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Abstract

With the projected capabilities of 6G networks aiming to deliver a peak data rate of 1 Thps
and extend connectivity to millions of devices within square kilometers by 2030, the inclu-
sion of aerial connectivity emerges as a pivotal trend and enabling technology within 6G
networking. This integration of non-terrestrial networks (NTN) brings forth new airborne
vehicles complementing existing ground networks. Among these vehicles, uncrewed aerial
vehicles (UAVs) have garnered considerable attention from both academia and industry

due to their affordability and versatility across diverse scenarios and applications.

Given the critical need for precise characterization of the UAV-to-ground channels, this
thesis focuses on investigating the physical layer aspects of the UAV-to-ground channels.
These novel fading channel models take into account multipath as well as shadowing.
This dissertation studies the various capacities of UAV-to-ground channels. Specifically,
it evaluates the effective capacity and ergodic capacity under various power adaptation
techniques. These capacity metrics serve as fundamental measures, allowing an assessment
of the transmission’s achievable rates. Moreover, this dissertation analyzes the physical
layer security metrics of these novel channel models, which offers insights into the security

robustness of the UAV-to-ground communication system.

Furthermore, this dissertation examines system reliability by deriving the error proba-
bility in the presence of phase noise. Introducing phase noise into the assessment of receiver
performance makes the analysis more practical and enhances the potential for designing
an improved system. Moreover, the dissertation extends its evaluation by considering mul-
tiple antenna receivers, specifically selection combining (SC) and maximal ratio combining
(MRC). These techniques aim to alleviate channel fading effects and enhance diversity
for improved system performance. The analysis encompasses key metrics such as out-
age probability, average channel capacity, outage capacity, average bit error rate (ABER),
and average symbol error rate (ASER). By assessing these metrics for different receiver
configurations, this study comprehensively examines the efficacy of SC and MRC in mit-
igating channel fading effects, thus enhancing system reliability and achieving superior

performance under various channel conditions.

Additionally, this thesis offers a thorough examination of the characteristics and perfor-
mance metrics of interference-limited wireless communication systems functioning across

UAV-to-ground fading channels. Moreover, it introduces cascaded shadowed UAV-to-
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ground fading channels and conducts a rigorous statistical analysis to unveil their in-
tricate dynamics. Furthermore, it presents an analytical framework for assessing energy
detection-based spectrum sensing receivers operating in these challenging environments.
Through mathematical derivations and simulations, this work provides valuable insights
and methodologies for enhancing the reliability and performance of wireless communica-
tion systems in UAV-to-ground scenarios. The expressions derived in this thesis are then

verified by comparing them against the results obtained through Monte Carlo simulations.
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Chapter 1
Introduction

Over the past fifty years, cellular communication systems have undergone significant evo-
lution, progressing from the initial first-generation (1G) analog system to the upcoming
sixth-generation (6G) technology. The 1G system, which emerged in the 1980s, primarily
facilitated voice services through analog transmission. Following this, in 1992, the advent
of the Global Systems for Mobile Communications (GSM) marked the transition to the
more advanced second-generation (2G) system. Notably, 2G not only facilitated voice sig-
nals but also introduced digital data communication capabilities, including short message
services, operating at a maximum rate of 64 kbps [I]. In the 2000s, the emergence of
third-generation (3G) networks aimed to meet the burgeoning demands for internet brows-
ing and multifaceted data services, like video calls and multimedia messaging. Several
3G standards, such as Code-Division Multiple Access (CDMA)-200 and Universal Mobile
Telecommunications Service (UMTS), notably improved transmission rates, offering speeds
of up to 2 Mbps [2].

In 2009, the Long-Term Evolution (LTE) technology made its debut as the 4G system,
revolutionizing mobile communication with a peak rate of 150 Mbps. This marked a
significant milestone in supporting mobile broadband applications, enabling services like
voice-over-internet protocol and immersive video gaming experiences [3|. Notably, LTE
brought forth groundbreaking technologies at the physical layer, including multiple-input
multiple-output (MIMO) and orthogonal frequency division multiplexing (OFDM). These
advancements played a pivotal role in achieving higher data rates and enhancing system
performance. Additionally, LTE continued to utilize the traditional microwave band below

6 GHz for its operations.



During the early 2010s, both academia and industry embarked on defining the poten-
tial of fifth-generation (5G) technology. According to the International Telecommunica-
tion Union (ITU), 5G is designed to support three generic categories of services: mas-
sive machine-type communications (mMTC), ultra-reliable low-latency communications
(URLLC), and enhanced mobile broadband (eMBB) [1]. These categories lay the ground-
work for transformative services such as machine-to-machine, device-to-device, and device-
to-everything communications, fostering the development of the Internet of Things (ToT)
and the Internet of Vehicles [5]. This evolution brought about an unprecedented scale,
adding millions of new devices to wireless networks and expanding mobile communication
services beyond human interaction to include interactions between various devices and ob-
jects. Table 1.1 summarizes the requirements for 5G systems. To meet the demands of
these diverse service categories, numerous key enabling technologies have been proposed
for the physical layer. These include massive MIMO, full-duplex communication, and non-
orthogonal multiple access (NOMA) [6]. Furthermore, the millimeter-wave band (30-300
GHz) has emerged as a candidate band for 5G systems, envisioned to achieve significantly

higher data rates.

| L 46 | 56 [ 6G |
Peak Data Rate 150 Mbps || 20 Gbps || >= 1 Thbps
Experienced Data Rate 10 Mbps || 0.1 Gbps 1 Gbps
Latency 10 ms 1 ms 10 — 100 ps
Area Traffic Capacity (Mb/s/m?) 0.1 10 10°
Mobility (Km/h) 350 500 >=1000
Number of Connected Devices ( Devices/km?) 10° 109 107

Table 1.1: Requirements of 4G vs. 5G vs. 6G.

In 2019, the 3rd Generation Partnership Project (3GPP), a consortium responsible for
standardizing cellular networks in collaboration with telecommunication standards orga-
nizations and industry companies, completed the standardization of 5G-New Radio (NR)
in its Release-15 [7]. Following this milestone, commercial deployment of 5G-NR com-
menced in numerous countries worldwide, marking a pivotal leap in global connectivity.
To enhance 5G’s performance and accommodate evolving use cases, 3GPP launched subse-

quent releases. In 2020, Release-16 was introduced, followed by Release-17 in 2022, aiming
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to introduce additional features to the 5G framework and expand its user scenarios [3].
Presently, 3GPP is actively engaged in ongoing studies for 5G-Advanced as part of its

Release-18 and subsequent developments |9].

1.1 6G Networks

While 3GPP continues its work on 5G and 5G-Advanced, both academia and industry
have already started to investigate the fundamental characteristics of 6G networks. Pro-
jections suggest that by 2030, society will undergo extensive digitization, characterized by
intelligence-driven operations and a globally data-centric environment enabled by instanta-
neous and limitless wireless connectivity [10]. The advent of 6G is poised to transform com-
munication paradigms, transitioning from "connected things" to "connected intelligence."
International Mobile Telecommunications (IMT) has already outlined recommendations
for its 2030 vision, commonly referred to as IMT-2030, that entail the expansion of three
key 5G pillars [11]:

1. URLLC in 5G evolves into Hyper Reliable Low Latency Communication (HRLLC)
in 6G.

2. eMBB in 5G transforms into immersive communication in 6G.
3. mMTC in 5G advances into massive communication in 6G.

This next-generation network is anticipated to open the door to a wide array of un-
precedented applications, encompassing realms like self-driving vehicles, the Internet of
Intelligent Things, virtual reality, human-body interfaces, and holographic communica-
tions [12]. The requirements for 6G systems are highlighted in Table 1.1 [13,11]. To fulfill
these requirements, numerous innovative physical layer technologies have been proposed
for 6G. These include THz communications (0.1-10-THz band), non-terrestrial networks
(NTN), reconfigurable intelligent surfaces (RIS), visible light communication (VLC), ma-

chine learning (ML), and artificial intelligence (Al)-enabled wireless networks [15].

1.1.1 Aerial Communications

In order to extend wireless coverage to remote and underprivileged areas like rural re-

gions, where the cost of establishing terrestrial networks proves financially unfavorable,
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Figure 1.1: An illustration of non-terrestrial networks.

NTN emerges as a promising solution. NTN offers reliable and boundless aerial connec-
tivity, making it an essential component projected for integration within 6G networks and
expected to play a pivotal role in providing global coverage for advanced 5G and 6G net-
works. As per the definition provided by 3GPP, NTN encompasses "networks or segments
of networks utilizing airborne or space-borne vehicles to host transmission equipment relay
nodes or base stations" [10]. As illustrated in Figure 1.1, NTN platforms can be classified

into two main categories:
1. Space-borne vehicles
Space-borne vehicles are satellite stations that are categorized based on their altitudes
as:
(a) Geostationary Farth orbit (GEO) satellites orbit at an altitude of 35786 km in
a circular and equatorial path around Earth.

(b) Medium FEarth orbit (MEQ) satellites operate within altitudes ranging from 7000
to 25000 km, following a circular orbit around Earth.
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(¢) Low Earth orbit (LEO) satellites, positioned at altitudes between 300 and 1500

km, also follow a circular path around Earth.

Recent deployed commercial systems like Kuiper, Starlink, and OneWeb capitalize
on the advantages of the LEO constellation for providing wireless connectivity to
subscribers due to its lower orbit location, resulting in shorter round-trip times and
relatively lower deployment costs [17]. However, while space-borne vehicles, particu-
larly those in higher orbits, boast a much larger coverage area compared to airborne
systems, they also incur higher deployment costs and exhibit larger propagation de-

lays.

2. Airborne vehicles

Airborne vehicles, which are located between terrestrial networks and satellite sta-
tions, have the benefit of being affordable, flexible, and easy to deploy. They can be

classified into two main categories:

(a) High-altitude platform (HAP): Operating at an altitude of approximately 17-22

km in the stratosphere layer, HAP vehicles are quasi-stationary.

(b) Low-altitude platform (LAP): Ranging from 50 meters up to 4 kilometers in
altitude, LAP includes aerial vehicles like a UAV, commonly known as a drone.

UAVs are further categorized based on their design structure [18].

i. Fixed-wing UAVs: They are high-speed and have a heavy payload but need

to move forward to remain aloft.

ii. Rotary-wing UAVs, such as quadcopters, can hover or stay stationary in

the air, but they are low-speed and have a lower payload.

Historically, UAVs were utilized for military applications, predominantly for surveil-
lance purposes. However, their scope has expanded significantly into various civilian sec-
tors such as package delivery, sensing operations, and cellular communication due to their
cost-effectiveness, high maneuverability, and adaptability [19,20]. Recent advancements in
UAV technology have spurred innovative projects in the market. For instance, Facebook
initiated its "Aquila’ project in 2016, aiming to provide internet access to remote areas
using solar-powered drones. Additionally, projects like Amazon Prime Air and Google’s
Wing focus on packet delivery via UAVs [21]. By 2030, the annual expenditure on UAVs is

projected to reach approximately USD 102.4 billion, reflecting a compound annual growth



rate of 19.6%. This significant increase is set to surpass the USD 19.78 billion spent in
2020 [22].

From the perspective of telecommunications, UAVs can be integrated into the cellular

network in three main ways [20]:

1. Cellular-connected UAV: In this technology, a UAV acts as new aerial user equipment

in parallel with terrestrial user terminals on the ground.

2. UAV-assisted wireless communications: In this technology, a UAV acts as a small
flying aerial base station, access point, or relay node to assist wireless terrestrial

networks.

3. Integrated sensing and communications: In this technology, wireless infrastructure
and spectrum resources are utilized in a shared manner to offer both sensing and

communication services [23].

To ensure both public safety and privacy protection, various countries worldwide have
initiated regulations governing UAV systems. For instance, Transport Canada mandates
the registration of drones weighing between 250 g and 25 kg [24]. Similarly, in the United
States, the Federal Aviation Administration (FAA) serves as the regulatory authority over-
seeing UAV operations within American airspace, setting guidelines for drone speed, alti-

tude, and operational range [27].

Since Release-15, UAV communication has been one of the active areas of the 3GPP
standardization body. Several UAV-enabled applications and use cases are included in
3GPP TR 22.829, issued in 2019, along with a description of the requisite communications
and networking performance enhancements. The work items for UAV communications
in Rel-17 in 2020 concentrated on two key areas: the application architecture to allow
effective UAV operations (TR 23.755) and the network infrastructure and protocols to
provide connection, identification, and tracking of UAVs (TR 23.754). [26]. Table 1.2
provides a summary of 3GPP standardization efforts dedicated to UAV communications

for both 5G and beyond systems.



Table 1.2: 3GPP standardization efforts for UAV communications.

Release | Study Item Title and Discription

Enhanced LTE support for aerial vehicles

Rel-15 36.777 [27] | Specified performance criteria for communication between
several UAVs in 5G networks.

Unmanned Aerial System (UAS) support in 3GPP
Rel-16 22.125 [28] | Defined the requirements for delivering UAV services via
3GPP networks.

Remote Identification of Unmanned Aerial Systems

Rel-16 | 22.825 [29) _ _ R
Discussed the mechanisms for remote identification of UAVs.

Enhancement for Unmaned Aerial Vehicles (UAVs)
Discussed a range of applications and scenarios empowered
Rel-16 22.829 [30] | by UAVs. Additionally, it highlights the essential enhance-

ments required for communication and networking perfor-

mance.

Supporting Unmanned Aerial Systems (UAS) con-
nectivity, Identification and tracking

Rel-17 23.754 [31] | Focused on the network infrastructure and procedures to
support the connectivity, identification, and tracking of

UAVs.
Application layer support for Unmanned Aerial Sys-

tems
Rel-17 23.755 [32] ] o ) i
Studied application architecture to support efficient UAV

operations.

1.2 Motivation of the Thesis

The study and standardization of UAV communications are still in their early phases. To
support the numerous use cases in practical systems, it is vital to research the performance
specifications for UAVs and analyze the technology and protocol solutions. As a result,
this has brought about several new research challenges and opportunities related to the

physical layer, like channel modeling.



Traditionally, the wireless communication link between the UAV in the sky and user
equipment on the ground is described as a line-of-sight (LoS) channel, using the well-known
Rician distribution to model the received signal-to-noise ratio (SNR) fading [33]. However,
large obstacles are not avoidable, especially in urban areas and cities, which results in
shadowing the transmitted signal. Thus, the LoS case is not always guaranteed. The
shadowing can be established at both the transmitter and receiver regions, referred to as
the double-shadowing (DS) case, or it can be allocated at one of them, referred to as the
single-shadowing (SS) case. The shadowing effect can be mathematically modeled using
the inverse gamma distribution, whereas the multipath fading of this channel follows the
Nakagami-m distribution. In [34,35], the authors proposed new statistical fading models
for the wireless medium between a UAV in the sky and equipment on the ground. The new
models were supported by empirical data gathered during a UAV-to-ground measurement

experiment.

Until the start of our research, few research papers considered these empirically fit
fading models. In [34,35], the authors analyzed the system performance for the UAV-to-
ground channels with a single receive antenna using the PDF and cumulative distribution
function (CDF) of the received SNR. Moreover, the authors in [36] limited their focus to
the average symbol error rate (ASER) only. However, these studies are not adequate for
different scenarios related to the beyond 5G and 6G systems. For instance, the authors in
[37] suggested that practical UAV channel modeling should be considered when exploiting
the physical layer properties of the channel. Multiple antennas and RIS are some of the
open directions proposed in [38]. Studying UAV-to-ground communications in practical,
up-to-date systems can be useful to communication system designers working on these new

fading channels.

1.3 Contribution of the Thesis

This thesis aims to bridge existing research gaps concerning innovative UAV-to-ground
channel models. The research presented endeavors to contribute novel insights to the

current literature by focusing on the following key areas:

1. Derivation of closed-form expressions for the average bit error rate (ABER) for bi-
nary phase shift keying (BPSK) and quadrature phase shift keying (QPSK) under

imperfect phase recovery, modeled by Tikhonov or Gaussian distributions.



2. Closed-form expressions for the ASER, of M-ary phase shift keying (MPSK) under
the Tikhonov-distributed phase error.

3. Exact closed-form expressions for the channel capacity of UAV-to-ground fading
channels under different power adaptation strategies, including optimal rate adapta-
tion with fixed power (ORA), optimal power and rate adaptation (OPRA), channel
inversion with fixed rate (CIFR), and truncated channel inversion with fixed rate
(TIFR).

4. Analytical expressions for the effective capacity of UAV-to-ground fading channels.

5. Examining physical layer security metrics, such as the average secrecy capacity, the
secrecy outage probability, and the probability of strictly positive secrecy capacity,

in UAV-to-ground communications with shadowing.

6. Deriving theoretical expressions for the ABER, ASER, ergodic capacity, and outage
probability of a receiver using maximal-ratio combining (MRC) operating in inde-

pendent UAV-to-ground channels based on the moment-generating function (MGF).

7. Evaluation of the performance metrics, including ABER, outage capacity, outage
probability, and average channel capacity for a selection combining (SC) receiver

operating in UAV-to-ground channels.

8. Deriving closed-form expressions of the outage probability for an interference-limited

system operating over UAV-to-ground channels.

9. Examining the performance of cascaded shadowed UAV-to-ground fading channels
by deriving key metrics such as outage probability, average channel capacity, and
ABER.

10. Deriving closed-form expressions of average probability of detection of energy-detection

based spectrum sensing operating over UAV-to-ground channels.

1.4 Organization of the Thesis

Beyond this chapter, the organization of this thesis is as follows:



Chapter 2: Some preliminary background knowledge is presented in this chapter.

In particular, a detailed review of the UAV-to-ground channel models is provided.

Chapter 3: In this chapter, we provide the mathematical framework for UAV-
to-ground communications with imperfect phase recovery over these novel channel

models.

