performance variation, the transmission system with switching-based HAP
relays performs better than existing solutions across the entire range of p values.
The improved performance of the proposed system is attributed to the use of the

SAG,-FSO link as an additional backup. Although FSO transmission over HAP; is
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Figure 3.4: Effect of correlation coefficient values on the ASEP performance.

more vulnerable to atmospheric turbulence, the two-step optical amplification helps
mitigate its effects, thereby increasing the FSO’s usability even further.

In Figure 3.5, we plot the ASEP of the proposed transmission system with HD
and IM/DD receivers. The ASEP versus SNR plots are obtained for correlated
turbulence levels p = 0.8,0.5,0.2, and 0. We also assume BPSK modulation, a
refractive index structure of 4.69 x 10713 m%z, a switching threshold of 10.5 dB,
and both RF and FSO links have equal average SNR. As we can see, the analytical
results perfectly match Monte-Carlo simulations. The asymptotic expressions are
also presented to verify their accuracy. Furthermore, the impairment of the ASEP
performance is noticed with the increase in correlation coefficient value. If there is
no correlated turbulence between the FSO links, the system attains its best ASEP
performance. The transmission system with HD receiver encounters a performance
loss of 2.5 dB when p increases from 0 to 0.8, at ASEP of 1 x 107!, Even under such
a correlation effect (i.e., p = 0.8), the transmission system with an HD receiver can
maintain a performance gain over that with an IM/DD receiver over independent

turbulence.
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Figure 3.5: ASEP versus average SNR for different correlation coefficient values.

As a final numerical example, in Figure 3.6, we investigate the ASEP perfor-
mance dependence on the refractive index structure parameter, assuming different
correlation coefficient values. We also assume BPSK modulation, a switching thresh-
old of 10.5 dB, p, = 25 dB, and 4, = 25 dB. As seen in this figure, lower values of
the refractive index parameter lead to better ASEP performance as the FSO trans-
missions are impaired by weak turbulence effects. The increase in the index value
results in a noticeable deterioration of the ASEP performance. We can also see that
the change in the correlation coefficient has a substantial effect in the case of weak
atmospheric turbulence compared to strong ones. Even though the transmission
system with the HD scheme outperforms the IM/DD scheme across the entire range
of refractive index structure values, it suffers a greater ASEP performance penalty

with the change in the correlation coefficient.
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Figure 3.6: ASEP versus refractive index for different correlation coefficient values.

Appendix: Asymptotic Analysis of SAG-FSO/RF
Transmission with Multiple HAP Relays
The asymptotic ASEP of the SAG;-FSO link can be expressed as

GH; =HS;

Pae = Lge + Pae - Pae Pae ) (332)
where
Bl,z
PGH1 Ab “gu lau ! ZA r ( ) ( (aG ﬁGH)b ) GH
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A 2 v b\ ©H
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2 . T(BL B
is the asymptotic ASEP of the ground-HAP; hop, A, = —&12% BSZGH GH), A, =
GH
2., (B -8 e C
g=lio7 Bé;GH GH), and B is the z™ term in B, , ie., BZH = {agy Baut =
{BZ’;, BZ;} The asymptotic ASEP of the HAP{-SAT hop is given by

g, s tPu, g1 2b 2b Lg L=
leS B A b ! ! Zzzl Hg:l;g;ﬁz F (BHls - BHls>
ac (2m)0 1 2y/7 Ty ) T(By,s) By,
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]_ 1,z « !
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b (sm M) [

The asymptotic outage probability of the FSO transmission through HAP; is

given by
3,z
GH

2
A ~y
P = — 3 |« th ) 3.35
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The asymptotic ASEP of the FSO transmission through HAP,, P

e 5 1S ob-

tained similar to (3.32) with P.>° analytically expressed using (3.34) with the cor-
responding fading parameters « and p . The asymptotic SEP of the

HyS? “YHoS?
ground-HAP, hop is given by paGeHQ =1,, —1I,,, where
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and
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The asymptotic outage probability of both SAG-FSO links can be expressed as

k1+ko

g B 5 Sl 1+

aout T (OZGH) F(/B)2k1:0 = (1 + \/ﬁ) gy tkitke

6,z

ﬁz o +k (E(”M—)b)% (3.39)

z=1

2 6,9 6,z
Hg:l;g?ﬁz FgBGH _BGH)
B V2

where A = and BZH ={agy Tk, Beu }-
GH

The asymptotic ASEP of the RF link can be written as
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Chapter 4