Chapter 4: This chapter presents an in-depth analysis of the UAV-to-ground chan-
nel’s capacity under diverse power adaptation schemes. The study extends to eval-
uating the channel’s effective capacity and delves into assessing the physical layer

security of UAV-to-ground communication.

Chapter 5: This chapter focuses on receiver diversity to mitigate multipath fad-
ing. Performance analysis of MRC and SC receivers over shadowed UAV-to-ground

channels is presented.

Chapter 6: In this chapter, novel mathematical expressions are derived to describe
the PDF, CDF, and MGF of the signal-to-interference ratio (SIR) for an interference-

limited system operating over UAV-to-ground channels.

Chapter 7: In this chapter, cascaded shadowed UAV-to-ground fading channels are
mathematically characterized in order to analyze the reliability of wireless commu-

nication systems operating over such channels.

Chapter 8: This chapter analyzes the performance of energy-detection based spec-

trum sensing operating over UAV-to-ground channels.

Chapter 9: Finally, conclusions and future research directions are presented in this

chapter.

Appendix A: A mathematical review of the Meijer G-function is presented in this
appendix, which can be considered a tutorial for those readers who are not familiar
with the Meijer G-function.

Mathematical derivations of some equations can be found in Appendices B and C.

Appendix D provides a comprehensive list of publications that are pertinent to this

thesis.
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Chapter 2
Background and Literature Review

This chapter aims to provide an overview of several topics related to the operation of a
UAV from a telecommunications perspective. Firstly, we start to explain the different
types of UAV signals in Section 2.1. Then, UAV-to-ground channel models are presented

in Section 2.2.

2.1 UAV Signals

Generally, communications signals related to the operation of the UAV can be categorized

as [39]

1. Command and Non-Payload Communication (CNPC): CNPC stands for the bidi-
rectional communication between unmanned aircraft and ground control station (or
remote pilot) in order to ensure secure, dependable, and efficient flight operations.

Examples of typical CNPC messages encompass:
e Transmitting telemetry data (such as flight altitude and speed) from the UAV
to the ground.

e Providing real-time remote command and control for UAVs that lack full au-

tonomy, and regular updates on flight commands.
e Sharing navigation assistance and information linked to collision avoidance.

e Relaying details pertinent to air traffic control.
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2. Payload signals: Payload communication pertains to the transmission of all mission-
related information between a UAV and ground users. This includes real-time video,

imagery, and data transmission.

Commonly, two popular frequency bands, specifically 2.4 GHz and 5.8 GHz, are em-
ployed by commercial UAVs for their CNPC operations while in flight. However, the
aviation authorities generally do not favour these frequency bands due to concerns about
congestion and susceptibility to jamming [10,41]. In the United States, there is a potential
plan to allocate portions of the L-band (0.9 GHz - 1.2 GHz) and C-band (5.03 GHz - 5.091
GHz) for CNPC purposes. For data signals, the unlicensed band is in use for this purpose.
However, as is typical in spectrum allocation, the utilization of these frequency bands is

still undergoing negotiation and discussion [12].

2.2 UAV-to-Ground Channels

One of the significant challenges lies in developing accurate propagation models that ac-
curately represent different environments and situations in which UAVs operate. This is
crucial to meet the growing need for high-speed data transmission in evolving UAV ap-
plications. Usually, mathematical models of wireless channels can be categorized into two

categories:

1. Large-scale fading, also known as path loss or attenuation, is a fundamental phe-
nomenon in wireless communication and signal propagation. It refers to the attenu-
ation or weakening of an electromagnetic signal as it travels over a long distance or
through various obstacles in a wireless communication environment. This attenua-
tion is primarily due to the geometric spreading and absorption of the signal’s energy

by the surrounding environment.

Large-scale fading models are useful for system engineers when calculating essential
factors in a communication system’s budget, such as the necessary transmitter power,
attainable communication range, and receiver sensitivity. A summary of several path-
loss models that characterize the channel between a UAV and receiver on the ground

can be found in [13].
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2. Small-scale fading, also known as multipath fading, is a phenomenon in wireless
communication where the received signal experiences rapid variations in amplitude
and phase due to the constructive and destructive interference of multiple signal paths
that take different routes between the transmitter and the receiver. Small-scale fading
is caused by the reflections, diffractions, and scattering of the transmitted signal by

objects and obstacles in the propagation environment.

These small-scale fading models aid engineers in devising strategies to mitigate fading,
including techniques like diversity transmission/reception, forward error correction

coding, interleaving, and equalization.

Additionally, UAV channel propagation can be classified into two main categories:

1. Air-to-air (AA) Channel: The propagation channel between aerial vehicles is a
crucial factor in inter-UAV communications and can be utilized in various appli-

cations like aerial wireless sensor networks, networks involving multiple UAVs, or

UAV swarms [14].

2. Air-to-ground (AG) Channel: The propagation channel between aerial vehicles in
the sky and a ground node can find application in diverse scenarios such as com-
munication relay, remote surveillance, transport of goods, and providing wireless

connectivity in the case of a disaster [10].

The AG channel has unique features that set it apart from other extensively researched
land-based communication channels, such as the urban channel. One key advantage is its
high probability of LoS signal propagation, offering benefits like decreased power needs for
transmission. However, this LoS may not occur in all scenarios. Moreover, shadowing might
arise from various sources, including obstacles on the surface like buildings, terrain, or
trees, and even from the aircraft itself during its flight maneuvers |[14]. For UAVs, airframe
shadowing, which occurs when the airframe obstructs the signal path, can significantly
affect communication performance. Additionally, the UAV’s constant maneuverability and
mobility can introduce multipath effects, further impacting the signal quality [15]. This
has motivated the authors of [34,35] to develop two new statistical models that encounter
both small-scale fading and shadowing. These novel distributions closely align with the
actual data collected from the AG measurement campaign, which results in validating these

models. Details of the empirical measurements can be found in [16].
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This thesis mainly focuses on the composite models of the AG channel, which take into
account multipath as well as shadowing. Until the start of this thesis project, these novel
channel models were investigated under a single-input single-output (SISO) channel using
BPSK and quadrature amplitude modulation (QQAM) only. Table 2.1 reveals an oversight
in previous works on the UAV-to-ground fading channels, where none accounted for the
impact of imperfect phase recovery at the receiver (Rx). Additionally, prior research has
not examined the capacities of these novel models, like effective capacity, ergodic capacity
under various power adaptation schemes, and physical layer security. The analysis of
diversity receivers in terms of ASER was solely addressed in [17]. This thesis attempts to

address and bridge these specific gaps in current knowledge.

Table 2.1: Comparing our contributions to the previous literature work.

| Parameters | Previous work | This Work |
Additive white Gaussian noise (AWGN) [34] v
Phase Noise v

Non-Coherent Modulations [36]

ASER (M-QAM modulations ) [36]
Power Adaptation
Effective Capacity

Physical Layer Security

MRC Diversity [47] ASER only

SC Diversity [17] ASER only

Equal-gain combining (EGC) Diversity | [17] ASER only

Energy-detection based Spectrum Sensing

SNENENENEN

{\

In subsection 2.2.1, we present a mathematical overview of the statistical fading models
of UAV-to-ground communications, which were recently proposed in [34,35]. Subsequently,
a performance analysis of a communication system operating in these novel channels and

numerical results are presented in subsections 2.2.2 and 2.2.3, respectively.

2.2.1 Channel Models

We begin by explaining the symbols that will be utilized throughout this subsection. The
notations fx(.), Fx(.), and Mx(.) denote the PDF, CDF, and MGF of a random variable
X, respectively.
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Figure 2.1: UAV-to-ground communication DS scenario.

2.2.1.1 Double-Shadowing (DS) Communication Scenario

The transmitter (Tx) is located in a UAV, and the Rx is located on the ground. Both
the Tx and the Rx are separated by a large distance d, as illustrated in Figure 2.1. The

received signal, y, at the Rx, can be written as

y = hz+n, (2.1)

where x is the transmitted signal, h is the fading channel coefficient, and n represents the
AWGN with CN (0, N,) distribution. The instantaneous output SNR, ~, at the Rx node

is given by [30]
_ Bd7np

2 ?

- (2.2)

where P, denotes the transmit power, 7 is the path loss exponent, and 0% is noise variance.
In the DS scenario, there are double scattering regions both at the UAV and the ground
node. The received SNR can be modeled as [31]

v = NI NI, (2.3)
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where

e N; —j € {1,2}— represents the multipath fading coefficient, which follows the
Nakagami-m distribution, whose PDF can be written as [18]

mjmjxmjfl _m,jm

fN]-2 ( ) Qjme‘ (mj) ( )
where the distribution’s shaping parameter m; is the fading severity parameter, 2,
is the scale parameter, and I'(.) is the gamma function. Nakagami-m distribution
is more general than the Rician distribution to model LoS propagation. The m

parameter can be converted to the Rician K parameter, as shown in [19].

e [; represents the shadowing effect of the channel, modeled by the inverse-gamma

distribution, whose PDF can be written as [50]

fr, (x) = Le‘ e (2.5)

RE h)

s

where the shaping parameter of the distribution a; > 1 represents the severity of
the shadowing and 7; denotes the scaling parameter. The reason behind selecting
this statistical model is that there is an agreement between the inverse-gamma and
lognormal distributions remains strong, even when considering larger standard devia-
tions. The lognormal model is able to mathematically model the effect of shadowing,
but it has limitations while forming a closed-form expression for a composite PDF

that encompasses both multipath and shadowing [51].

1. Probability Density Function (PDF):

The PDF of the received SNR, ~, can be expressed as [31]

mims |1 —ag, 1 —«
£y (7) =v7'SpsG33 ( 2y ? 1) , (2.6)
my, Mo
where .
Sps = : 2.7
PSS T (m) T (ma) T () T () (2.7)

and G'(.|.) is the Meijer G-function [52, eq. (9.301)], which is a built-in function
in MATLAB. The detailed proof of (2.6) can be found in Appendix B. Using (A.7),
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the representation in (2.6) can be converted to an expression employing the Fox

H-function as

mime 2.2 mimso (_a27 1)7 <_&1a 1)
= SpeHS’ . 2.8
£ 0) = 42 ( e PR 2.9

. Cumulative Distribution Function (CDF):

The CDF of v can be expressed as
ol
O (2.9
0

With the help of (A.13), (2.9) can be computed as [3/]

mims |1 —ag,1—aq,1
FMWZSMG£< 2y 1>' (2.10)
my, ma, 0
. Moment-Generating Function (MGF):
The MGF of v can be evaluated as [53]
M., (s) :/ e” fry (7)dry. (2.11)
0

With the help of (A.11), the integration in (2.11) can be expressed as

Ll—a%1—a? (21

—mims
s

my, Mo

M(5) = SpsGE2 (

. Amount of fading:

The amount of fading, AF, is a measure of the severity of the channel by itself, which

can be calculated as [53]

AF = M%é—l, (2.13)
(E(v))
where -
BO") = [ e (2.14)
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Figure 2.2: PDF of received SNR (DS case) under the effect of varying oy and m;.
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Figure 2.3: CDF of received SNR (DS case) under the effect of varying oy and m;.
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where E{.} denotes expectation. With the help of (A.14), E(+?) and E(v) can be

evaluated for the DS case, as shown in (2.15) and (2.16), respectively.

mimeo —2

E(7%) = Sps( = ) D(my +2)T(ms + 2)D(a; — 2)T (e — 2). (2.15)
E(y) = SDS(m%””)_lr(m1 + 1)D(my 4+ 1) (ag — 1D (ay — 1). (2.16)

By substituting (2.15) and (2.16) into (2.13), we can obtain the amount of fading

final expression as

F(m1 + 2)F(m2 + Q)F((Il — 2)F(O[2 — 2)

AF = Sps[L(my + DI (ms + DI (g — 1) (g — 1)]2

~1. (2.17)

. Statistics of the received signal envelope:

The PDF and CDF of the received signal envelope can be derived through (2.6) and
(2.10) through a change of variable as follows [5]

fr(r)=2rf, (r%). (2.18)

E.(r)=F, (r*). (2.19)

7 will be replaced by E(r?).

Figures 2.2 and 2.3 illustrate the PDF and CDF of the received SNR, respectively. Both
the PDF and CDF plots demonstrate the effect of varying oy and my (mg = my + 0.3,

ay = a1 + 0.3, and 7 = 1) using the analytical expression of the PDF and Monte Carlo

simulation. As « values increase, the PDF curves get sharper and deviate from the average

SNR value (3 = 1), which indicates severe shadowing cases. As m values increase, the

curves shift towards higher SNR values.

2.2.1.2 Single-Shadowing (SS) Communication Scenario

In the SS case, there is a single scattering region either around the UAV or the ground

node as shown in Figure 2.4. In that case, the received SNR can be modeled as [31]
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Figure 2.4: UAV-to-ground communication SS scenario.

v = N2NZI. (2.20)

Probability Density Function (PDF):

The PDF of the received SNR v can be expressed as [31]

_ mim 1l -«
F(7) =7 "'SssGry ( 2y ) : (2.21)
m17m2
where )
Sgg = . 9.22
9 = T (ma) T (ma) T (a) (2.22)

Using (A.7), the expression in (2.21) can be converted to an expression employing

the Fox H-function as

£y () = P28 g HE (m%m%‘( (Fo. 1) ) . (2.23)

Y m1_171)7(m2_]—71)

Cumulative Distribution Function (CDF):

With the help of (A.13), the CDF of v can be formulated as [31]
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mim 1—0qa,1
Fy(y) = SssG§§§< 17 27‘ ) (2.24)

mlam270

. Moment-Generating Function (MGF):

The MGF of v can be expressed as

—myms

s

M., (s) = SssG53 (

L= O‘) . (2.25)

my, Mo

. Amount of Fading:

For the SS case, E(7?) and E(v) can be evaluated as shown in (2.26) and (2.27),

respectively.

mimeo —2

E(7?) = Sgs( & ) T(mq+2)T(my + 2)T(a — 2). (2.26)
E(y) = Ssg(m%mQ)_lF(ml +1)T(ms + D (a — 1). (2.27)

By substituting (2.26) and (2.27) into (2.13), we can obtain the amount of fading

final expression as

Ty +2)T(me +2)T (o — 2)
AP = Sss[I'(my + 1)I'(me + 1) — 1)]2

~ 1. (2.28)

Figures 2.5 and 2.6 illustrate the PDF and CDF of the received SNR, respectively. Both

the PDF and CDF plots demonstrate the effect of varying oy and my (my = my + 0.3,

ay = a3 + 0.3, and 7 = 1) using the analytical expression of the PDF and Monte Carlo

simulation.

2.2.2 Performance Analysis

In this subsection, we evaluate the performance of the UAV-to-ground channels for the

SISO case in terms of outage probability, channel capacity, and ABER.
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Figure 2.5: PDF of received SNR (SS case) under the effect of varying a and m;.
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Figure 2.6: CDF of received SNR (SS case) under the effect of varying o and m;.
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2.2.2.1 Owutage Probability

Outage probability, denoted as P,, is defined as the likelihood that the received SNR will
fall below a certain level, ~;,, which can be calculated through the CDF expressions as

follows.

1. DS case:

For the case of DS, the outage probability can be expressed as [31]

POHt(Vth)? = ]P(’Y S P)/th)v
= F’Y <7th) )

(2.29)
mym
— SDngjg ( % 2%h

1 —06271—05171
m17m270 7

where P(.) denotes the probability.

2. SS case:

Similarly, for the SS case, the outage probability can be written as [31]

Pout(yn) = SSSGS:?), (?%h

Lol > (2.30)

2.2.2.2 Ergodic Capacity

Shannon defined channel capacity, Cgg, as the maximum data rate that can be sent over
any medium with negligible probability of error [55], which can be calculated for the AWGN

channel as
Cer(7) = Blog, (1 + 1), (2.31)

where B is the channel bandwidth. In the case of a fading channel, the channel capacity

needs to be averaged over the distribution of the fading channel as [53]

B

m@ /OOO In(1+7)fy (v)dy. (2.32)
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1. DS case:

If we express In(1+ ) in terms of the Meijer G-function as shown in (A.4), two
Meijer G-functions are involved in the integration in (2.32), which can be formed

into a closed-form expression with the help of (A.12), as

(2.33)

_]BSDS 4,3 [ 112
g

Cpr = In(2) o

1—0{2,1—061,0,1
mlam27070 '

2. SS case:

Similarly, for the SS case, Cgr can be evaluated as

1-a,0,1
@ ) (2.34)

BSss a2 [ mims
Cgr = —
miy, ma, 07 0

w7

2.2.2.3 Average Bit Error Rate

Using the CDF-based approach [56], the ABER, P, can be expressed as

K /°°
Ppe = F=Le=E (v) d, 2.35
where (k, 5) = (1,0.5) for BPSK and (k, 5) = (0.5,0.5) for binary frequency shift keying

(BFSK). The proof of this equation can be found in Appendix C.

e BPSK case

1. DS case:

By converting the exponential function into a Meijer G-function expression as
shown in (A.3), the integration in (2.35) involves two Meijer G-functions, which

can be evaluated as

(2.36)

be — 51~ /A £V

2r (0.5)  *3

Sps 2,4 <m1m2

1— a9, 1—ay, 1,0.5)

m17m270

2. SS case:
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Similarly, the ABER for the SS case can be expressed as:

1-a,1,05
@ ) (2.37)

m17m270

Pbe

S mim
SS G2,3 17702
Y

oI (0.5)  *?

e BFSK case

1. DS case:
Using a similar approach, the ABER for the BFSK under the DS case can be

evaluated as

SDS 2.4 2m1m2 1—062,1—041,1,0.5
P, = . 1 . 2.38
T 9T (0.5) 4 mi, ma, 0 (2.38)
2. SS case:
Similarly, the ABER for the SS case can be expressed as
SSS 2.3 2m1m2 1 —a,1,0.5
P = G 1 . 2.39
AT 0.5) P\ T | g me, 0 (2:39)

2.2.3 Numerical Results

In this subsection, we reproduce the numerical results published in [34] in order to verify
the accuracy of the MATLAB codes, which is considered the basis for the accuracy of the
upcoming chapters. For the Monte Carlo simulation, 10° realizations of fading channels

are generated to validate the analytical expressions in the previous subsection.

In Figure 2.7, the normalized average channel capacity, Cr /B, is plotted as a function
of the average received SNR, 7. The channel parameters are selected to be m; = 1.5, my =
1.8, and ay = a1 + 0.1. It is clear that the SS case achieves a higher average channel
capacity than the DS one since one of the shadowing regions is missing. As the channel
experiences severe shadowing, indicated by an increase in the value of aq, the capacity

decreases.

In Figure 2.8, the ABER is plotted vs. the average received SNR, 7, employing BPSK
as the modulation scheme. The channel parameters are selected to be my = mq + 0.3 and

as = a1 + 0.3. It is clear that the SS case achieves a lower probability of error than the
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DS one due to the absence of one of the shadowing areas. As m; increases, which indicates

lighter fluctuations in the received signal, the ABER decreases.

In Figure 2.9, the ABER is plotted vs. the average received SNR, 7, employing BPSK
and BFSK. The channel parameters are selected to be m; = a1 = 2.1, my = 2.4, and
mo = ap = 2.4. It is clear that there is a 3 dB gap between the BPSK and BFSK curves.

In Figure 2.10, the outage probability is plotted as a function of the normalized SNR,
¥ /%in, value in dB under different channel conditions. The channel parameters were selected
to be my = my 4+ 0.2 and as = oy + 0.1. The outage probability declines as the channel

conditions improve by increasing m; or decreasing «;.

2.3 Summary

In this chapter, we have presented an overview of current UAV signals and UAV-to-ground
channel models. Throughout this discussion, a perfect phase recovery at the Rx was as-
sumed. However, considering the mobility of UAVs, the likelihood of imperfect phase
recovery increases significantly. In the next chapter, we will provide a mathematical anal-
ysis of the error probability under scenarios involving phase mismatch, addressing the

implications of imperfect phase recovery on the system.

30



Chapter 3
Error Probability under Phase Noise

In the previous chapter, we assumed a perfect phase reference between the Tx and Rx.
In practice, an imperfect phase recovery occurs, especially in UAV-to-ground communica-
tions, due to the mobility of the UAV, which can be mathematically modeled by Gaussian
or Tikhonov (von Mises) distributions [57]|. Sources of phase errors stem from quantization
errors. Even though receivers can employ analog-to-digital converters with numerous quan-
tization levels, minimizing errors, heavily quantized phase feedback results in substantial
communication overhead [58]. The degradation in phase recovery significantly impacts the
ABER performance of coherent digital modulations, particularly those reliant on encoding
data via phase variations on a carrier wave, such as BPSK, QPSK, and MPSK. Incorporat-
ing phase noise into receiver performance assessment not only enhances practical analysis
but also augments the potential for designing improved systems. The error probability due
to imperfect phase recovery has been the focus of several papers investigating their effect on
communications systems operating in different fading environments, such as Rayleigh [59],

Nakagami-m [00], and a-p fading [61].

The contributions of this chapter are as follows.

e Closed-form expressions for the ABER of BPSK and QPSK in the presence of phase

noise that follows Tikhonov or Gaussian distributions.

e Closed-form expressions for the ASER of MPSK under the Tikhonov-distributed

phase error.
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e The expressions derived in this chapter are then verified by comparing them against

the results obtained through Monte Carlo simulations.

This chapter is organized as follows. Section 3.1 describes the statistics of phase noise.
In Section 3.2, the ABER of BPSK and QPSK analyses is derived under Tikhonov and
Gaussian distributions. In section 3.3, the ASER of MPSK analysis is derived under
Tikhonov distribution. Section 3.4 discusses the simulation results. Finally, section 3.5

concludes the chapter.

3.1 Statistics of The Phase Error

3.1.1 Tikhonov Distribution

One of the statistical models to represent the phase error, denoted as ¢, is the Tikhonov

distribution, whose PDF can be expressed as |57]

)

o lo(p) —m<¢<m, (3.1)

where [,,(.) is the modified Bessel function of the first kind with order v. Additionally, p
(0 < p < o0) represents the loop SNR, which is the amount of SNR within the bandwidth
of the phase-locked loop. When p = 0, the PDF becomes a uniform distribution, which
happens if there is no signal synchronization between the Tx and Rx. As p — oo, the Rx
becomes perfectly matched to the Tx, and ideal coherent detection occurs. A plot of its
PDF can be found in Figure 3.1. As p increases, less variance occurs around the mean

value = 0.

3.1.2 Gaussian Distribution

The Gaussian distribution is also used to model phase error, and its PDF can be expressed

as [07]
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Figure 3.1: PDF of Tikhonov distribution.
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Figure 3.2: PDF of Gaussian distribution.
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_ 42
f@((b) = \/%exp{ 22_25 }7 —00 < ¢ < 00, (32)

2
p
where o2 represents the phase noise variance. A plot of its PDF can be found in Figure

p
3.2. When o, decreases, there is less tolerance for variance around the mean value, which

is equal to 0.

3.2 BPSK and QPSK Error Analysis

In the AWGN channel, the conditional error probability under carrier phase recovery,

assuming BPSK or QPSK modulations, can be expressed as [63]

1
P (ely, ¢) = gerfe (Vwycos (¢ +¢)), (3.3)
where (w,() = (1,0) for BPSK and (2,7/4) for QPSK, respectively, and erfc(.) is the

complementary error function. The term cos (¢ + () represents the loss factor due to the

imperfect phase recovery.

In order to evaluate the ABER, denoted as Ppe,(3.3) needs to be averaged over all
possible values of v and ¢, that is

oo ™ 1
Pro= [ [ Gerte (Varcos (6-+ ) () ol ot (3.4
With the help of [61], the complementary error function can be represented as an infinite
series as
2 =T (n40.5) (wy)"*?°
erfc (y/wycos (¢ + =1——
3.9
X 11 (n+0.5;2n + 2; —wy) (3:5)
x cos[(2n + 1) (¢ + ()],
where 1 F1(.;.;.) is the confluent hypergeometric function of the first kind |[52]. By substi-

tuting (3.5) into (3.4), the ABER can be expressed as
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11 2T (n+0.5) (w)"° .
P =577 ; (—1) " (2n + 1)! (3.6a)
< [ coslan+ 1) 0+ Olfo(0)ds (3.6)

X /OOO YO8 By (n 4 0.5, 2n + 2; —wy) f,(7)dy. (3.6¢)

By substituting (3.1) for the Tikhonov distribution, the integration in (3.6b) can be

evaluated as [61]

1
2mlo(p)

]h:

/ " cos[(2n + 1) (6 + O)Jexp(p cos 6)d

Ioni1(p)
fo(P) .

(3.7)

= cos[(2n + 1) (]

If the phase noise follows the Gaussian distribution, the integral in (3.6b) can be eval-

uated as [61]

I, = cos[(2n+1) (¢ + ()] exp{%}dqb
p

\ /27T02

= cos[(2n + 1) (Jexp (=0.507 (2n + 1)2) :

(3.8)

Next, the confluent hypergeometric function in (3.6¢) can be expressed in terms of the

Meijer G-function, as shown in (A.6) in Appendix A, as [52]

—n+0.5
1By (n+0.5;2n + 2; —wy) = CGYy <w‘0 "; 1) : (3.9)
4

where C = F(%g?)
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3.2.1 DS Case

For the DS case, if we substitute (2.6) into (3.6¢), (3.6¢) involves the multiplication of two

Meijer G-functions, which can be evaluated, as shown in (A.12) in Appendix A, as

]13 —w (n+0.5) SDS(C

l—ag,l—0a;,05—-n,15+n (3.10)
mlamQaO '

Hence, the final expression of the ABER for the DS case can be written as

(3.11)

1—a9,1—0a1,05—n,1.5+n
m17m270 ’

where I; is the expression computed in (3.7) for the Tikhonov distribution or in (3.8) for

the Gaussian one respectively.

3.2.2 SS Case

Similarly for the SS case, if (2.17) is substituted into (3.6¢), (3.6¢) involves the multiplica-
tion of two Meijer G-functions, which can be expressed, as shown in (A.12) in Appendix

A, as
]14 :w—(n+0.5)SSSC

2,3 [ M1
><G3,3< —

wy

1—0a,05—n,15+n (3.12)
m17m270 .

Hence, the final expression of the ABER for the SS case can be written as

(3.13)

1—a,05—n,1.5+n
m17m270 .
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3.3 M-PSK Error Analysis

The exact symbol error probability, P,., of MPSK modulation schemes, with M modulation
order, in the presence of AWGN and imperfect error phase recovery, that follows Tikhonov

distribution, can be calculated as [65]

N3

M—-1 2 -~ Lpsinmr/M)
M \/TrIo(p); nl (5 +0.5) 2" ora (A1) (3.14)

X ’Yglpl (g,n + 1; —log, (M) ”Y) .

Pse('}/) =

In order to evaluate the ASER, (3.14) needs to be averaged over all possible values of ,
that is

M-1 2
M rl(p)

w3

P = (3.15a)

> I,(p)sin (n7/M
2 n(rng +(0.5)/ 2”) (log, (M)

n=1

0 n n
></ V2R (§;n+1;—10g2(M)7) fr () dy. (3.15b)
0

3.3.1 DS Case

The confluent hypergeometric function in (3.15b) is expressed in terms of the Meijer G-
function, as shown in (A.6) in Appendix A. if we substitute (2.6) into (3.15b), the integra-
tion in (3.15b) involves two Meijer G-functions, which can be evaluated in a closed-form

expression. The final expression of the ASER under the DS case can be expressed as

M-1 2 i]n(p) sin (nm/M)T'(n+ 1)
M VI, (p) nl (2 +0.5) 2 T'(0.5n)

'1-0&2,1-0&1,1—%,1—{—%
log, (M) 7 my, ma, 0 '

P, = DS

(3.16)
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3.3.2 SS Case

Similarly, the final expression of the ASER under the SS case can be expressed as

Pse:

M—1 2 2. I,(p)sin (nm /M) T'(n + 1
(p)z (p) sin (n/M) I'( )SS

M /rl, nl (2 40.5) 2 T(0.5n)

o2 mims ’1—&,1—%,1—1—%
XGss | T ——Fan= :
log, (M)7 may, ma, 0

n=1

(3.17)

3.4 Simulation Results

This section presents numerical results to demonstrate the performance of UAV-to-ground
communication with imperfect phase recovery. For the Monte Carlo simulation, 10° real-
izations of fading channels are generated to validate the analytical expressions from the

preceding sections.

The channel parameters were selected to be m; = 2.1, my = 2.4, a; = 2.1, and
ay = a1 + 0.3. These parameters align with those presented in [31]. For ideal phase
recovery, our analytically obtained ABER curves precisely match those from [31], serving
as benchmarks for subsequent simulations. In Figures 3.3 and 3.4, the ABER of BPSK
vs. the average received SNR in dB is plotted for varying p under Tikhonov and o, under
Gaussian-distributed phases, respectively. The exact alighment between analytical curves
and simulation results validates our analysis. Notably, for the Tikhonov distribution,
ABER significantly increases as loop SNR, p, declines, while decreasing o, leads to lower
ABER for the Gaussian case. At higher 7, a flooring of the error rate occurs, representing
an irreducible ABER dependent on loop SNR values. Our findings indicate that the DS
case performs worse than the SS case, attributed to shadowing around both Tx and Rx in
the former, while only one shadowing area exists in the latter. Hence, in the SS scenario,
the irreducible ABER occurs at a higher SNR value compared to the DS one.

In Figure 3.5, the ASER of MPSK modulation schemes is plotted vs. the average
received SNR in dB under the Tikhonov distribution (p = 13 dB) under the same channel
parameters utilized in the previous figures. The simulation results precisely match the
analytical curves, highlighting the increased deterioration in system performance for the
8-PSK system compared to QPSK. Therefore, for the 8-PSK, the irreducible ABER occurs

at a lower SNR value compared to its QPSK counterpart.
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Figure 3.3: ABER of BPSK vs. average received SNR in dB under Tikhonov distribution.
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Figure 3.4: ABER of BPSK vs. average received SNR in dB under Gaussian distribution.
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Figure 3.7: ABER of BPSK vs. loop SNR in dB under Tikhonov distribution.

Figure 3.6 shows the ABER of QPSK against the average received SNR in dB under
the Tikhonov distribution following the same channel parameters in the previous figure
while varying o and selecting p = 10 dB. The simulation and analytical curves match
perfectly, confirming our analysis. Increasing « intensifies shadowing, resulting in a higher
error probability. At high average SNR levels, the irreducible error probability, as depicted
in Figures 3.5 and 3.6, is due to imperfect carrier phase recovery. Notably, this occurrence

remains independent of the fading channel’s parameter or its type, be it DS or SS.

Figure 3.7 plots ABER against loop SNR in dB, utilizing channel parameters set as
(me = my+0.3, a; = 1.8, ay = 1.9, and 7 = 15 dB). As loop SNR decreases, a higher ABER
indicates severe phase mismatching between Tx and Rx. At an intermediate SNR value of
15 dB, increasing m; decreases the multipath effect, reducing the error probability. The
ABER curves reach a floor due to the combined influences of channel fading and thermal
noise at the Rx antenna, particularly at higher loop SNR values, and depend on fading

channel characteristics.
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3.5 Summary

In this chapter, closed-form expressions of the ABER of BPSK and QPSK as well as ASER
of MPSK modulations are derived for the shadowed UAV-to-ground channels with imper-
fect phase recovery. The derived expressions are in terms of the Meijer G-function, which
is a built-in MATLAB function. The theoretical expressions were verified through Monte-
Carlo simulations. The results highlighted the impact of channel parameters on error
probability when subjected to phase noise, particularly at intermediate SNR values. Con-
versely, at high SNR values, the presence of irreducible error probabilities predominantly
stems from imperfect carrier phase recovery. Future work could explore and implement
various phase error mitigation techniques aimed at minimizing errors in UAV-to-ground
communication systems. Having analyzed a communication system operating in UAV-to-
ground channels under practical conditions like phase noise, we evaluate various capacities

of UAV-to-ground channels in the next chapter.
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Chapter 4

Power Adaptation and Physical Layer
Security of Shadowed UAV-to-Ground

Channels

4.1 Introduction

In the 1940s, an information-theoretic approach to evaluating the ergodic channel capacity
was pioneered by Claude Shannon [55]. In his work, he defined channel capacity as the
channel’s mutual information maximized over all possible input distributions. The channel
capacity determines the maximum reliable data rates that can be transmitted over wireless
channels with an asymptotically small error probability. Then, in 1975, Wyner proposed
his wiretap model to ensure secure communication against an existing eavesdropper. This

wiretap model results in a decrease in the achievable rate [66].

Prior research has overlooked the evaluation of the UAV-to-ground channel’s ergodic
capacity concerning diverse power adaptation schemes as well as their effective capacity.
Furthermore, resolving the impact of shadowing on the physical layer security performance
in UAV-to-ground communication remains unaddressed. Addressing these crucial gaps not
only advances our understanding of UAV-ground communication but also holds promise

for enhancing the reliability and security of such channels in practical applications.

The contributions of this chapter are as follows:
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1. Firstly, we examine the UAV-to-ground channel capacity under different power adap-

tation schemes:

a) Optimal rate adaptation with fixed power (ORA)
b
(c

(d) Truncated channel inversion with fixed rate (TIFR)

(a)
(b) Optimal power and rate adaptation (OPRA)

) Channel inversion with fixed rate (CIFR)

)

2. Then, closed-form expressions of the effective capacity are evaluated under UAV-to-

ground channels. Effective capacity is important in order to guarantee quality of

service (QoS) requirements for real-time applications.

3. Lastly, we analyze the physical layer security of these novel channel models, assum-
ing the wiretap system model, in terms of average secrecy capacity (ASC), secrecy
outage probability (SOP), and strictly positive secrecy capacity (SPSC). The reason
behind focusing on physical layer security is that cryptography algorithms tend to
require complex operations, which do not align with the UAV node due to its limited
energy reserves on board [67]. Physical layer security exploits the randomness of the
wireless channel in order to provide secure data transmission in the presence of an

eavesdropper.

The rest of this chapter is organized as follows: In Section 4.2, the capacity analysis for
different power adaptation methods is derived, which is followed by its simulation results
in order to verify the derived analysis. In Section 4.3, the effective capacity is analyzed,
followed by the presentation of simulation results aimed at validating the analysis we
have derived. The physical layer security parameters are analyzed in section 4.4, which is
accompanied by their simulation results. Finally, a summary of this chapter is presented

in Section 4.5.

4.2 Power Adaptation Methods

In sub-section 4.2.1, we present the derivation of closed-form exact expressions for the
channel capacity of the recently developed UAV-to-ground fading channels under different
power adaptation strategies. In OPRA, the channel fade level is tracked by both the Tx and
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Rx. Whereas in ORA, it is tracked by the Rx alone. Thus, the OPRA requires feedback
between the Rx and Tx, which results in a higher level of complexity compared to the ORA
scheme. Another two suboptimal adaptive techniques are considered, which are CIFR and
TIFR. In each of them, the Tx adapts its transmit power while keeping the transmission
rate constant. Thus, they require simpler encoder and decoder designs, but they exhibit a
capacity penalty that can be large in severe fading [68]. These different power adaptation
capacity expressions are compared by numerical results in sub-section 4.2.2, developed by

Monte Carlo simulations, which verify all the derived closed-form expressions.