Parallel FSO-RF Transmissions for
High-Throughput Remote Access

Mixed usage of RF and FSO transmissions can improve the reliability and through-
put of future SatCom systems. To overcome the rate limitation of conventional
hybrid implementations, we propose parallel FSO and RF transmissions for end
users to explore their complementary properties in beamwidth and bandwidth. In
particular, RF transmission serves the users over a large geographical area, while
the FSO link is employed to increase the throughput to a particular hot-spot area
with higher capacity demand. We assume that the hot-spot area is served by an ac-
cess point (AP). The AP can establish parallel FSO-RF links with the satellite and
serve ground users in its coverage with a broadband WiFi or cellular network. No
additional wired terrestrial infrastructure is required. The ground users can achieve
high data transmission over the mixed FSO-RF link through the AP when inside its
coverage. However, users have to rely on a direct RF link to the satellite when they
are outside the coverage area of the AP. To highlight the significant potential of
the proposed SatCom system, we analytically derive the sum capacity outage prob-
ability for the transmission to the AP. Note that he proposed system is ideal for

providing coverage to a remote community where a traditional terrestrial solution
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Figure 4.1: Parallel FSO-RF SatCom transmission scheme.

is prohibitively expensive. Low-density populations in remote communities present
an economic challenge for a relatively large investment in communication infras-
tructure [4]. Besides, the diversity of geographical nature, such as hills, mountains,
and valleys, poses a physical barrier that increases the cost of installing fiber-optic

cables.

4.1 Related Work

As FSO and RF links are vulnerable to non-overlapping weather conditions, i.e.,
rain affects RF link quality and fog limits FSO transmissions, most previous work
adopted a hybrid implementation strategy [27,31,37,41,59,82]. The high-rate FSO
link enjoyed higher priority, while the RF link was employed as a backup. The
system will switch to the RF link if the FSO link fails to support the desired data
rate. This approach will, however, require frequent hardware switching between
the RF and FSO links, which may lead to service disruption due to the required

setup time. In [33,80,83], an adaptive-combining-based solution was proposed to
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reduce the on-off switching of the FSO link. The RF link will be activated when the
FSO-link performance deteriorates, and identical data will be transmitted over both
links, enabling maximal ratio combining at the receiver. In [32,63], rate adaptive
transmission was proposed to minimize the frequency of switching between RF and
FSO links. Despite improving the system’s error rate and outage performance [27,
31-33,37,41,59,63,80,82,83], switching back or combining with the RF link reduces
the overall system throughput. Note that with hybrid implementation, the RF
resource is reserved but not utilized continuously, which may lead to certain resource
wastage.

Typically, there is a hot-spot area with high-capacity demand, e.g., hospital,
school, and community center in the remote community. Users are dispersed over a
wide geographical area inside or outside the hot-spot area. We prioritize the service
to the hot-spot area, assuming there are more users with critical demand. With the
proposed parallel FSO and RF transmissions, we can better utilize both links to
improve the throughput and reliability of the hot-spot area while supporting ubiq-
uitous coverage. Independent data streams are adaptively sent over both links to
satisfy capacity and availability requirements. While the switching-based system
uses full transmit power on either link, the parallel FSO-RF transmission system
adaptively allocates power among the two links according to the weather condi-
tions. Due to its wider beamwidth, the satellite will use the RF link to transmit
information essential to all ground users, regardless of location. The FSO link, on
the other hand, can be used to enhance the reception of this essential information
and provide a value-added service to users in the hot-spot area through the AP.
Another implementation of parallel FSO and RF transmission is the soft-switching
strategy [84,85]. While incurring higher decoding complexity, soft switching is not
applicable to our proposed design as data from both links needs to be jointly de-
coded. Note that the quality of service experienced by users in the coverage of the

AP is limited by the capacity outage probability of the parallel FSO-RF links. As
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such, we present a sum capacity outage analysis for parallel FSO-RF transmissions.
To the best knowledge of the authors, this is the first attempt at this challenging
problem. The results also establish the capacity bound for parallel FSO and RF

transmissions with soft-switching strategy.