4.2.1 Capacity Analysis
4.2.1.1 Optimal Rate Adaptation (ORA)

In this scheme, the Tx does not adjust its transmit power and just employs a constant

power to transmit a signal to the destination. The ergodic capacity can be evaluated

as [55]
c B /001 (L4 f () d (4.1)
— n . .
ORA ln (2) 0 ’7 vy ’Y /7
1. DS case:
first, we express In(1 + ) into the Meijer G-function as shown in (A.4). By sub-
stituting (2.6) in (4.1), the integration in (4.1) involves the multiplication of two
Meijer G-functions, which can be expressed, with the help of (A.12), in a closed-form
expression as
BSDS 4.3 [ T1me ].—052,1—051,0,1
C = ——G | — : 4.2
TR A ] mima,0,0 2
2. SS case:

Similarly, if (2.23) is substituted in (4.1) for the SS case, Cora can be evaluated as

1—04,0,1)' 43)

BSss 4,2 [ M2

Cora = m 3.4 <T

m17m27070
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4.2.1.2 Optimal Power and Rate Adaptation (OPRA)

In this power adaptation technique, the Tx adapts its transmit power, P,(y), according to

the instantaneous SNR value, given by [69]

Pi(y) = Pmax ((vi — %) ,0) : (4.4)

where P is the average power and 7, is the optimal threshold SNR level below which no

signal is transmitted, whose value is determined by [69)]

/jo (’yl - %) fy()dy =1. (4.5)

The channel capacity under this scheme can be evaluated as [69]

Comns = 05 | i (%)f (), (16)

1. DS case:

Using the Fox H-function representation in (2.8) and [70], Copra can be evaluated,

after some mathematical manipulations, for the DS case as

BSps A2 <m1m2 (4.7)

Copra = m 44| —= Vo

1-0[1,1-0&2,1,1
0707m1>m2 7

where the condition for 7, is

—ay, —a, 1
a7, 9, > _ 17 (48)

—1,m1 — 1,m2 -1
which can be evaluated numerically.

2. SS case:

Utilizing the Fox H-function representation in (2.23) and [70], Copra for the SS case

can be evaluated as

— Yo

~ BSss o <m1m2
oy G
Y

1-a,1,1
@ ) (4.9)

07 07 my, My
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where the condition for 7, is

mims 3,1 [ M1
SssGyls = o

ol ) ~ 1. (4.10)

—1,m1—1,m2—1

4.2.1.3 Channel Inversion with Fixed Rate (CIFR)

In this case, the Tx adjusts its transmit power in order to maintain a constant SNR at

the Rx receiver. This can be achieved by inverting the instantaneous channel state. The

average channel capacity under this scheme can be evaluated as [09]

CCIFR = BIOgQ (411)

(1 T 71}7 (7) dv) '

. DS case:
By substituting (2.8) in (4.11) and using (A.11), the integration in (4.11) can be

evaluated for the DS case as

/oOo T () dy = SpsmlﬁmQF(ml — Dl (mg =l (o + Dl + 1), (4.12)

. SS case:

Likewise, in the case of SS, the integration in equation (4.11) can be assessed as

follows:

| )y = 865 ™y~ e = DR @5 1). (413

4.2.1.4 Truncated Channel Inversion with Fixed Rate (TIFR)

If the channel experiences deep fading, this requires a large amount of power to invert its

instantaneous case. To avoid that, the channel inversion is only achieved above a fixed

cut-off value, .. If v < 7., the channel is not used. The average channel capacity under

this truncated channel inversion can be evaluated as [69]
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1
C =Blog, | 1 + == P(y > ve), 4.14

where 7. is selected either to maximize Cpg or to achieve a specified outage probability.

1. DS case:

With the help of [70], the integration in (4.14) for the DS case can be evaluated as

/ L) W)dVZSDsml_szgﬁ RNILP
Ve v Y Y

—ap,—ar, 1
@2 A ) . (4.15)

O,ml—l,mz—l

P(y > 7.) can be computed as

mims

PW>7J=1—SMG£< =

1 —as,1—ap,1
@2 m’). (4.16)

m17m270

2. SS case:

In a similar manner, the integration in equation (4.14) can be computed as

ol ). (4.17)

07m1—1,m2—1

/ fw (’Y) dy = SSSml_mQ ngé m1_m2%
Ye Y Y Y

The calculation of P(y > ~.) is achievable as

mimes

P(y > 7.) = 1 —SgsGy3 <—7 Ve

m17m270

1_m1>. (4.18)

4.2.2 Numerical Results

In Figure 4.1, the normalized average channel capacity, C'/B, is plotted as a function of the
average received SNR, 7, in dB. For TIFR case, 7. is 0.1. The fading channel parameters
were chosen to become as (m; = 1.5,my = 1.8,a; = 3.5, and oy = 3.6). The reason
behind this choice is to match those produced in [34]. The normalized average channel
capacity curves for the ORA scheme precisely match those curves produced in [34], which

provides a benchmark for the rest of our analysis. As expected, the SS case achieves better
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performance than the DS one. This is because shadowing exists in two scattering regions
around the Tx and Rx in the DS scenario. Whereas in the SS one, shadowing is present in

only one of the two regions.

In addition, the OPRA method achieves optimal channel capacity in comparison to
other methods. As opposed to using the fixed average power to send a signal in ORA, the
Tx in the OPRA case modifies its transmit power in accordance with the instantaneous
channel status. In the high SNR region, the average channel capacity of ORA and OPRA
strategies converges. This is because 7,— 1 as 7 — 0o, which indicates that the transmit

power under the OPRA case becomes almost equal to the average power.

Figure 4.2 shows the optimal cut-off SNR values, 7,, under OPRA versus the average
SNR, 7, in dB. The channel parameters are m; = 1.5, m = 1.8, and as = a; + 0.1. In
order to produce this figure, (4.8) and (4.10) were evaluated numerically for the DS case
and SS cases, respectively. It is clear that 7, increases as the average SNR increases, with
a maximum value of 1. For the same value of average SNR, the cutoff value decreases as
the channel goes through severe shadowing, which is indicated by increasing the value of

aq.

4.3 Effective Capacity

Shannon’s ergodic capacity has been widely used, but it is not able to measure system
performance under QoS constraints such as system delay and data rate. Effective capacity
has been proposed as an alternative performance metric owing to its ability to take into
account the system’s delay constraint [71]. Additionally, computation of the effective ca-
pacity offers an efficient and convenient way to evaluate the statistical QoS performance
of wireless systems from a networking perspective. This includes the analysis of resource
allocation management, spectral efficiency, user scheduling schemes, and cognitive radio

networks [72].

In subsection 4.3.1, we provide the derivation of closed-form expressions for the effec-
tive capacity of the UAV-to-ground communication link. These analytical formulas are
subsequently compared to the numerical results in subsection 4.3.2, which are obtained
through Monte Carlo simulations. These simulations validate all the closed-form expres-

sions derived in our analysis.
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4.3.1 Analysis

The effective capacity, denoted as C§g, can be computed as [72]

O =~ logy (E[(L+7)) (4.19)

where

E[(1 4 7)™ = / T (). (4.20)

The term (1+v)~* can be expressed in terms of the Meijer G-function, as shown in (A.5).

The parameter A is evaluated as [72]

_ 0TB

A In(2)’

(4.21)

where 6 is the buffer occupancy decay rate and 7' is the block length. It can be noted that
the effective capacity aligns with Shannon’s classic ergodic capacity when there is no delay

constraint as 6 approaches zero.

1. DS case:

By substituting (2.8) in (4.20), the integration in (4.20) involves the multiplication
of two Meijer G-functions, which can be expressed, with the help of (A.12), in a

closed-form expression as

> _ Sps a3 [ M1M2
1+ dy = =25 @33 | 1072

1— s 1—ay 1
o2 m’). (4.22)

m1>m27A

Thus, the final expression of the effective capacity for the DS case can be written as

-B Sps 33 [ mame|l —ag, 1 —ay,1
Cp=—1 — Gy | ——= ) 4.23
E A 0gy (F(A) 3,3 7 ml,mg,A ( )

2. SS case:

Similarly, for the SS case, the integration in (4.20) can be evaluated as

1_“1>. (4.24)

m17m27A

o _ Sss 32 [ M1y
1+4)4 dy = 255 32 [ 22
A (L+~) " fy(y)dy Fm)zs( -
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Thus, the closed-form expression of the effective capacity for the SS case can be

1l—a,l1
)) . (4.25)
mlam27A

formulated as

B Sss a2 [ Mams
Ok = A log, (F(A)G2’3 5

4.3.2 Numerical Results

In Figure 4.3, the normalized effective capacity, Cg/B, is plotted as a function of the
average received SNR, 7, in dB. The fading channel parameters were chosen to be (mq =
my 4+ 0.2,a7 = 3.1, and o = 3.3) and A = 3. The curves produced through our analysis
precisely match those produced via Monte Carlo simulation, which in turn validates our
analysis. As the value of m; increases, it becomes evident that capacity improves because
the multipath effect of the channel diminishes. As anticipated, the SS scenario outperforms

the DS scenario in terms of performance.

In Figure 4.4, the normalized effective capacity is plotted versus the parameter A. The
parameters characterizing the fading channel were deliberately set as follows: m; = 1.5,
me = 1.8, as = a1 + 0.2, and ¥ = 10 dB. As the value of A increases, the effective
capacity decreases. The normalized effective capacity decreases as the channel experiences

significant shadowing. This is evident when the parameter «; increases.

4.4 Physical Layer Security

With the vast range of communications infrastructure related to beyond 5G networks,
securing data transmission from malicious threats like jamming, spoofing, and eavesdrop-
ping is crucial [73-76]. Physical layer security can provide immunity against these threats
during communication processes. Despite the UAV’s energy limitations, physical layer se-
curity stands as a suitable candidate for protection against eavesdropping without relying
on complex cryptographic algorithms [77]. The wireless channel openness between a UAV
and a ground-based Rx poses a significant vulnerability, enabling eavesdroppers to inter-
cept sensitive information without signal transmission. To address this challenge, exploring
the physical layer security of UAV-to-ground communications based on realistic channel

models has been proposed as a crucial research direction [37].
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While prior studies, such as [78], have examined the physical layer security of UAV com-
munications assuming LoS conditions, practical scenarios often involve impediments such
as large obstacles |13], challenging the reliability of this assumption. A precoder design
for millimeter-wave UAV communications based on physical layer security was proposed
in [79,80]. Recent research efforts have studied the physical layer security of UAV com-
munications combined with other physical layer technologies such as intelligent reflective
surfaces [67], multi-beam satellites [31], or millimeter simultaneous wireless information

and power transfer (SWIPT) relay networks [32].
In light of the identified gaps in the state of the art, it can be stated that the physical

layer security performance of shadowed UAV-to-ground channels, which have been vali-
dated by empirical measurements, is still a major issue that has to be resolved. The main

contributions of our work are as follows:

e We analyze the physical layer security performance of the UAV-to-ground channel
with shadowing |34] in terms of ASC, SOP, and SPSC.

e The proposed analysis is presented and verified by Monte-Carlo simulation results,

which indicate the effect of channel parameters on the secrecy metrics.

4.4.1 The Wiretap Model

One of the extensively applied threat models in physical layer security research is the
wiretap model [66], as shown in Figure 4.5. In this threat model, a message is sent by the
Tx, located at the UAV| to the legitimate Rx (D) over the main channel. Meanwhile, over
the eavesdropper channel, an eavesdropper (F) tries to decode the message from the signal
it has received. Assuming they are sufficiently spaced, both Rxs experience independent
UAV-to-ground fading channels. The received SNR at the desired Rx is denoted by ~p,
while the eavesdropper’s received SNR is denoted by vg.

4.4.2 Security Analysis

4.4.2.1 Average Secrecy Capacity (ASC)

Secrecy capacity, denoted as Cs, is described as the difference in channel capacity between

the main and wiretap channels. Specifically, it specifies the maximum secrecy rate at which
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Figure 4.5: The wiretap channel model.

the secret information may be recovered at the Tx with confidence and yet be unrecoverable

to the eavesdropper. The instantaneous secrecy capability can be evaluated as [33,84]
Cs = max {logy(1 + vp) — logy(1 + v&), 0}, (4.26)

where log,(14+7p) and log,(1+7g) are the capacity of the main and eavesdropper channels,
respectively. The ASC can be computed as |83, 8]

552/ / Cs(vp,ve)f(vp, vE)dYyDdVE
o Jo

:/ log, (1 + 7o) fo(vp) Fe(vp)dyp

0
N -~ 7
Iy

+ /000 logy (1 + &) fe(ve) Fo(ve)dvE (4.27)

N J/
-~

Iy

—/0 logy(1 + &) fe(vE)dVE,

. 7
-~

I3

where f(vp,vr) = fp(7p)fe(VE) is the joint PDF of vp and vg.
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1. DS case

Y

By rewriting log,(1 + ) = ﬁG;:g 7 0 as shown in (A.4) and using (2.6) and

Y

(2.10) for the DS case, the integrations I; and I, involve three Meijer G-functions,
which can be expressed in terms of the bivariate Meijer G-function with the help of
(A.15). The integration I3 involves two Meijer G-functions, which can be evaluated,
with the help of (A.12), in terms of the Meijer G-function as expressed in (4.28).

071‘1 — aop, 1 —061E71’1 —agp,l —aup
¥ b

Cs = CpsGayaiz? [ TMETRE TMDTRD
0,0 mig, Mg, 0 mip,M2p
2,1:2,3:22 [ MipMa2p Mi1gM2g 0,1|1 —agp, 1 —aip, 1|1 —agp,1 —aip
+ CpsGoa3522 — T —
YD e 10,0 mip, Map, 0 mig, Mop
. 1 G4’3 migpMaog . 1-— OéQE, OzlE,O 1
In (Q)F(mlE)F(sz)F(alE)F<a2E) A 7_E mlE:mZan 0 7
(4.28)
where Cpg is given as
C = I X 1 X 1
P57 (2) 7 T (my,) T (mo,) T (ug) T (az,) T (miy) T (ma,) T (an,) T (fz%) ')
4.29

2. SS case:

Similarly, for the SS case, the ASC can be evaluated as

2,1:2,2:2,1 | M1gM2g MipMap
C’S (CSSG2,2.2,3:1,2 — ’ —
YE YD

0,1‘ 1—OéE,1 ‘ 1—OéD
0,0

0,1 1— , 1 1-—
“p ’ o (4.30)
0,0lmyp, map,0lmig, magp

mig, Mag, 0lmip, map

2,1:2,3:2,1 [ TMapMap MigMaE
+ CSSG2,2‘2,3:1,2 p— ) —
YD VE

1 G4’2 my,Mag 1 —OéE,O 1
m(2)T (m1,) T (mop) T (am) >\~ 75 Plma,,ma,,0,0)
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where Cgg is given as

1 1 1
C55 = () ™ Tlmy) T (mag) T (@) Ty Tlmay) Tlap). o3

4.4.2.2 Secrecy Outage Probability (SOP)

SOP, denoted as Py, is defined as the probability that the secrecy capacity will go below
the threshold secrecy rate, denoted as R;. The SOP can be computed as [83]

Psec = ]P){CS(WD/VE) < RS}

> R R (4.32)
= | Fp(e® v+ e = 1) fp(ym)dye.
0
1. DS case
Thus, by using (2.6) and (2.10), the SOP for the DS can be expressed as
] ) R
o 7E ’ YD mi,,, Ma,, 0
(4.33)
1—- 1—
x G (—"“f”%‘ e %> .
ny mlEa m2E

2. SS case Similarly, for the SS case, the SOP can be evaluated as shown in (4.34) by
employing (2.21) and (2.24).
R 1-— ap, 1
miy, Map, 0

*C
Pi. :/ SSngg <m1Dm2D (eRSfYE + eRS . 1)
0

VE YD
11—«

Mmig, Mag

(4.34)

2,1 [ MigMeg
X Gl,z —— E
VE

4.4.2.3 Probability of Strictly Positive Secrecy Capacity (SPSC)

The probability of SPSC, denoted as Pspsc,is the probability that secrecy capacity remains
positive, which can be calculated as [33]
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Pspsc = P{Cs(vp,vE) > 0},

(4.35)
=1- Psec|(Rs=0)'

4.4.3 Simulation Results

Several plots illustrate the ASC, SOP, and SPSC of the UAV-to-ground channel with
shadowing in this section. To verify the analytical formulations in subsection 4.4.2, 10°

realizations of fading channels are created for the Monte Carlo simulation.

——-SS /
O Simulation Vi
35F|——DS /

Average Secrecy Capacity (b/s/Hz)

0 5 10 15 20 25
Average SNR at Legitimate User 75 [dB]

Figure 4.6: ASC over UAV-to-ground channel vs. 7 for different values of 7.

Figure 4.6 plots the ASC as a function of 7, for 7z = 3,9 dB. By comparison with the
Monte Carlo simulations, the numerical analysis falls well within the confidence interval
of the simulations. The channel’s parameters are identical for both the intended and
eavesdropper users (m; = 1.1, mes = 1.4, ag = 1.5, ay = 2.5). As anticipated, the

performance in terms of ASC improves with increasing 75 or decreasing Jg. Due to the
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absence of one of the shadowing zones, it can be seen that a higher average secrecy capacity

can be achieved under the SS case when compared to the DS one.

In Figure 4.7, we investigate the impact of varying the main channel’s m; and «; on the
ASC. The main channel experiences the following parameters: 75 = 20 dB, my = m +0.2,
as = a1+0.6. The channel’s parameters for the eavesdropper user are g = 2dB, m; = 3.2,
mo = 3.6, a1 = 1.8, g = 2.2. Tt is clear from the graphs that as «; increases, the ASC
monotonically declines due to increasing the shadowing effect of the channel. In contrast,
as m;y increases, the system performs better in terms of secrecy. This is because as my

increases, the channel’s amplitude experiences less fluctuation.

In Figure 4.8, the SOP is plotted as a function of the ratio between 7, and 7z in dB.
The main channel’s parameters are selected to become (m; = 1.3, ms = 1.5, oy = 1.8,
ay = 2.3). For the eavesdropper, the values are selected as (m; = 1.1, my = 1.4, a1 = 1.8,
ag = 2.5). It is shown that a Monte Carlo simulation produces results that are very similar
to the results obtained by the analytical formulae. The performance of SOP improves
with increasing the ratio between 75 and 7g. Additionally, it should be noted that the
SS is more favorable for secrecy outage probability when compared to the DS scenario. In

addition, smaller values of R, can obtain a smaller SOP.

SPSC is plotted as a function of 75 in dB for the DS case in Figure 4.9. It is shown
that the results of the Monte Carlo simulation align with the mathematical analyses. The
channel parameters are the same for both the intended user and eavesdropper (my =
my1 + 0.3, oy = 1.5,a9 = 2.4). SPSC is always non-zero, even if 75 < 7z For fixed 7p,
SPSC decreases as 7g increases. Furthermore, as the intended user’s channel fluctuation
decreases (which is indicated by an increase in the value of m;,), SPSC increases for the

fixed m,, of the eavesdropper.

In Figure 4.10, SPSC is depicted as a function of the ratio between 75 and 7z in dB
and « of the intended user’s SS channel (m; = 2.7, my = 3). The eavesdropper channel’s
parameters are (m; = 1.7, mg = 1.9, a5 = 2.2). SPSC monotonically increases as the
ratio between 7, and g increases. As the channel experiences severe shadowing (which is

indicated by an increase in «;), SPSC decreases.
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Figure 4.10: SPSC against the ratio between 75 and 7z in dB and ay (SS case).
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4.5 Summary

This chapter focuses on a comprehensive analysis of various capacities of UAV-to-ground
channels. Particularly, the average ergodic capacity in UAV-to-ground fading channels
was assessed under various power adaptation strategies, yielding closed-form expressions.
Additionally, the derivation of effective capacity expressions, utilizing the Gamma and
Meijer G-functions within MATLAB, was accomplished. The validity of these theoretical

results was confirmed through Monte-Carlo simulations.

Moreover, an exploration into the physical layer security of UAV-to-ground fading chan-
nels was conducted, emphasizing metrics such as ASC, SOP, and SPSC. From the results
obtained, by increasing the average SNR of the main channel or lowering the average SNR
of the eavesdropper channel, the security performance of the system under consideration
can be enhanced. Additionally, numerical illustrations revealed the impact of channel
parameters on ASC and SPSC.

In the next chapters, studies of communication systems incorporating practical features
like multi-antenna Rx configurations under shadowed UAV-to-ground channels are pre-
sented in order to enhance communication performance and reliability in aerial-to-ground

communication systems involving UAVs.
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Chapter 5

On The Performance of Receilver

Diversity Schemes

5.1 Introduction

Diversity-combining techniques are common techniques to improve system performance in
fading channels [85]. In diversity, the same data streams are sent over independent fading
paths. The fading of the resulting signal is minimized by combining these independent
streams. Diversity can be realized in different domains: frequency, time, polarization,
angle, or space diversity. In space diversity, multiple transmit or receive antennas are de-
ployed in order to achieve multiple independent streams between the Tx and Rx. About
one-half-wavelength of antenna separation is required between each antenna for indepen-
dent fading to occur. In addition, receiver space diversity has gained considerable attention
in previous research papers because it is realized without an increase in transmit signal
power or bandwidth [19]. One of the receiver space diversity techniques is the MRC re-
ceiver, which can achieve diversity gain because it maximizes the achievable SNR at the
combiner output [36]. Another diversity scheme is SC, which is simple to implement and

therefore becomes an important option in complexity-constrained systems. [37].

Previous literature papers focused on the case of single-antenna receivers for the channel
between UAV and ground. In |34, 35], the authors analyzed the system performance for
the UAV-to-ground channels with a single receive antenna using the PDF and CDF of
the received SNR. Moreover, the authors in [36]| limited their focus to the ASER only.
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Motivated by the performance of UAV communications with neither MRC nor SC schemes
over shadowed fading channels that have not yet been investigated in the existing literature,
this chapter is dedicated to analyzing the performance of both MRC and SC schemes over

UAV-to-ground fading channels. The main contributions of this chapter are as follows:

e Based on MGF expressions of the received SNR, we provide a mathematical anal-
ysis to calculate the ABER, ASER, ergodic capacity, and outage probability of the

shadowed UAV-to-ground fading channel for single and multiple receive antennas.

e Based on PDF and CDF expressions of the maximum received SNR, we provide a
mathematical analysis for UAV-to-ground communications with SC receivers that
yields closed-form expressions for the ABER, outage capacity, outage probability,

and the average channel capacity.

This chapter is organized as follows: In Section 5.2, we study the performance of
MRC receivers, accompanied by their numerical results, to illustrate their performance.
In Section 5.3, the performance of SC receivers is analyzed, which is verified by numerical

results to illustrate their performance. Finally, the chapter is summarized in Section 5.4.

5.2 Maximal-Ratio Combining Receiver

In this section, we evaluate the performance of the MRC receiver. In sub-section 5.2.1,
the MRC system model is presented. In sub-section 5.2.2, the expressions for ABER,
ergodic capacity, and outage probability are obtained. Numerical results are discussed in

sub-section 5.2.3.

5.2.1 System Model

The system model consists of a single UAV equipped with a single transmit antenna. The
Rx is equipped with NN, receive antennas. The received signal, y;, at each antenna can be

written as
Y=z +ny, (5.1)
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where hy; is the channel coefficient between the Tx and the ['* antenna at Rx; [ € [1: N,J;
and n; represents the AWGN at the front end of the Rx with CA (0, N,) distribution. The
expected value of the received SNR is given by

Ey,

A%E{hﬁ}, (5.2)

i =E{n} =

where Fj, denotes energy per bit and E{.} denotes expectation. The output of the receiver,

denoted as z, can be expressed as

N
z= Zhl* X Y. (5.3)
=1

The total SNR v; at the output of the MRC receiver can be expressed as [53]

Ny
Tt = Z Vi, (54)
=1

where ~; represents the SNR at each branch of the receiver. The MGEF M., (s) of~; at the

output of the MRC receiver can be evaluated as [53]

1. DS case:
Using (2.12), M., (s) of 4, for the DS case can be written as

N,
Ll—aal—aj] 5.6)

my, M2

M., (5) =

2,3 [ —M1Ma
SDSG372< —

S

2. SS case:

Using (2.25), M., (s) of ; for the SS case can be expressed as

1.1 A
e , (5.7)
my, mso

M, (s) =

22 [ —M1Mmg
SSSGQQ —
S
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5.2.2 Performance Evaluation

In this sub-section, we provide a theoretical analysis of the performance of the MRC
receiver in terms of ABER, ergodic capacity, outage probability, and ASER based on the

MGF expressions.

5.2.2.1 Average Bit Error Rate (ABER)

Using the MGF approach, the ABER, P, for the MRC receiver using the BPSK modu-

lation scheme can be expressed as [53]

1 3 -1\
Pbe - ;/(; [M’Yl (SH1—2CI)>:| dq) (58)

1. DS case:

For the DS case, P, can be evaluated as

jus

N,
P Sps 2
be —
T 0

Ny
G§§’ (mlmg_sin2 d '1, 1—ag,1— a1>] I, (5.9)
’ g

my, Mo

2. SS case:

Similarly, for the SS case, P, can be evaluated as

P Sgs™r [2 q22 [ mame sin® @
be = SN D —
T 0 Y

L= O‘)] g, (5.10)

my, Mo

5.2.2.2 Ergodic Capacity

Using the MGF approach, the ergodic capacity, Cgr, can be expressed as [38,89]
B > 0
= — Ei(—s) — A1
CER IOg (2) /0 1 ( S) Os [M’Yt (S)] dS, (5 )

where Ei(.) is the exponential integral function defined in [90,eq. (5.1.2)].
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1. DS case:
With the help of (A.10), £ [M.,, (s)] can be evaluated for the DS scenario as

o) —N,Sps™ — 0,1,1 —as,1 —
— M, (s)] = —DSGiﬁ ( mims oy oa)

0s s s mi, ma, 1
N1 (5.12)
% [Gg’g (—7711m2 1,1—06271—051>] .
7 s ma, M
2. SS case:
Similarly, for the SS case, , & [M.,, (s)] can be evaluated as
0 —N,Sgs™" —mim»[0,1,1 —a
oo My ()] =—— Gy | ——
Os s Y5 Ima,me, 1
(5.13)

Ny—1
1,1 -«
my, Mo .

The outage probability, P,., which indicates that v, falls below a certain threshold value

22 [ —M1Ma2
X [G2,2( =

5.2.2.3 Outage Probability

Yin, can be evaluated using the MGF approach as [53]

Pt = P(’Yt < ’Yth)
1 o+100 M% (—S) (5.14)

= — ————eMhi(s,
21 S

0 —100

where o is chosen in the region of convergence of the integral in the complex s plane and

i =+v—1

1. DS case:

P, can be evaluated for the DS case as
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S N, 1+ic0
P __ 9DS
out —
1

N
1.1 —a9,1—ay eths
. ds,
271 oo mi, Mo S

where 0 = 1 based on the region of convergence of the MGF.

2,3 [ M2
Gy —
b /ys

2. SS case:

Similarly, for the SS case, P,,; can be expressed as

) Ny
SSSNT 14700 1’ 1 —« eVths
Pout = - dS.
271 1 mi, Mo S

s

—100

2,2 [ a2
Gz,z (

5.2.2.4 Average Symbol Error Rate (ASER)

1. MPSK:

(5.15)

(5.16)

Using the MGF approach, the ASER, P, for the MRC receiver using MPSK mod-

ulation schemes can be expressed as [53]

(M-1)7 . N.
1 [ —sin? (7 /M Y
P, —— / {M% (—Sm (m/ ))} 4o,
™ Jo

sin? ®

where M is the modulation order.

(a) DS case:

For the DS case, P, can be evaluated as

N, (M—-1)m . 9 Ny
Pse _ SDS / M [ngg (m1m2 sin“ @ ‘17 11— 062,1 - Oél)] dP.
0

78in2 (W/M) mi, M2

(b) SS case:

Similarly, for the SS case, P can be computed as

SoVr SR 23 (1.1—a\]"
myms sin 1=
p, — Sss / [Ggﬁ (L )] 4.
0 my, Mo

T ysin? (/M)
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2. M-QAM:
Using the MGF approach, the ASER, Ps, for the MRC receiver using M-QAM

schemes can be expressed as [53]

reet (=) [ o (vms)]

) [ o Griaws)]

where M is the modulation order.

(5.20)

5.2.3 Numerical Results

In this section, we present some plots to illustrate the ABER, channel capacity, and outage

probability of MRC receivers operating in the UAV-to-ground channel.

100 w

——-DS
—3SS

% Simulation

Average Bit Error Rate

0 5 10 15 20 25
Average SNR 7 per Branch (dB)

Figure 5.1: ABER performance for MRC receiver using BPSK modulation.
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In Figure 5.1, we show the ABER as a function of SNR per link for the BPSK scheme
while varying the number of the receive antennas N,. The channel parameters (m; = oy =
2.1, my = my + 0.3, and as = a1 + 0.3) were selected to match those presented in [34].
The theoretical curves were evaluated using numerical integration of (5.9) for the DS case
and (5.10) for the SS one. For N,= 1, the ABER curves that we obtain both analytically
and via Monte Carlo simulation match those curves produced in [34], which provides a
benchmark for the rest of our analysis. For N,= 3 and N,= 5, the ABER curves produced
through our analysis fall within the confidence intervals of those produced via Monte Carlo

simulation, which in turn validates our analysis.

Figure 5.2 shows the ABER performance of the BPSK scheme as a function of m;
values, (1 < my < 5), while varying the number of the receive antennas, N,. a3 = 1.8,
mo = mq + 0.5, and aps = oy + 0.2 with 7 = 10 dB. It is clear that as m; increases, the
performance improves due to decreasing the multipath effect of the channel. Figure 5.3
plots the ABER performance of the BPSK scheme as a function of oy values, (1.2 < oy <
3), with varying the number of the receive antennas, N,. m; = 2.3, ms = my + 0.2, and
as = aq + 0.2 with 7 = 10 dB. Tt is clear that as a; increases, the performance degrades
due to increasing the shadowing effect of the channel. From both Figure 5.2 and Figure
5.3, we can see that as IV, increases, the gap in performance between SS and DS becomes
more noticeable. For example, in Fig. 5.2, when m; = 3, the ABER of SS is 10? times
better than the ABER of DS for N,= 5. Whereas for N,= 1, the ABER of SS is roughly
half the ABER of the DS case. This is because DS increases the probability that multiple
links encounter deep fading simultaneously. Thus reducing the effective diversity of the

channel.

Figure 5.4 displays the normalized capacity, Cir /B, of the MRC receiver as a function
of the average SNR value in dB for different values of the receive antennas N, with m; =
1.5,ms = 1.8, ¢y = 3.5, and ay = 3.6. The parameters were selected to match those for the
SISO channel in [31]. By applying numerical integration of (5.11), the theoretical curves
were developed, which aligned with Monte Carlo simulation results. As expected, it is
noted from the above results that the performance in the DS case is worse than in the
SS one. This is because shadowing exists in two scattering regions around the Tx and Rx
in the DS scenario. Whereas in the SS one, shadowing is present in only one of the two

regions.

In Figure 5.5, the outage probability is plotted as a function of the normalized SNR
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value 7 /vy, in dB for different values of the receive antenna N, with m; = a3 = 2.1,
me = my + 0.3, and s = a1 + 0.3. By numerically integrating (5.15) for the DS case and
(5.16) for the SS one, the theoretical curves of the outage probability were evaluated and
validated by Monte Carlo simulation. All of these numerical integrations were performed
using MATLAB’s built-in Meijer G-function.

In Figure 5.6, the ASER is plotted as a function of SNR per link for different M values
of the MPSK schemes with N,= 2. The channel parameters are m; = a3 = 2.1 and
me = ag = 2.4. The numerical integrations of (5.18) for the DS case and (5.19) for the SS
one were used to evaluate the theoretical curves. As we can see, the curves generated by our
analysis are consistent with those generated by Monte Carlo simulation, which supports

the validity of our study.

In Figure 5.7, the ASER is plotted as a function of SNR per link for 4-QAM for different
N,.. The channel parameters are m; = a1 = 2.1 and my = as = 2.4. By plugging the MGF
expressions into (5.20), we can obtain theoretical curves for the 4-QAM scheme. As we
can see, our analysis’s curves are validated by the curves obtained through Monte Carlo

simulation.

5.3 Selection Combining Receiver

This section is dedicated to analyzing the performance of the SC receiver. In sub-section
5.3.1, statistics of the maximum SNR of the UAV-to-ground channel are presented. In
sub-section 5.3.2, the theoretical expressions for ABER, ergodic capacity, outage capacity,

and outage probability are obtained. Numerical results are discussed in sub-section 5.3.3.

5.3.1 Statistics of The Maximum SNR of UAV-To-Ground Chan-

nel

In SC, the Rx is equipped with N, antennas, and it selects the branch with the highest
SNR of all antenna outputs. Assuming that the fading on each link is independent and
identically distributed, the CDF of the maximum SNR, ~,,= max(y1,72,...,7n,), can be

expressed as [53]

Fo ) =TI P (). (5.21)
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1. DS case:

For the DS case, the CDF of the maximum can be written as

1 1 N1
%2, - — 1, )] . (5.22)

m17m270

m+m
F, ()= [SDSG§Z§< 17 2y

The PDF of the maximum SNR +,, in the DS case can be evaluated as

£ () = % (F,, ().

Ny—1
[SDS]N’" 23 mlmz7 1—a9,1—0aq,1
>3 7 my, Moy, 0 (523)

< G272 m1m27 I —ag, 1 —a
2,2 — .
8 my, My

2. SS case:

Similarly, For the SS case, the CDF of the maximum SNR ~,, can be written as

1_0‘1’1>] B (5.24)

m17m270

. (v) =

mim
SssGas ( —2y
Y
The PDF of the maximum SNR ~,, in the SS case can be evaluated as

Jom (V)=

Ny—1
1—a,l
s, ma, 0 (5:25)

5.3.2 Performance Analysis of the SC Scheme

In this section, we provide a theoretical analysis of the performance of the SC receiver in
terms of ABER, ergodic capacity, outage probability, and outage capacity based on the
PDF and CDF of the maximum SNR expressions.
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5.3.2.1 Outage Probability

The outage probability, P, indicates that the probability of the instantaneous SNR at
the output of the combiner falls below the predetermined threshold, ~;,, which can be

expressed as [01]

Pout = P(/Ym < /yth)a

(5.26)
5.3.2.2 Ergodic Capacity
The ergodic capacity, Cgr, of the SC Rx can be evaluated as
Cgr = In (1 dy. 5.27
= g [ 0N, () (5.27)

1. DS case:

1,2 17 1

For the dual-branch case, if we write In(1 + v) = G35, (7 ) as shown in (A.4), the

I

integration in (5.27) involves three Meijer G-functions, and with the help of (A.15),

that integration can be expressed in terms of the bivariate Meijer G-function as

B[Sps]?
In (2)

2,1:2,3:2,2 [ T2 112
x Gy <

Crr =

,2:3,3:2,2

5.28
0,1‘1-0&2,1-0&1,1‘1-0&2,1—Oél ( )
7T '

0,0

m17m270 my, Mo

2. SS case:

Similarly, Cgr for the SS case can be expressed as

(5.29)

W 2,2:2,3:1,2 7 ) 7 0’ 0

2
B[SSS] 2,1:2,2:2,1 [ T2 112
Cgr = G —
mq, Mo, 0|my, Mo

QWl—aJ 1—a>
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5.3.2.3 Outage Capacity

The outage capacity, C,,;, which is defined as the probability that the instantaneous ca-

pacity Cgg; is less than a certain threshold value, ®, can be expressed as [92]

Cout = ]P)(O < CER < (b)
@ 5.30
_F (2@ - 1) (5:50)

T Tm

5.3.2.4 Average Bit Error Rate

Using the CDF-based approach, the ABER can be expressed as [50]

kP /"O

P = VPTLeT M EL () dy, 5.31
b 2F(6) o ”/m( ) ( )
where (r, §) = (1,0.5) for BPSK and (k, 5) = (0.5,0.5) coherent BFSK, respectively. Using

the Taylor expansion of the exponential function [93], (5.31) can be rewritten as
Pz gms > / TR, () dy (5.32)

(B &l Tm ‘ '
1. DS case:

For the dual-branch case, with the help of (A.12), (5.32) for the DS case can be

evaluated as

[Sps]?K? i (—n)”(mlmg)—(6+N)

B = — X
() = ol 7
o5 1‘1—ozg,l—ozl,l,l—(ﬂ—l—n)—ml,l—(ﬁ—i—n)—mg,l—(ﬁ—l—n)
6,6 my, ma, —(B4+n) + o1, —(B4n) + o, —(64+n),0 ‘
(5.33)
2. SS case:
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Similarly, the ABER for the SS case can be expressed as:

Pbe:

[Sss)?K? f: (—/ﬁ)”(mlmQ)—(BJrn)x

2T (5) a5

G4,4 1‘1—04,1,1—(5+n)—ml,l—(ﬁ+n)—m2,1—(ﬁ—i—n) )
»? m17m27_(ﬁ+n) +a,—(ﬁ+n),0

(5.34)

5.3.3 Simulation Results

In this section, we present some plots that illustrate the performance of the SC receiver in
UAV-to-ground channels with shadowing. For the Monte Carlo simulation, 10° realizations
of fading channels are generated to validate the analytical expressions in the previous

subsection.