4.2 System and Channel Models

In this work, we consider a SatCom system for connecting a remote community, as
illustrated in Figure 4.1. We assume both the satellite and the AP host RF and
FSO payload. As such, satellite can establish a parallel FSO-RF link to the AP.
Users in the coverage of the AP can enjoy reliable high throughput transmission
through the AP, whereas users outside the coverage of the AP rely on a direct RF
link to the satellite.

4.2.1 Signalling Schemes

The baseband signal at the optical receiver can be expressed as

}?,C;m T
Y, = <n —Ffo ! I) T, +n, (4.1)

(SIS

where b defines the detection type at the optical receiver (i.e. b = 2 for IM/DD
and b = 1 for HD), zf is the transmitted signal over FSO link, n; denotes the
AWGN at the optical receiver with variance a%f, Pf indicates the transmit power
over the FSO link, n represents the efficiency of the optical-to-electrical conversion,

Gj’i"” defines the transmit gain of the telescope, and G7}* defines the receive gain

dmLsa

of the telescope. The free-space loss is given by FL; = N

, where \; indicates
the optical wavelength and L., = (Hy — H,)sec(f,,) denotes the slant range to
satellite with H, H,, and 6, being the satellite altitude, the aperture height of the

AP, and the satellite zenith angle, respectively. The irradiance of the FSO channel
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is represented by I = I'I%IP, where I' denotes the atmospheric attenuation, ¢
denotes the atmospheric turbulence, and I? denotes the pointing errors. The FSO
link attenuation due to weather conditions is modeled using the Beer-Lambert law
as I' = exp(—yydy) [23], where ¢; is the attenuation coefficient (in dB/km) and
d,, indicates the distance over which the weather impact takes place. According to
(4.1), the instantaneous received SNR can be obtained as [31, eq. (6)]

(n Py Gf Gp)’

= I° 4.2
Y, P =) (4.2)

The baseband signal of the RF link at the receiver is given by

P, G Gy
yr=\ —r 5"

3
FL L. ) h x,+n,, (4.3)

where P, defines the RF transmit power, the receive and transmit antenna gains are
denoted by G** and G, respectively, z, denotes the transmitted signal over RF link,
h is the channel coefficient that follows Rician fading, and n, denotes the thermal
noise at the RF receiver that is represented by AWGN. The free-space loss of the
RF link is given by FL, = <4W/\LTSG>2, where A, denotes the RF signal wavelength.

The RF link attenuation due to weather conditions is given by L,, = ¢,d,, where
¢, is the corresponding attenuation coefficient (in dB/km) [64]. Based on (4.3), the
instantaneous SNR of the RF link can be written as [30, eq. (12)]

PGEGY

= 4.4
FL, L,o02 " (4.4)

Yr

2

za

where o> represents the thermal noise variance, which is given by O'ZT = P, N,,

where P, is the noise power and NN, is the noise figure of the RF receiver.
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4.2.2 Channel Model

We conduct our analysis assuming that FSO transmission encounters G-G fading
with weather attenuation and pointing error effects. The unified expression of the

pdf of the instantaneous SNR, v,, is given by [86, eq. (2)]

2 1 i £€+1
fwf(v)=mﬁ’§ aﬁk(l) , (45)

& a,p

where p1, denotes the average receive electrical SNR, which is a function of the

average receive SNR at the optical receiver, 7,, as [31, eq. (10)]
ny = i/fa

and
_ ape(E+2)
BT DB @

In a SatCom environment, RF transmissions encounter less reflection and scat-
tering due to a strong line-of-sight between the AP and satellite. As a result, the
Rician fading can accurately model the RF link [33,34]. The pdf of the instantaneous
receive SNR is expressed as [57, eq. (2.16)]

£.(7) = Kf: L e (—(K +1) % - K) I (2 K(K +1) %) (46

With the application of series expansion to the modified Bessel function using [52,
eq. (8.447.1)] and the exponential function using [52, eq. (1.211.1)], the pdf of the

RF instantaneous receive SNR in (4.6) can be expressed as

Pl = Fep(-10) Y TR SRR 5 (4.7)
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Exact Sum Capacity Outage Analysis
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In this section, we analyze the sum capacity outage probability of parallel FSO-RF

transmissions over the satellite-to-AP hop. The outage capacity threshold C, of

parallel FSO-RF transmissions is defined as the capacity guaranteed for (1 — P,)%

of channel realizations. Here, P, is the outage probability, calculated as

where fcf . ¢, (c) is the pdf of the instantaneous sum capacity of parallel FSO-RF

transmission.