In Figure 5.8, the outage probability is plotted vs. the average SNR per branch for
different values of mq, and «y. 4, is selected to become 0 dB. as = a1 + 0.3, and my =
my+0.3. The outage probability declines by employing the SC receiver due to the diversity
gain by increasing the number of receive antennas N,. Moreover, the outage probability
degrades as m; increases or a; decreases. This is because increasing m; corresponds to
less fluctuation in the received signal. Whereas decreasing «; corresponds to a degraded
effect of the shadowing effect in the UAV channel.

In Figure 5.9, the probability of outage capacity is plotted vs. the normalized threshold

value (%) in dB. The fading channel parameters were selected to become (m; = 1.1,
me = 1.4, oy = 1.5 and ay = 2.5). Increasing N, degrades the probability of outage

capacity.

In Figure 5.10, the normalized average channel capacity, Cgr/B, is plotted vs. the
average SNR per branch for different values of N,.. The fading channel parameters were
selected to become (m; = 1.5, mg = 1.8, ay = 3.5, and ap = 3.6). The parameters were
selected to match those for the SISO channel in [34]. The normalized average channel
capacity curves for N,= 1 precisely match those curves produced in [31], which validates
our simulation results. The normalized average ergodic capacity increases as /N, increases.

It can be noticed that the SS case achieves better performance than the DS one.

In Figures 5.11 and 5.12, the ABER is plotted vs. the average SNR per branch for
different values of NV, using BPSK and BFSK modulations, respectively. The fading channel
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parameters were selected to become (m; = a3 = 2.1 and my = ay = 2.4). The reason
behind this selection of parameters is to match those presented in [34] for the SISO channel
using BPSK. The ABER curves for N,= 1 precisely match those curves produced in [31],
which validates our simulation results. We can see from our results that the performance in
the DS case is worse than in the SS one, which is to be expected. This is because shadowing
exists in two scattering regions around the Tx and Rx in the DS scenario. Whereas in the

SS one, shadowing is present in only one of the two regions.

5.4 Summary

In this chapter, we derived open-form expressions for the ABER, channel capacity, out-
age probability, and ASER of UAV-to-ground communication systems employing MRC
receivers. These expressions were obtained using the MGF' of the PDF of the SNR. Since
closed-form expressions are mathematically intractable, we used numeral integration to
obtain our theoretical plots. Through Monte Carlo simulations, we verified our theoret-

ical findings, which can be easily evaluated numerically. After that, the performance of
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the SC receiver over UAV-to-ground channel models with shadowing was studied. Based
on the PDF and CDF expressions, mathematical expressions for the outage probability,
outage capacity, average channel capacity, and ABER expressions are developed. The
results demonstrated that both MRC and SC diversity reception can enhance system per-

formance.
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Chapter 6

Interference-Limited Systems over
UAV-to-Ground Channels

In numerous wireless communication systems, co-channel interference often proves more
impactful on performance than front-end Gaussian noise [94]. Consequently, the SIR stands
out as a pivotal performance metric for evaluations in such scenarios. The outage proba-
bility in the presence of co-channel interference for Rayleigh channels was presented in [95].
The impact of co-channel interference on the outage probability as well as average error
rates within Nakagami-m fading channels has been studied in [96] and [94], respectively.
In exploring outage probability within interference-limited systems, research works such
as [97] and [98] have considered extended generalized-K fading channels and a range of

generalized fading channels, respectively.

In novel wireless systems involving UAVs, interference can occur both with terrestrial
communications and among the UAVs themselves [99]. While several prior studies have
examined UAV communications’ performance amidst interference [100], such as the inves-
tigation into interference between UAVs and terrestrial networks and the focus on coverage
area maximization, throughput maximization, and resource allocation in multi-UAV net-
works as explored in [101-103], these works predominantly assumed line-of-sight signals

between ground users and UAVs, which may not be reliable, particularly in urban settings.

To the best of our knowledge, the outage probability of shadowed UAV-to-ground com-
munications in the presence of co-channel interference under realistic channel models, as

validated by empirical measurements in [34], remains unexplored in the existing literature.
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Addressing this gap, this chapter delves into an interference-limited wireless communica-
tion system operating over UAV-to-ground links with shadowing fading channels, where
outage probability serves as a crucial metric for characterizing such systems. The main

contributions of this chapter can be summarized as follows:

e Novel closed-form expressions for the PDF, CDF, and MGF of the SIR are derived,

enabling the evaluation of the outage probability in interference-limited systems.

e Moreover, we derive the asymptotic expressions for the outage probability obtained

earlier into simpler elementary functions using Meijer G-function expansion, at high
SIR values.

¢ Additionally, these expressions are then verified by numerical simulations, showcasing
how the outage probability is affected by the shadowing and multipath parameters,

in order to validate our analytical findings.

This chapter is structured as follows: In Section 6.1, a performance evaluation analysis
of SIR is derived. Section 6.2 provides the asymptotic expressions for the outage proba-
bility. Section 6.3 discusses simulation results. Lastly, Section 6.4 provides the concluding

remarks for this chapter.

6.1 Performance Evaluation

6.1.1 DS-DS Case

In the system under consideration, as shown in Figure 6.1, both the desired signal and
the interfering one undergo fading characterized by the DS scenario. The instantaneous

received signal power at the desired destination can be expressed as [30]
P = Pd "|h]?, (6.1)

where P, denotes the transmission power, d is the overall propagation distance, and 7 is the
path-loss exponent. In this case, the average received signal power, w, can be computed
as [30]

w = Pd "E{|h|*}. (6.2)
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—_— Desired signal
— — p Interfering signal

Figure 6.1: Cellular-connected UAV communications subjected to co-channel interference.

|h|? follows the same distribution as given in (2.6) by replacing 7 with w. Hence, the PDFs
of the desired signal power, denoted as Pp, and interfering signal one, represented as P,

can be expressed as

mleQD 2,2 mleQD
fro (Pp) ==——"==Sps, Gy | — —Pp

~ %20, 1 ) (6.3)

D Wp mo, —1,my, —1
and
mi,Map 2,2 [ M1pM2p —Qgp, —Q1p
fPF (PF) = SDSFGQQ ——PFr . (6.4)
wp Wg Mo, —1,my, —1

The parameters in (6.3) are indexed by D for the desired signal and in (6.4) by F for the

interfering one, respectively.

The SIR can be defined as |97]

z= B (6.5)
Its PDF can be computed as [10]
£.) = [ Pefny (:Pr) fry (Pe) P (6.6
0

By inserting (6.3) and (6.4) into (6.6) and utilizing the integration property of two Meijer

G-functions (A.12), the integration in (6.6) can be expressed in a closed-form expression
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as

f=(2) = OppGy) <V2

;‘1) , (6.7)

where
mi,,Mo
V=——t 6.8
mlFmQFR ( )
a; = |:—O./2D —01, —Mag —mlF} 5 (69)
by = [may =1 my, =1 s, —1 0, —1], (6.10)
and R = wp/wr denotes the average SIR value, which can be written as [97]
P, d,E{|hpl|?
=2 D lliidg (6.11)
Brpdp B{|hp[*}
The value of the constant Opp can be computed as
@DD = SDSDSDSFV' (612)

The outage probability, denoted as P, represents the likelihood of the SIR dropping
below a set threshold, A. This probability can be calculated as [53]

A
Pt (V) = F. (\) = /O f. (2) dz,

6.13
a0 (6.13)
by, -1/

= AOppGy (V/\

The MGF of z can be evaluated as [53]

M. (s) = /00 e f.(2)dz. (6.14)
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Utilizing the integration property in (A.11), (6.14) can be expressed as

M. (s) = _();DDG;,*;Z <_TV'O|;a1> . (6.15)
1

6.1.2 SS-SS Case

In this scenario, both the desired and interfering fading channels are characterized by the
SS scenario. Employing a methodology akin to that used in sub-section 6.1.1, the PDF of

the SIR for this particular scenario can be formulated as

ZZ> , (6.16)

2

. (2) = 0s55G55 (Vz

where
Oss = Ss5,555,V, (6.17)
Az = [—OéD —Map _mlF} ) (6-18)
and
by = [may, —1 ma, —1 ap—1] (6.19)

The outage probability can be expressed as

P (N = F.(\) = \0gsG <V>\
’ by, —1

3z, ) . (6.20)

The MGF of z can be written as

O’aQ) . (6.21)

6.1.3 DS-SS Case

In this case, the desired fading channel is defined by the DS scenario, while the interfering

fading channel is characterized by the SS scenario. Applying a similar approach to sub-
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section 6.1.1, the PDF of the SIR for this case can be expressed as

21) , (6.22)

2

- (2) = OpsGys (Vz

where

Ops = Sps,Sss, V. (6.23)

The outage probability can be computed as

Pt (\) = F, (\) = \OpsGY? (VA
: by, —1

21,0 ) . (6.24)

The MGF of z can be represented as

0
’al> . (6.25)
by

6.1.4 SS-DS Case

In this case, the desired signal is subjected to a SS fading channel while the interfering
signal arrives at the receiver via a DS channel. By employing a similar methodology to the
one utilized in sub-section 6.1.1, the PDF of the SIR for this case can be written as

22) : (6.26)

1

. (2) = OspGy} (Vz

where

Osp = Sss,Sps, V. (6.27)

The outage probability can be calculated as

Pout (N) = F. (\) = MOspGs (VA

2,0 ) . (6.28)

by, —1

The MGF of z can be written as

M. (s) = G4,4

—Osp 44 (‘V

0
’aQ> . (6.29)
b,
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6.2 Asymptotic Analysis

6.2.1 DS-DS Case

By inverting the argument within the Meijer G-function presented in (6.13), utilizing (A.8)
and subsequently applying (A.16), the outage probability in (6.13) can be written asymp-

totically in a simplified form, at a high average SIR value, R, as

4
Py () 2 AOpp Y (VA"
L, \ (6.30)
% Hl:l,l;«ék r (blz - blk) Hl:l r (1 —ay + blk)
1+,

Y

where a;, is the I*" element of the vector a; and by, is the k" element of the vector b;.

6.2.2 SS-SS Case

For the SS-SS case, (6.20) can be expressed asymptotically, at high SIR, as

3
P (A) = ADg5 Y (VA)"
k=1 (6.31)

% H?:l,l;ék r (bQL - b2k) H?:l r (1 —ag + ka)
1+ by,

6.2.3 DS-SS Case

For the DS-SS case, (6.24) can be asymptotically represented, especially under high average
SIR, as

3
Pout (A) 2 AOps Y (V)™
, \ (6.32)
" [T T (02 = b2 ) [y T (1 — an, + b2y)
1+ by, '
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6.2.4 SS-DS Case

For the SS-DS scenario, (6.28) can be asymptotically simplified, particularly at a high

average SIR value, as

4
Py (A) 2 A0sp Y (VA
, , (6.33)
% Hl:l,l;ﬁk r (blz - blk) Hl:l r (1 —ag + blk)
1+ 0y,

6.3 Simulation Results

This section discusses numerical results that illustrate the performance of the outage prob-
ability of an interference-limited system operating over shadowed UAV-to-ground channels.
To validate the theoretical expressions discussed in the previous section, a Monte Carlo

simulation is generated with 107 realizations of fading channels.

The channel parameters employed for Figure 6.2 are oy = my = 2.7 and ay = my = 3,
with these parameters being identical for both the desired and interfering channels. Figure
6.2 demonstrates that shadowing significantly impacts the value of P,;;. The minimum
value of P,,; occurs when the desired channel follows SS fading while the interference chan-
nel experiences DS fading. Conversely, the highest P,,; occurs when the desired channel
faces DS fading and the interference channel undergoes SS fading. As expected, the DS-DS
case achieves a higher outage probability than the SS-SS one. In all cases, the simulation
results align perfectly with the analytical expressions, thereby confirming the validity of

our analysis.

In Figure 6.3, the outage probability is plotted as a function of the average SIR value,
R, in dB for A = 1 and various values of ap for the SS-SS case. The parameters for
the desired channels were deliberately set to m,, = 1.4 and my,, = 1.6. Conversely, the
interfering channels were configured with parameters m,, = 2.1, my, = 2.2, and ap = 1.8.
It is evident that an increase in ap leads to performance degradation, primarily attributed
to the increasing shadowing effect within the desired channel. At high SIR values, it
becomes evident that the asymptotic expression derived in (6.31), utilizing all terms in the

summation, rapidly converges to the exact result, thereby demonstrating its tightness.
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Figure 6.2: Outage probability vs. average SIR in dB.
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Figure 6.3: Outage probability vs. average SIR in dB for different values of ap (SS-SS
Case).
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The analytical expressions derived earlier can be utilized to estimate the required values
of % to achieve the designated P, across various values of multipath parameter m;, as
plotted in Figure 6.4 for the SS-DS case. The channel parameters were consistent for both
the desired and interference channels and were selected to be my = my; 4+ 0.2, a3 = 1.8,
and as = 1.9. As P, decreases, the required value of % experiences a more pronounced
decline with increasing m,, owing to the reduction in the multipath effect of the channel.
Specifically, when m; rises from 1 to 4, the required normalized SIR values experience
reductions of 15 dB and 5.5 dB at P, levels of 1073 and 107!, respectively.

6.4 Conclusion
This chapter introduces closed-form and asymptotic expressions that calculate the outage

probability of an interference-limited system operating across UAV-to-ground channels

afflicted by shadowing. These derived expressions, validated via Monte Carlo simulations,
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are in terms of the Meijer G-function, MATLAB’s built-in function. The findings emphasize
how channel characteristics significantly influence outage probability. Moving forward,
forthcoming research might explore innovative methods to address interference mitigation

in UAV-to-ground communication systems.
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Chapter 7

Cascaded Shadowed UAV-to-Ground

Channels

The use of cascaded fading channels has proven to be adaptable to diverse scenarios. These

scenarios encompass multi-hop cooperative communications [105], channels for mobile-

to-mobile transmissions [106], dual-hop fading channels [107], pinhole channels in radio-
frequency identification [108], and communication systems employing MIMO keyhole tech-
nology [109].

The performance of multi-hop UAV-enabled communications has been examined in
prior studies [110-112]. Notably, the work presented in [110] delves into the analysis of
RIS-assisted UAV communications under Nakagami-m fading conditions. Research efforts
in [111] have focused on optimizing the placement of UAVs, while [112] considers the crucial
objective of maximizing the average end-to-end throughput. Table 7.1 illustrates the types
of fading channels used in previous work on multi-hop systems involving UAVs. However,
it is noteworthy that the aforementioned papers do not consider the effects of shadowing on
a UAV-enabled communication system. A realistic representation of the UAV-to-ground
channel, incorporating the effects of shadowing, becomes imperative due to the motion of
the Tx, Rx, or significant scatterers in their vicinity. Consequently, shadowed UAV-to-
ground channel models emerge as a prudent approach to capture the random variations in

the received signal power.

In this chapter, we present a comprehensive reliability analysis of communication sys-

tems operating across cascaded UAV-to-ground fading channels that were supported by
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Table 7.1: Fading distributions for previous work on multi-hop systems involving UAVs.

| Ref. | Objective | Fading Distribution |
[110] Performance analysis Nakagami—m
[L11] | use of multiple UAVs in relaying Nakagami-m
[112] Throughput improvement Ricean
[113] | Energy-efficient data collection Ricean (A2A links)
[111] training optimization Ricean
[115] Wireless backhaul Ricean

empirical measurements [34]. The main contributions of this study can be succinctly out-

lined as follows:

e Introduction of the cascaded shadowed UAV-to-ground distribution through a com-

prehensive analysis of its PDF and CDF expressions.

e Using the derived statistical expressions, the performance of cascaded UAV-to-ground
fading channels can be evaluated through metrics such as outage probability, average

channel capacity, and ABER, all of which are articulated in closed-form expressions.

e Conducting numerical simulations to validate our analytical findings.

The remainder of this chapter is structured as follows. In Section 7.1, a statistical
characterization of the cascaded shadowed UAV-to-ground fading channel is derived. Sec-
tion 7.2 showcases the application of cascaded shadowed UAV-to-ground fading channels
in analyzing the performance of wireless communication systems. Section 7.3 provides
asymptotic expressions for the performance metrics at high SNR values. In Section 7.4, we
present illustrative numerical results accompanied by insightful discussions. Lastly, Section

7.5 encapsulates concluding remarks and outlines potential directions for future work.

7.1 Cascaded Channels

Suppose a UAV in the air acts as an intermediate node, shown in Fig. 7.1, over cascaded

UAV-to-ground channels. The instantaneous received SNR at the desired destination can
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Figure 7.1: System model for communication with UAV cascaded channels.

be expressed as
2

Yeq :f)/_eqH|hz|2 (71)

i=1
In this case, 7., represents the average SNR value at the Rx, whose value can be computed

as
Veq = o2 d E{H |hz| }’ (72)
N i=1

P; denotes the transmission power, d is the overall propagation distance, 0% is the noise
variance, and 7 is the path-loss exponent. h; is the channel fading coefficient. It is assumed
that all h; are statistically independent, but not necessarily identically distributed. |h;|?
follows the same distribution as v by putting ¥ = 1 in (2.8) for the DS case and (2.23) for
the SS one, respectively.

7.1.1 DS-DS case

In the DS-DS case, shadowing exists around the UAV in the air, the base station, and user
equipment on the ground. Thus, we consider that this communication link follows a cas-
caded DS fading channel model. As illustrated in (2.8), the DS distribution is considered
a special case of Fox H-function distribution. Through rigorous mathematical manipula-
tions, based on the transformation property of Fox H-function [116, eq. (3.12)], the PDF
of the received SNR, as defined in (7.1) for the DS-DS case, can be expressed as
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_ K app
Jreq (Yeq) = Veq ILDDGi:j —Veq ) (7.3)
Veq b
where
K= Mo N1 N T2, Ty (74)
b: |:m2N mlN TTLQU mlU 5 (75)
Lpp ! < ! (7.6)
PP T (may ) T (ma ) T () T (azy) T (mag ) T (ma, ) T (0, ) T (a3,)” '
and

app — |:]_—062N 1—OZ1N ]_—OégU ]_—OélU . (77)

The subscripts N and U denote the downlink and uplink channels, respectively. The CDF

of the received SNR can be evaluated as

Yeq
F’qu (7611) = / f')/eq (,YCQ) dfyeq7
0

K anp, 1) (7.8)

= LDDngg (7:%%1

b,0

eq

7.1.2 SS-SS case

In that case, shadowing exists around the base station and the ground-based user equip-
ment. Thus, we consider the communication link to follow a cascaded SS fading channel
model. The PDF of the instantaneous SNR, defined in (7.1) for the SS-SS case, can be

expressed as

_ K
f’)’eq (%q) :,qul]LSSG;:i (7:/76q

eq

aff) . (7.9)
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In this case, the CDF can be computed as

K ass 1
P, (eq) = LssG3a | —%eq| . |
Yeq (fy q) SS 3,5 (,y—eq,y q b70 >
where
ags = [1—0{1\[ 1—OJU},
and

1
[ (may) I (may) T (an) T (may,) T (m, ) T ()’

Lgs =

7.1.3 DS-SS case

(7.10)

(7.11)

(7.12)

In that case, shadowing exists around the UAV in the sky and the base station, but not

around user equipment on the ground. Thus, we consider the communication link to follow
a cascaded DS-SS fading channel model. The PDF and CDF of the instantaneous SNR

defined in (7.1) can be expressed as

_ K
f%q ('Veq> :%qlLDSngi (7:76q

eq

apgs
b .

In this scenario, the CDF can be evaluated as

K aps 1
FE eq) — L G474 —'Ve ’ )
Yeq (7 Q) DS 4,5 (’Y_eq,y q b’ O )
where
aps = |:1—O[N 1—041U ]_—OéQU:| 5
and
1 1
LDS = X

[ (may) T (miy) T (an) T (mg,) T (my,) T () (@a,,)
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7.1.4 SS-DS case

In that case, shadowing exists around the UAV in the sky and the user equipment, but
not around the base station on the ground. Thus, we consider the communication link
to follow a cascaded SS-DS fading channel model, which follows the same analysis as the
previous case by swapping N with U in (7.13), (7.14) and (7.16).

7.2 Performance Analysis

In this section, we evaluate the system performance in terms of outage probability, ergodic
capacity, and ABER.

7.2.1 Outage Probability

The outage probability, denoted as P, signifies the likelihood that the output SNR falls

below a predefined threshold, 74, [91]. The expression for Py, can be expressed as

Pout = ]P)(’qu < ’Vth)a

=F

7.17
Yeq ('Yth) ) ( )

which can be evaluated through (7.8), (7.10), and (7.14) for the DS-DS, SS-SS, and DS-SS,

respectively.

7.2.2 Ergodic Capacity

The ergodic capacity can be evaluated as

Cer = In (2) /0 In (1 + Yeq) freq (Yeq) dveq- (7.18)

7.2.2.1 DS-DS case

Using (A.4), the natural logarithm function can be expressed in terms of the Meijer G-

function. Then, the integration in (7.18) involves the multiplication of two Meijer G-
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functions, which can be expressed in a closed-form expression as

BIL K 0,1
Cip = DD 65 app, Y, '
b, 0,0

n(2) "%\ 7,

7.2.2.2 SS-SS case

Similarly for the SS-SS case, Cgg can be evaluated as

C ELSS 6,3 ( K ass, 0, 1)
ER — .
b,0,0

7.2.2.3 DS-SS case

Using a similar manner for the DS-SS scenario, C' can be computed as

BL K 0,1
Cip = DS o4 aps, Y, ‘
b,0,0

n(2) %\ 7,

7.2.3 ABER

Using the CDF-based approach [50], the ABER can be expressed as

59 (%S)
Pe = e o1 e e d e
b 20 (6) /0 Yeq € Yeq (Veq) dVeq;

(7.19)

(7.20)

(7.21)

(7.22)

where (k,0) = (1,0.5) for BPSK and (k,8) = (0.5,0.5) coherent BFSK modulations.

7.2.3.1 DS-DS case

Utilizing (A.3), the exponential function can be represented in terms of a Meijer G-function.

Then, the integration in (7.22) entails the product of two Meijer G-functions, which can

be resolved in a closed-form expression for the DS-DS case as

Pbe

_ Lpp ue( K
20(0) % \ Fegri

app, 1, 0.5
b,0 '
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7.2.3.2 SS-SS case

Similarly for the SS-SS case, ABER can be evaluated as

ass, 1,05
b,0 '

Lss a4 K
P = 55 bt [ =
b 2I°(0) 4,5 Veqk

7.2.3.3 DS-SS case
Applying a similar approach for the DS-SS case, ABER can be computed as

L apg, 1,0.5
By D5 Gg’g D‘S;) 0 > .

B K
C2T(0) 0\ gk

7.3 Asymptotic Analysis

(7.24)

(7.25)

In this section, we present asymptotic expressions for the previously discussed performance

metrics at high SNR values. These expressions are derived following the methodology

outlined in section 6.2.

7.3.1 Outage Probability
7.3.1.1 DS-DS case

At a high average SNR value, (7.8) can be asymptotically written as

. Ky b
Pt (yen) = LDDZ ( — )

=1 \ e

H?:ll kL (b — br) H?:l I'(1 —app, + br)
>< 7#
by '
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7.3.1.2 SS-SS case

Similarly for the SS-SS case, (7.10) can be asymptotically represented at high average SNR

values as

: K o
Pout (i) = Liss Y ( — )
k=1 N e (7.27)
y Ty T (b= b) T, T (1 — ass, + be)
by '

7.3.1.3 DS-SS case

Similarly, in the DS-SS scenario, (7.14) can be asymptotically expressed for high average
SNR values as

: K e
t
Pout (/Yth) ~ LDSZ ( J— )
LN T \ (7.28)
y Hl:l,l;«ék (b —b) [T—, T (1 — aps, + by)
by, '

7.3.2 Ergodic Capacity
7.3.2.1 DS-DS case

At a high average SNR value, (7.19) can be asymptotically written as

6 fr
_BLpp K
Con 23,757 2 <v_>

R , (7.29)
" [T U= ) T2 T (X = app, + fr)

-1
I ’

where f is the k' element of the vector f, f = [b,0,0].
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7.3.2.2 SS-SS case

Similarly for the SS-SS case, (7.20) can be asymptotically represented at high average SNR

values as

BL 6 I
Con = S§ 2 (7 )
eq

=1
" lel,l;ﬁkr< = i) TT, T (1 — ass, + fi)
fi! '

(7.30)

7.3.2.3 DS-SS case

Similarly, in the DS-SS scenario, (7.21) can be asymptotically expressed for high average
SNR values as

BLps 6 fr
Con & 208 z( )
1 76(]

X (7.31)
" lel,l;ék U(fi—=f) = T (A —aps, + fr)
fi!
7.3.3 ABER
7.3.3.1 DS-DS case
At a high average SNR value, (7.23) can be asymptotically written as
Lpp + ( K )bk
Pbe = Z
2T(6) Yea
Hz Lzn L (b bi) Ty T (1 = app, + b)) T (0.5 + by
by, '

103



7.3.3.2 SS-SS case

Similarly for the SS-SS case, (7.24) can be asymptotically represented at high average SNR

values as

(7.33)

by,
7.3.3.3 DS-SS case

Similarly, in the DS-SS scenario, (7.25) can be asymptotically expressed for high average
SNR values as

(7.34)

by,

7.4 Numerical Results

In this section, we validate the accuracy of our analytical expressions in the preceding

section by conducting a Monte Carlo simulation with 10° realizations of fading channels.

In Figure 7.2, the plot illustrates the normalized average channel capacity, Cgr/B,
as a function of the average received SNR, 7, in dB. The fading channel parameters
were identical for both the uplink and downlink channels, with m; = 1.5, ms = 1.8 and
as = aq 4+ 0.1. As anticipated, the SS-SS scenario outperforms the DS-DS or DS-SS cases,
showcasing superior performance attributed to its minimal occurrence of shadowing zones.
This superiority aligns with expectations, given the reduced impact of shadowing in the
SS-SS configuration. Additionally, it is noteworthy that the system’s performance exhibits
a decline with increasing values of «q, signifying a higher degree of shadowing severity.
The difference in rate performance between the SS-SS and DS-DS cases becomes more

pI'OHOllI’lCGd as (1 increases.
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Figure 7.3: Outage Probability vs. normalized SNR in dB.
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In Figure 7.3, the outage probability is illustrated as a function of the normalized
SNR, 7eq/7tn, in dB. The fading channel parameters were the same for both the uplink
and downlink channels, where oy = 2.1, aps = 2.4 and my = my + 0.3 Interestingly, the
DS-DS scenario stands out with the highest outage probability when compared to other
cases. It is worth noting that as the value of m; increases, indicating a lower fluctuation
in the received SNR, there is a noticeable decline in the outage probability, P,,;. When
the normalized SNR is -30 dB, the outage probability of DS-DS surpasses that of SS-SS by
a factor of 3, given m; = 1.1. However, with m; = 5.1, the outage probability of DS-DS
escalates to almost 200 times that of SS-SS.
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Figure 7.4: Error Probability versus Average SNR in dB.

In Figure 7.4, the ABER is plotted against the average SNR value 7, in dB for the
BPSK modulation scheme. The fading channel parameters the uplink channel were se-
lected to be my = 1.1, my = 1.2, ay = 2.5 and ay = 2.6. Whereas for the downlink one,
the parameters are m; = 3.3, my = 3.4, a; = 2.7 and ay = 2.8. The lowest error rate is
observed in the SS-SS case. Notably, all theoretical curves depicted in this section were im-
plemented using MATLAB’s built-in Meijer G-function and were validated through Monte

Carlo simulations. At high SNR values, it becomes evident that the asymptotic expression
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derived in subsection 7.3.3, utilizing all terms in the summation, rapidly converges to the

exact result, thereby demonstrating its tightness.

7.5 Conclusion

In this chapter, we introduced the cascaded UAV-to-ground fading channel along with
a comprehensive analysis of its statistical characteristics, which were utilized to evaluate
key performance metrics such as outage probability, average channel capacity, and ABER.
To quantify these metrics, closed-form expressions were derived employing the Meijer G-
function. The validity of these analytical results was further confirmed through Monte-
Carlo simulations. One of the possible future research directions is to extend our analysis

to the case of correlated cascaded UAV-to-ground fading channels.
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Chapter 8

Energy Detection-based Spectrum

Sensing

Due to the extensive radio frequency transmission footprint from UAVs to ground nodes,
UAV communications can significantly degrade the performance of co-channel ground com-
munication links [117]. With limited dedicated spectrum available, researchers are tasked
with designing efficient spectrum-sharing policies for UAV communications to boost spec-
tral efficiency and mitigate interference to ground communications. One such technique for
spectrum sharing is energy detection (ED), a noncoherent detection method that gauges
the energy level of an unknown received signal and compares it with a predefined threshold
to determine its presence or absence within a given bandwidth [118]. Due to its simplicity
and independence from prior knowledge of the received signal, ED stands out as the most

practical spectrum sensing method for cognitive radio (CR) [119].

The detection performance of ED-based spectrum sensing is greatly impacted by the
characteristics of the fading channel it operates in. Consequently, researchers have exten-
sively investigated the performance of ED-based spectrum sensing across various fading
channel models, including Rayleigh, Rician, and Nakagami channels [120]. Moreover, re-
cent studies have delved into more complex fading scenarios such as k-p [121], fading

two-wave with diffuse power fading channels [122], and Fisher-Snedecor F channels [123].

This chapter presents an analysis of ED-based spectrum sensing over shadowed UAV-
to-ground fading channels, a scenario that has not been previously explored in existing

literature. Our contributions can be outlined as follows:
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e We provide a computationally tractable analytic expression for the average detec-
tion probability in energy detection-based spectrum sensing over shadowed UAV-to-

ground fading channels.

e We further extend our analysis to encompass collaborative spectrum sensing tech-

niques aimed at enhancing detection performance.

e Additionally, we evaluate the performance of ED-based spectrum sensing over UAV-
to-ground fading channels by employing complementary receiver operating charac-

teristic (ROC) curves for a comprehensive performance assessment.

The structure of the remaining sections in this chapter is as follows: Section 8.1 analyzes
the average detection probabilities of the energy detector over UAV-to-ground channel
models. Following this, Section 8.2 presents numerical results and discussions. Finally,

Section 8.3 contains our concluding remarks.

8.1 Emergy Detection Analysis

A

Y Nresnold GO
-l x Y
Gy

Figure 8.1: System modeling for ED receiver.

The UAV is equipped with an ED receiver and acts as a sensing node (SN) that employs
spectrum sensing techniques to identify spectrum holes, ensuring UAV transmission occurs
solely when the primary transmission between the terrestrial base station and a ground
node is inactive. The fading channel between the UAV and the ground node could be
characterized by DS or SS communication scenarios. At the output of the ED, the received

signal y (t) is expressed as follows [120]:
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where x(t) represents the transmitted signal, h(t) denotes the channel gain, and n(t) sig-
nifies the noise, which is assumed to follow an AWGN model. Additionally, in (8.1), it is
apparent that two binary hypotheses are considered, specifically Gy and G;. G indicates

the absence of s (t), while Gy represents the presence of z(t).

In a typical ED receiver, as illustrated in Figure 8.1, the configuration includes a band-
pass filter (BPF), followed by a squaring device, an integrator, and a threshold unit. Ini-
tially, the received signal undergoes filtration through an ideal BPF within a predetermined
bandwidth B. Subsequently, the filtered signal is squared and integrated over an observa-
tion interval T to yield the test statistic Y, which is then compared by a predefined energy
threshold represented by A. This threshold plays a critical role in the decision-making pro-
cess and is closely associated with three key metrics that collectively assess the detector’s

performance [124]:

1. The probability of false alarm, denoted as Py, which refers to the rate of incorrectly

identifying a signal when it is not present, can be computed as

I (u,A/2)

Py =B(Y > AlGy) = ==

(8.2)

where u = BT represents the time-bandwidth product and I'(.,.) is upper incomplete

gamma function.

2. The probability of detection, denoted as P,;, which is the rate of accurately detecting

a signal when it is present, can be calculated as
Pa=P(Y > A|G)) = Q, <\/2 \/K) (8.3)

where Q,(.,.) is the Generalized Marcum Q-function [125, eq. (1)].