Co

P,=Pr[C; + C, < C,] = fcf o, () de,
0

(4.8)

Given that the satellite-to-AP RF and FSO links are statistically
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independent, f. ., ¢, (¢) can be evaluated as

forv 0O = [ Jof@) S (= a) o (49)

With the application of (4.5), the capacity definition for FSO communications [87]
C, = BW; logy(1 + € 7,), (4.10)

and the power transformation of random variables, the pdf of the instantaneous

capacity of the FSO link is derived after some algebraic manipulations, as [88, eq.

(14)]

c/BWf

111(2) 52 2 o/ BWy -1
fe,(€) = BW; b T(a) T(B) <2 _1)

&1
. (411)

X

Q

- W
w o

Q
™
o~
/N
[\Dn
=
=

|

—
N~

& a,p

where BW; indicates the FSO link bandwidth and e is a constant, which is defined
as € = e/(2m) for IM/DD and e = 1 for HD. The pdf of the instantaneous capacity

of the RF link is similarly derived using (4.7) as

c¢/BWyr 00

In2 F exp(—K) 2
fCr(c) - BWT

(=F) = (KF) ( o/ BW; i+i
. (2 -1) T )
T 2 G
where BW, denotes the RF link bandwidth. The pdf of the instantaneous sum
capacity is analytically expressed, after some algebraic manipulations, as given by
(4.13) (see Appendix A for derivation details). Note that X, £, B!, and B? are
defined in Table 4.1.
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()X (K 4+ 1) exp(—K) = (= F) SN (KF) < |1+ i+j—m
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C/BW;

1 Bl n—uv
2 1] & BW c/BW d
e £ Lo (27 -
b+1,3b+1 e 2 + Ay ()
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Gy | € 1 (4.13)
b
B2, —d

Substituting (4.13) in (4.8), changing variable y = oM _ 1, adjusting integral
limits, and applying series expansion to o VPN using [52, eq. (1.211.2)], the capacity
outage probability of the parallel FSO-RF SatCom can be written in the form

P o= I + I, (4.14)
where

CO/BWf h

2 -1 e o [~ it

BW; ( BW > BW;\""
I, = X 1 1
1 / A2(1n2 nar + >> > e
0 h=0
v+h - y 1781
(ln(y~|—1)> Giigp | € o dy, (4.15)
b

B2,0
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and
Co/BWj h
2 1 oy s [~ bl
BW; ( BW; ) BW/\"* d
I = X =7
: / A1A2< ln2> ; h \In(2) Y
o _
vth 1—d,B!
3b,1 Y
(1n(y—i— 1)) Giitapin | € a‘ dy, (4.16)
B2, —d

respectively. The analytical expressions of Iy and I, are obtained, using [55, eq.
(07.34.21.0084.01)] and Taylor series expansion of (In(y + 1))**" about a constant
as (see Appendix B), and some algebraic manipulations, as in (4.17) and (4.18),
respectively. According to (4.35), we set ay = 0.788 to ensure the convergence of
the Taylor series, assuming a capacity threshold of 1.5 Gbps. Note that the infinite

summations in (4.17) and (4.18) are convergent since their terms are decreasing at
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4.4 Asymptotic Sum Capacity Outage Analysis

We derive a simplified asymptotic expression for the sum capacity outage probability
in this section to gain better insights into the behavior of parallel transmission
system at higher SNRs. After applying asymptotic expansion of the Meijer G-
function [52, eq. (9.303)], the asymptotic capacity outage probability can be written,

by removing the high-order terms, as

Co/BWy
B 4 X (K+1) exp(—K) BW; (2 ’_ 1)
Poa - —
=2 B

k=1
Co/BW; Bk
Ay 2 -1
X E 4.19
B2k (1 + B2k) < € 1, ) , )
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Therefore, the diversity gain of the SatCom system is given by

2
D = min <% % %) 4oL (4.20)

) . We can conclude from (4.19) that P, , o< (3,) (ub)BQ.

4.5 Numerical Results

We now present selected numerical examples to demonstrate the performance of
parallel FSO and RF transmissions for SatCom systems. We set the system param-
eters as given in Table 4.2 while assuming an IM /DD receiver. Note that the infinite
summations in (4.17) and (4.18) require 10 terms to converge with a convergence
error of 5 x 1077,

In Figure 4.2, we study the impact of power allocation by plotting the outage
probability as a function of the power allocation ratio to the FSO link under different
weather conditions. The attenuation coefficients due to weather effects are given in
Table 4.2 [64]. We assume a 45° satellite zenith angle and a total transmit power of
12 dBW. As we can see, there is an optimal value of the ratio at which the system
achieves minimum outage probability for target transmission rate. In addition, the
optimal value, p*, decreases as the weather becomes more severe, i.e., p* equals
0.8 and 0.7 for clear air and light rain, respectively. In heavy fog, the FSO link
is unavailable, and the transmission system should allocate all transmit power to
the RF link, leading to p* = 0. Notably, even under clear weather conditions,
allocating a portion of the total power to the RF link can achieve better outage
performance than the scenario with the total power allocated to the FSO link, as
the FSO transmission is susceptible to turbulence, scintillation, and pointing errors.
Furthermore, while varying with the weather conditions, the optimal value for the

power ratio, p*, is insensitive to the value of the target transmission rate.



Table 4.2: Simulation parameters

Parameter Value
Satellite altitude 620 km
Access point aperture height | 2 m
Satellite zenith angle 45°

FSO subsystem

FSO wavelength 1550 nm
FSO link bandwidth 1 GHz
Telescope aperture diameter | 20 cm
Transmit telescope gain 75 dB
Receive telescope gain 75 dB
Variance of background noise | 250 W [63]
Beam radius at transmitter 2 cm
Optical-to-electrical efficiency | 0.8
Pointing error coefficient 5.2

Wind speed 21 m/s

Ground level turbulence

1.7 x 107 “m~

RF subsystem [64]

RF carrier frequency 30 GHz

RF link bandwidth 300 MHz

Rician factor 6

Receive antenna gain 52 dB

Transmit antenna gain 52 dB

Noise figure 5 dB

Noise power spectral density | -114 dBW/MHz
Weather dependent variables [64]

Ligh rain:

- Ground level turbulence
- FSO attenuation

- RF attenuation

- Effective distance

0.6 x 10~ 14m =
1.98 dB/km
1.50 dB/km

1 km

Heavy fog:

- Ground level turbulence
- FSO attenuation

- RF attenuation

- Effective distance

0.1 x 107 14m=
113.2 dB/km

0 dB/km

1 km

78
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Figure 4.2: Optimum ratio of total power assigned for FSO link.

The strength of atmospheric turbulence depends mainly on the distribution of
aerosol particles and is usually measured by the ground level turbulence C2(0)
[47]. In Figure 4.3, we investigate the effect of strong turbulence (C2(0) = 9.64 x
107 8ms, o = 2.21, 8 = 3.48) and moderate turbulence (C2(0) = 4.69 x 10~ 3¥m ¥
a =4.28, = 5.62) on the proposed parallel transmission system. We also compare
IM/DD and HD detection schemes, assuming a capacity threshold of 1.5 Gbps, a
wind speed of 41 m/s, a 45° satellite zenith angle, and the optimal ratio p* of 0.8
under clear air conditions. The asymptotic expression is presented to verify its accu-
racy. As we can see, the increase in C?(0) value has a negative impact on the outage
probability. The transmission system with HD scheme suffers a performance loss of
about 5 dB when C2(0) increases from 4.69 x 10~¥m= to 9.64 x 1073m7 , at an
outage probability of 1075, Also, the HD scheme suffers a larger outage probability
penalty when compared to the IM/DD scheme. Nevertheless, HD scheme maintains
a performance advantage over IM /DD scheme, because of its coherent detection na-
ture. From Figure 4.3, we also calculate the diversity gain by taking the logarithm

of the outage probabilities obtained at the related transmit power levels. We obtain



80

—&— IMDD,C 2(0)=9.64 x 107
—— MDD, C2(0)=4.69 <107

—+—HD.C3(0)=0.64 107

—&—HD,C2(0)=4.69 x 107

— — — -Asymptotic
X Simulation

10°®

Capacity Outage Probability

108 ¢

10.10 I I I I I I
10 15 20 25 30 35 40
Total Transmit Power (dBW)

Figure 4.3: Effect of ground level turbulence.

7.8%107% and 1.2x107° for the IM/DD scheme under strong turbulence effects at 35
dBW and 25 dBW, respectively. This leads to a diversity gain of 2.18 ~ D = 2.11.
The diversity gain increases to 3.09 ~ D = 3.14 under moderate turbulence effects.
Similarly, we obtain a diversity gain of 3.23 ~ D = 3.21 and 5.34 ~ D = 5.28 for
the HD scheme under strong and moderate turbulence effects, respectively.

Note that the level of laser radiation to which a person may be exposed with-
out any hazardous effect is a few tens of watts per square meter for about 15 min,
i.e., 50 W/m?. This power level decreases with an increase in the duration of expo-
sure [38,89]. Figure 4.4 plots the capacity outage probability as a function of the
total transmit power. We assume a 45° satellite zenith angle, an outage capacity
threshold of 1.5 Gbps, a power allocation ratio of 0.8, and atmospheric turbulence
parameters of o = 15.67 and g = 17.49. For comparison purposes, the results of
hybrid FSO/RF, FSO-only, and RF-only systems are also plotted. Note that hybrid
FSO/RF and parallel FSO-RF transmission systems host FSO and RF transceivers
at the satellite and access point, which increases the system cost when compared

to FSO-only transmission system. On the other hand, the parallel FSO-RF trans-
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Figure 4.4: Comparison of various SatCom systems.

mission scheme outperforms the FSO transmission [25] by about 2 dB and hybrid
FSO/RF transmission by about 0.5 dB for a target transmission rate of 1.5 Gbps at
an outage probability of 1075. The performance advantage of parallel transmission
over hybrid FSO/RF transmission is because that hybrid FSO/RF transmission has
to use full transmit power on either the FSO or RF link. In addition, the RF link in
the proposed scheme can serve the users over a wide geographical area to maintain
ubiquitous coverage. From Figure 4.4, a diversity gain of 9 ~ D = 8.83 is also ob-
tained under weaker turbulence effects. Furthermore, the analytical results match
the Monte Carlo simulation results well.

As another numerical example, in Figure 4.5, the outage performance of parallel
transmission is plotted as a function of capacity threshold values, assuming a 45°
satellite zenith angle, a total transmit power of 12 dBW, and an FSO link power
allocation ratio of 0.8. From this figure, we see that multiplexing traffics through the
RF link will improve the system’s reliability when the capacity threshold is large.
At a capacity threshold of 2.2 Gbps, the parallel FSO-RF transmission achieves an
outage probability of 1.6 x 1072 compared to 1.4 x 1072 for both hybrid FSO/RF
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Figure 4.5: Effect of capacity threshold values.

and FSO transmissions. This is because the RF link alone cannot support such a
high data rate due to its limited bandwidth. Therefore, switching back to the RF
link leads to a marginal improvement in outage probability over FSO transmission.
On the other hand, hybrid FSO/RF transmission with hard switching can achieve
better performance than parallel FSO-RF transmission when the capacity threshold
is very small, say less than 1 Gbps. The hybrid FSO/RF transmission can support
such a small data rate with full transmit power on either the FSO or RF link. As
such, we can conduct that parallel transmission is more desirable where the capacity

demand is high, i.e., hot-spot areas.

Appendix A: Pdf of the Sum Received Capacity
with Parallel FSO-RF Transmissions

This appendix derives the pdf of the instantaneous sum capacity fcf o (c). After

applying the binomial expansion [52, eq. (1.111)], we can rewrite f, (c) in (4.12) as
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m+1
Applying series expansion to <2C/ BWT) using [52, eq. (1.211.2)], the pdf in (4.21)

can be rewritten after some algebraic manipulations as

o

ZKJ:

i

ch()—th]:exp Z

i= =
G P i+j—m oo <—(m+1)1“2>n

S <_ 1) ST ) e (a22)
m=0 m n=0 s

After substituting (4.11) and (4.22) in (4.9), using the binomial expansion given

by [52, eq. (1.111)] to (¢ — )", along with changing variable ¢t = 2”"" _ 1 and
adjusting integral limits, fcf . ¢, (c) will have the form
C/BWf
W n—v
fcf + cy / "42 c’ < n 2 fln( 1>>
g2 41 - (t)ll’ £2+1
— G5 | aBk| — dt, (4.23)
b(a)D(B) 3 €L, 0.3




where A, denotes the summation operation as

F)
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To evaluate the integral in (4.23) is replaced by its Taylor series

: (ln(t + 1))
given in Appendix B of this chapter. Now, the integral in (4.23) can be expressed

in the form f. o.(€) = I, + 1, where

2C/BWf71
BWf nv 52 t—1
= v 1 >
| A <1n2 nlan+ )> b(@)L(5)
0
il 241
G a5k< L ) ¢ dt (4.25)
’ /| e a8
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2c/BWf_
. (BWp\"" ¢t
/ Ar Ay (mz) b0 (a)D(B)
0
il 241
G aﬁk( ! ) ‘ dt, (4.26)
’ /e a8

respectively. The analytical expression of I, and I, are obtained after some algebraic
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manipulations, using [55, eq. (07.34.21.0084.01)] as

n—u c/BWf 1
BW, ) 2”71 1, B
IB =X ./42 ( In 2f ln(a1 + 1)) C Gbibi, 31b+1 & 6— '
o B2, 0
(4.27)
and
BW n—uv . d
I, =X A A (—f> & (2 e 1)
In2
c/BWf o 1
~11| 1-d , B
Gbibi, §b+1 & (4.28)
€ Hy B, —d

Note that a; is a constant satisfying (4.35) of Appendix B. We set a; = 0.788 to

ensure the convergence of the Taylor series.

Appendix B: Taylor Series Expansion of (In(f + 1))"

Applying Taylor series expansion around a defined as

, (4.29)
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n
After some algebraic manipulations, (ln(t + 1)) can be written as

(o)~

In(a + 1)>n
S (s} (1)

Applying binomial expansion using [52, eq. (1.111)], (¢t — a)® can be written as
z z 2 z—d
(t - a) => < - a> td. (4.32)
=0 \ d
Th (1 (t+ 1)) is given by

(m(t + 1))n = (ln(a—i— 1)>n + At (4.33)
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where A; denotes the double summation operation as

N (n)! B A NGO
A=Y TTor = (ln(a+ 1)> > — (4.34)

z=1 ’ d=0 d

The interval of convergence, satisfying the ratio test, is given by [41, eq. (33)]

t—a
-1< 1+ a)n{+a) < 1. (4.35)

The value of a depends on the range of ¢, which varies from 0 to 9" _ 1. For
C, up to 3 Gbps and an FSO link bandwidth of 1 GHz, the value of ¢ € [0, 7], and
therefore we select the corresponding value of a € [0, 2.5] satisfies the ratio test in

(4.35).
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Chapter 5

Conclusions and Future Work

In this chapter, we conclude the thesis by summarizing the accomplished work and

suggesting further potential research topics.

5.1 Conclusions

In this thesis, we first present a novel space-air-ground FSO transmission strategy
for SatCom systems. In particular, by dispatching a HAP relay above the ground
station, we can significantly mitigate the atmospheric turbulence effects and achieve
high-performance FSO transmission, regardless of the zenith angle of a satellite.
We also propose a novel integrated FSO transmission network to improve FSO-
link usability for SatCom. We demonstrated, using selected numerical examples,
that integrating space-air-ground and single-hop FSO transmissions to a satellite
can remarkably decrease the frequency of switching to a low-throughput RF link,
maximally benefiting the higher transmission rate of FSO links. The probability
of RF-link usage is decreased from 5 x 1072 for SAG-FSO/RF transmission [31] to
7 x 107 for our proposed SAG-FSO/SH-FSO/RF transmission system. Despite its
vulnerability to atmospheric turbulence, the SH-FSO transmission contributes to

improved system performance.
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Taking advantage of the superior performance of SAG-FSO transmission, we
propose to combine SAG-FSO transmission with site diversity to mitigate weather
effects and increase the reliability of SAG-FSO networks even further. To achieve a
similar diversity benefit with reduced cost and lower complexity, we also propose a
hybrid SAG-FSO/RF transmission system with multiple HAP relays. Meanwhile,
the ground—HAP links may experience correlated atmospheric turbulence. The ob-
tained results illustrate that, despite the correlation adversely affecting performance,
the transmission system still maintains a considerable gain over hybrid FSO/RF and
single HAP systems. In addition, the analysis revealed that changing the correlation
coefficient value doesn’t affect the transmission system’s diversity gain but degrades
the SEP performance. Compared to the non-correlated case, the transmission sys-
tem suffers a performance loss of about 2.5 dB when the correlation coefficient
increases from 0 to 0.8 for the HD scheme, at an average SEP of 1 x 1071°. Further-
more, the correlation effect is more noticeable for weak turbulence scenarios than
for strong turbulence environments.

To satisfy capacity and availability requirements for remote access, we proposed
parallel FSO and RF transmissions for non-terrestrial networks. In particular, the
FSO link is used for high-rate transmission to the access point, whereas the RF link
is used to support all users inside or outside the coverage of the access point. The
proposed scheme with parallel transmission can achieve a target transmission rate of
2.2 Gbps with an outage probability of 1.6 x 10~2 compared to 1.4 x 10~2 for hybrid
FSO/RF transmission. From these results, we conclude that SatCom systems with
parallel FSO-RF transmissions can increase the throughput to hot-spot regions with

high traffic demand while maintaining ubiquitous coverage via RF links.
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5.2 Future Work

The ideas proposed in this thesis can be expanded in the future in different directions

as follows:

5.2.1 HAP-Based Networks for Broadband Internet Access

in Remote Communities

There is a pressing need to provide reliable broadband Internet access to rural and
remote communities and achieve Internet access equality. HAPs network can provide
an effective solution [90,91]. In this research direction, we propose a novel network
architecture to deliver reliable broadband Internet access for rural and remote areas
using HAP-based multi-hop transmission. The key is to exploit hybrid FSO/RF
transmission and switching-based FSO transmission via multiple HAP relays. The
proposed network design can support high-speed connections to access points in
densely populated regions via FSO links. To maintain ubiquitous coverage, the RF
link is used to serve lower-demand users outside the coverage of access points due
to its wider beamwidth.

It is worth noting that the global HAPs market is expected to reach US$6.5
billion by 2030 [92], which helps reduce the manufacturing and operation costs of
HAPs. The proposed HAP-based solution will serve as an attractive alternative to

LEO satellite systems for connectivity provision in remote areas.

5.2.2 Hybrid Space-Air-Ground-Underwater FSO/RF Trans-

mission for Future Wireless Connectivity

We have considered hybrid SAG-FSO/RF transmission in the design of advanced
SatCom systems. To provide trustworthy support for future global connectivity, our

proposed system designs can be extended to include underwater communications.



91

RF links are a good complement to FSO links when propagating through the at-
mosphere. Only FSO transmissions, on the other hand, could propagate through
the water. Innovative solutions are required to solidify the FSO link for underwater
communications and increase end-to-end system throughput. Many open research
topics in this field, including channel modelling, performance limitations, and trade-
off studies such as data rate and communication range, can be considered in future

work [93-96].

5.2.3 Development of Advanced Deep Reinforcement Learn-

ing Algorithms for Optimal HAP Hovering Location

In this research direction, we will apply and develop advanced machine learning
tools to dynamically determine the HAP position to mitigate beam wandering, tur-
bulence, and weather effects such as clouds. Flying HAP is more likely to establish
a line-of-sight link with a ground station by adjusting its hovering location in 3D
space, thus providing favorable link conditions with the ground station. We propose
using deep reinforcement learning (DRL) algorithms to train a smart agent that
can determine optimal HAP hovering locations with minimal computation based on
environmental observation.

Most existing works only study the deployment of HAPs to maximize their cov-
erage on the ground and improve the spectrum and energy efficiency [97-99]. Based
on the user clustering, the HAPs were first deployed at the centroids of the clusters,
and then the altitudes of the HAPs were optimized under ideal transmission scenar-
ios. In the proposed research direction, we will address transmission system design

in a practical operating environment of atmospheric turbulence and weather effects.
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