3. The probability of missed detection denoted as P,,, which is the rate of failing to

detect a signal when it is present, can be evaluated as

P =1- P (8.4)

110



8.1.1 Single User Spectrum Sensing

To evaluate the average detection probability, denoted as Py, (8.3) requires averaging across

all potential values of . This entails computing the following integration:

Pa= /Z Qu (\/2_ \/K> £y (9) dr. (8.5)

With the help of [126], the generalized Marcum Q-function in (8.5) can be represented as

an infinite series as

QU V) —exn(n) Y- R 89

F'(n+1)T(n+u)

Thus, (8.5) can be re-written as

F'(n+u) J_o

Z (n + 2.4/2) /OO exp(=7)7" f (7) d. (8.7)

8.1.1.1 DS Case

For the DS case, by substituting (2.6) into (8.7) and applying (A.11), (8.7) can be expressed

in a closed-form expression as

oo

Z I'(n+2, A/2) g .od2 [ M
—T(n+1)T (n+u) bs2s | Ty

(8.8)

1—n,1—a2,1—a1>

my, Mo

8.1.1.2 SS Case

Similarly for the SS case, if (2.21) is substituted into (8.7) and applying (A.11), (8.7) can

be evaluated as

o0

Z I'(n+2, A/2) Seo22 [ Mz
— F'n+ 1) (n+u) 55572,2 ol

1—n,1—oz>' (8.9)

mi, Mo
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8.1.2 Collaborative Spectrum Sensing

In [127], it has been demonstrated that the performance of ED-based spectrum sensing can
be notably enhanced through collaborative efforts among SNs when they share their infor-
mation. It is assumed that all L SNs experience independent and identically distributed
fading and utilize the same threshold value, A. In such scenarios involving collaboration

among L SNs, the probability of false alarm can be expressed as follows

T (u,A/2)]"
Cr=1-[1-Pir=1—|1—- ——| . 8.10
j=1-f-p =1 - ) (8.10)
In this case, the probability of detection can be given as

Ca=1—[1-"Pg" (8.11)

8.1.2.1 DS Case

In the case of the DS scenario, by substituting (8.8) into (8.11), The average value of
detection probability for a collaborative spectrum sensing with L collaborative SNs can be

articulated as

— — T 2,7 /2
=0

1—n,1—as,1—ay " 819
(n+1)T(n+u) - (812)

my, mo

8.1.2.2 SS Case

Similarly for the SS case, if (8.9) is substituted into (8.11), (8.11) can be evaluated as

L
n+2 A/2) 2.9 mqime 1_n71_OZ
SgeG5 . 8.13
[ «I (n+1)T'(n+u) 5522 my, Ma (8.13)

8.2 Numerical Results

In this section, we validate the accuracy of our analytical expressions in the preceding

section by conducting a Monte Carlo simulation with 10° realizations of fading channels.
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Figure 8.2: Complementary ROC curves for shadowed UAV-to-ground fading channels
considering different 7 values.
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Figure 8.3: ROC curves for SS case considering different fading parameters.
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In Figure 8.2, complementary ROC curves are plotted for various average SNR, 7,
values, with © = 1. The channel parameters were specifically chosen as follows: m; = 3.4,
me = 3.5, = a1 = 3.8, and = oy = 3.9. Our analysis reveals that the DS case exhibits
inferior performance compared to the SS case. This is due to the presence of shadowing
around both the UAV and the base station in the former, while only one shadowing region
exists in the latter. A notable trend observed is the enhancement in the performance of

ED-based spectrum sensing with increasing average SNR, 7, values.

In Figure 8.3, ROC curves illustrate the performance under various fading parameters
for the SS case. An average SNR, 7, of 5 dB is chosen, with u = 1 and my = m;+0.4. As «
increases, shadowing intensifies, leading to a decrease in the average detection probability.
Conversely, increasing m, implies a reduction in the multipath effect, consequently yielding
a higher average detection probability. Importantly, all theoretical curves in this section
utilize MATLAB’s Meijer G-function and were verified and validated by Monte Carlo

simulations.
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Figure 8.4: Complementary ROC curves for shadowed UAV-to-ground fading channels
with different L SN.

Figure 8.4 illustrates the complementary ROC for ED performance, incorporating up

to four collaborating SNs. The channel fading parameters were selected as (m; = 2.5,
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me = 2.7, a; = 2.5, ag = 2.7) with an average SNR of 5 dB and u = 2. As anticipated,
the performance of the ED demonstrates significant enhancement with an increase in the
number of SNs. Importantly, all theoretical curves in this section utilize MATLAB’s Meijer

G-function and were verified and validated by Monte Carlo simulations.

8.3 Conclusion

This chapter presents a thorough performance analysis of ED-based spectrum sensing over
shadowed UAV-to-ground fading channels. Novel analytical expressions for the average
detection probability were derived, which were further extended to incorporate collabo-
rative spectrum sensing. To validate the analytical expressions proposed in this study,
corresponding simulation results were also provided. Consequently, these derived expres-
sions offer valuable insights into quantifying the impact of UAV-to-ground fading in ED
spectrum sensing, thereby contributing to the enhancement of energy-efficient CR-based

UAV communication systems.
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Chapter 9

Conclusions and Future Work

9.1 Conclusions

In this thesis, we have explored some of the physical layer aspects of the shadowed UAV-
to-ground channels as well as their performance across various system configurations. We
have discussed the performance of these channels under different system configurations.
Firstly, we analyzed the performance of a SISO communication system under these novel

channels under the presence of AWGN and assuming perfect phase recovery at the Rx.

Then, we expanded our understanding by formulating closed-form expressions for the
ABER of BPSK and QPSK as well as ASER of MPSK for digital communication systems
operating in shadowed UAV-to-ground channels in the presence of imperfect phase recovery
at the Rx. The results illustrated how the phase error led to a degraded error probability

performance.

Furthermore, we have formulated closed-form expressions for the effective capacity and
average channel capacity under various power adaptation strategies for UAV-to-ground fad-
ing channels. Then, the physical layer security parameters of these novel fading channels
were examined in terms of ASC, SOP, and SPSC. This comprehensive analysis provides
valuable insights into the reliability and security aspects of communication systems oper-

ating in aerial-to-ground environments.

Employing Rx diversity stands as a formidable technique to counteract the adverse

impacts of fading in wireless communication systems. Therefore, we focused our studies
on two distinct types of Rx diversity, MRC and SC. by utilizing the MGF of the PDF

116



of the received SNR, we have formulated open-form expressions for the ABER, channel
capacity, outage probability, and ASER in the context of UAV-to-ground communication
setups using MRC receivers. Utilizing the PDF and CDF expressions of the maximum
received SNR, we established mathematical expressions for the outage probability, outage
capacity, average channel capacity, and ABER expressions. Our results showed that MRC
and SC diversity reception mechanisms hold the potential to enhance the performance of

the communication system.

To enhance our understanding of system reliability and provide practical methods for
evaluating and predicting performance in realistic environments, we derived closed-form
and asymptotic expressions for calculating the outage probability of an interference-limited
system operating over UAV-to-ground channels affected by shadowing. Additionally, we
introduced the cascaded UAV-to-ground fading channel and conducted a detailed analysis
of its statistical characteristics. This comprehensive examination allowed us to evaluate

crucial performance metrics, including outage probability, average channel capacity, and
ABER.

Furthermore, a performance analysis of ED-based spectrum sensing in shadowed UAV-
to-ground fading channels. The derivation of new analytical expressions for the average
detection probability, and their extension to collaborative spectrum sensing scenarios, pro-
vides a robust framework for improving the efficiency and reliability of spectrum sensing

in UAV communications.

Overall, this thesis navigated through various physical layer aspects of UAV-to-ground
communications. The findings presented in this thesis advance the theoretical under-
standing and practical implementation of UAV-to-ground communication systems. The
novel expressions and performance analyses developed herein serve as valuable tools for
researchers and engineers working to optimize UAV communication networks, ensuring

enhanced performance and reliability in various applications.

9.2 Suggestions for Further Research

Communication involving UAVs continues to be a significant area of research. Advances
in communication technology and the expanding use of UAVs in diverse applications are

creating new opportunities for future studies in UAV communication. In this section, we
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propose several possible directions for future research related to these novel UAV-to-ground

channels.

1. UAV relay-assisted communications

An essential application of UAVs in the telecommunications domain involves their
role as mobile relay nodes, significantly enhancing network coverage. Acting as inter-
mediaries, these relay nodes facilitate data transmission from source to destination.

There are several types of relaying systems [128], among them are

(a) Amplify-and-forward (AF) relaying technique, often referred to as regenerative
relaying, entails a straightforward process where the relay amplifies the signal
received from the source and subsequently transmits the amplified signal towards
the destination. This approach offers a simplified form of relaying with minimal
computational overhead and minimal delay. However, a key drawback is its
inherent amplification of not only the signal but also the underlying intrinsic

noise.

(b) Decode-and-Forward (DF) relaying technique, often referred to as regenerative
relaying, involves a specific sequence of operations at the relay node. Initially,
the relay node decodes the information signal received from the source node.
Subsequently, it undergoes a re-encoding process, where the decoded signal is
re-modulated or re-encapsulated. Finally, the relay node forwards this processed
signal to the intended destination node. This approach aims to achieve a lower

error rate.

While previous studies [129] have explored this scenario, they have not considered
these novel channel models that validate empirical measurements. To ensure system
reliability, it becomes imperative to characterize the statistical behavior of cascaded
channels specifically, the ground-to-UAV and UAV-to-ground links. This characteri-
zation enables the evaluation of performance metrics such as fading severity, outage
probability, average channel capacity, and ABER. We aim to provide a more com-
prehensive understanding of how these relay techniques perform within real-world

scenarios by utilizing the novel shadowed fading models.

2. RIS-assisted UAV communications

The concept of RIS involves a flat structure deliberately engineered to dynamically

manipulate electromagnetic waves. Typically composed of an extensive array of
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nearly passive deflecting components, an RIS can modify its response to electromag-
netic waves using simple and cost-effective electronic circuits, such as PIN diodes
or varactors. Conceptually, an RIS consists of numerous sub-wavelength antenna
dipoles or segments of patch antennas, controllable via adaptable concentrated loads,
allowing fine-tuning of the scattered electromagnetic field. When interacting with a
plane wave, an RIS can redirect the wave towards a reflection direction different from
the point of incidence. This capability enables steering the electromagnetic energy to
specific locations, such as intended user positions. RIS holds the potential to enhance
channel capacity, expand coverage, and reduce power consumption within upcoming
6G networks.

Mounting an RIS onto a UAV holds promise for extending coverage and enhancing
communication capabilities. While the performance of RIS-aided UAV communica-
tions within shadowed fading channels has been investigated in [130], there are several
open issues related to the physical layer security of RIS-aided UAV communications,

such as cooperative jammer and resource optimization [67].

. Physical layer security of multi antenna-assisted UAV communications

In chapter 4, the analysis of physical layer security parameters focused on SISO
transmission. One promising trends for future research involves exploring practical
system configurations, such as employing multi-antenna Rxs within shadowed UAV
networks. In such scenarios, the statistical expressions developed in Chapter 5 could

prove invaluable for conducting thorough analyses.
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Appendix A

Meijer G-function

A.1 Definition

The Meijer G-function, named after its developer, Simon Meijer in 1936, is a special func-
tion in mathematics that generalizes many other special functions, such as the exponential,
trigonometric, and hypergeometric functions. It’s a complex-valued function defined by an
integral representation involving gamma functions. The Meijer G-function is represented

by the symbol

a A1,...,0n,Qpy1y---,0p
Gl 2| P =G| 2 : (A.1)
P ( bq> pd ( bl,...,bm,bmﬂ,...,bq)
Details of the Meijer G-function can be found in [52], [131], [L32], [133]. A general definition

of the Meijer G-function is given by the line integral in the complex plane as
Gl (z

e 0 <m < qgand 0<n <p, where m,n,p and ¢ are integer numbers.

ap — L 55 pH;nzl F<bk B S) g:l F(l —ag + S) dS, (AQ)
bg 2mi Jp, Hk:nJrl ['(ax — s) Hk:erl (1 — b + )

where

e [ is the path from —ioco to +ioo where all the poles of I'(b;—s) are to the right of the
path and the poles of I'(1-ay, + s) are to the left.

Currently, it is a built-in function in several software packages such as MATLAB, Maple,

and Mathematica.
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A.2 Representation of other functions in terms of the

Meijer G-function

In(1 + z) = GY2 <z'1é> | (A1)
(14+79)" = ﬁGﬂ (7'1 K A) 7 (A.5)
1Fi(a;b; —2) = % X G}; (z ()11—_ab) . (A.6)

HW" (z b:) : (A.7)

Hwm <‘) is the Fox H-function whose MATLAB implementation can be found in [134].

A.3 Basic properties of the Meijer G-function

G <Z bZ) =Gy (Z : 1— a:> ' (A.8)
a a, + K
K Gmn Pl _ G p . A9
A.4 Differentiation

J" m,n 1 ap u —u,ym,n+1 1
@[Gp,c} <; bq)] = (=1)"27"GY 1 g Z

1l—w,aq,...,ap,Gp41,...,0, (A.10)
by bmy bty by ) '
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K, ap
. Al
bq ) (A1)

al,...,an,l—C,an+17-~aap (A13)
b17...,bm,_C7bm+l7"'7bq

a _ m,n 0
) d = PGy (E
[ rass (e ») dr —
0 7 by
(A.12)
h 271G | wa .
/0 P bq i:n+1 F(C + ak) HZ:m-H F(l - C‘ - bk)

A.5 Integration
e —Kk _—Bx ymmn
2 e PTG 0z
Co\ omin a
d,\> G (7’2
Gt ial,...,an,l—C—d,\,an+1,...,ap .
PENET N Wby, by 1= C = Coubmat, - - by
R P ap —¢ m+,n+1
oG | we b dr=w™" x G, 7,11 | wy
0 q
T b r (1 —¢—
ap> R 0 Fi (/3] | Y U St N
o E
/ TC_IG?f (TZ 5) Gy (TZE
0 ' Fn '

a
p) dr = 27

C
lamnr |
dA> pa <ybq

(A.15)
Gﬁ,a:u,u:m,n Ty 1- C - F77 Co (Ap
1,0:0,A:p,q I o :
2 2|1 —( — Es|dy|bg
G(.,.]-]-|.) is the Bivariate Meijer G-function whose MATLAB implementation of can be

found in [109].

A.6 Asymptotic Expansion

At sufficiently large values of its argument, the Meijer’s G function can be expressed using

elementary functions as [135, Eq. (17)]

lim G-" (z (A.16)

r—00+ b

ap> i a1 vz T (ae = a) ITZ T (1 + b — ax)

pr— Z 7
bq k=1 ?=n+1 ['(1+a —a) H?:erl [ (ax — b))

where ap, —a; #0, 41,42 --- and ap — b; #,1,2,---.
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Appendix B

Proof of DS PDF

In this appendix, we provide the mathematical proof of the DS PDF provided in (2.6). As

mentioned before, the received SNR can be modeled as

v = NI NI, (B.1)
where

e N; — j € {1,2}— represents the multipath fading coefficient which follows the
Nakagami-m distribution [18]. The PDF of N;* can be written as

mjmj xmjfl _myw

e 9, (B.2)

frp (@) = S5

. ;"1 (my)
where the distribution’s shaping parameter m; is the fading severity parameter, (; =
1/m; is the scale parameter, and I'(.) is the gamma function. A plot of the PDF of
N;? can be found in Figure B.1.

e ], represents the shadowing effect of the channel, modeled by the inverse-gamma

distribution |50], whose PDF can be written as

%‘aj _Ji
CeriT (N6 T
x% T (o)

Ji; (@) = (B.3)

where the shaping parameter of the distribution «; > 1 represents the severity of the
shadowing and 7 denotes the scaling parameter. A plot of the inverse-gamma PDF

can be found in Figure B.2.
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Figure B.1: PDF of N;* distribution.

Figure B.2: PDF of inverse gamma distribution (7 = 1).
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If we select 7, =7, = 1, (B.1) and (B.3) can be re-written as
Y = NPLN I, (B.4)

where .
fi, (2) = ————e 5. (B.5)

2T (ay)

Now, we can convert the exponential function into the Meijer G-function using (A.3) as

O) . (B.6)

_ 1 101
fiy (@) = i (Oéj)G(L1 (:C

With the help of (A.9), (B.6) can be written as

With the help of (A.8), (B.7) can be written as

fr (2) = ﬁ@% (4%) | (B.8)

Thus, (B.8) can be converted into the Fox-H-function as

(=as, ”) | (B.9)

Thus, I = I115 is a random variable that is the product of 2 Fox H random variables. The

PDF of I can be expressed as |1 10]

@) = F e <x\(_““ (e ”) . (B.10)

Now, N = N;%2N,? is a random variable that is the product of 2 gamma-distributed random
variables. The PDF of N can be expressed as [130]

-1

In() = m%g (mﬂnzy

Bl ) . (B.11)
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With the help of (A.9), (B.11) can be written as

mimes

fN (y) = F(ml)F (m2)

2,0
Gola (mlmgy

a . (B.12)
myp — 1,m2 —1

Thus, (B.12) can be converted into the Fox H-function as

mimes

v () = mlfgg <m1m2y

(my —1,1), (mg — 1, 1)) ' (B.13)

Thus, v, = I x N is a random variable that is the product of 2 Fox-H random variables.

The PDF of v, can be expressed as |1 16]

mimes

[ (my) T (mg) T (o) T (a2)

fra (Vu) =

(—ay, 1), (—ay, 1) > (B.14)

H>? | mym ”
" ( e (ml - 1: 1)7 (m2 - 17 1)
Thus, (B.14) can be converted to Meijer-G function as

mimes

f’)’u (7“) = F (ml) F (m2) F (051) F (a2) G?):g <m1m27u

ml—l,mg—l

ST ) . (B.15)

For a general SNR value, v = 77, its PDF can be evaluated as

mims 2,2 [ T2 —Qg, —(
— G2 B.16
f’Y ('7) 71—\ (ml)F(mg)F(al)F(ag) 2,2 ( 7 7 my — 17m2 . 1) ( )
With the help of (A.9), the PDF of the received SNR, ~, can be expressed as [31]
-1 2,2 [ M1M2 I—ag, 11—
[y (7) =7 'SpsGy; v 7 (B.17)
my, Mo

1
I'(m1)I'(m2)l(a1)(a2)

where Spg =

A similar approach can be employed in order to derive the PDF of the SS case as

expressed in (2.17).
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Appendix C

Proof of CDF Approach

In this appendix, we provide the mathematical proof of the CDF approach provided in

(2.33). The Q-function, Q)(.), can be expressed in terms of the complementary error func-

tion erfc(.) as
1 x

o= (35)

Thus, the conditional probability of error for BPSK can be expressed as
1
Py(z) = Q(V2z) = §erfc (V).

Similarly, the conditional probability of error for BFSK can be expressed as

Ale) = QUE) = e (/3.

Thus, it can be generalized as

Py(x) = %erfc (Vkz) ,

(C.1)

(C.2)

(C.4)

where £ = 1 for BPSK and x = 0.5 for BFSK. The erfc(.) can be expressed in terms of the

lower incomplete gamma function, 7 (.,.), as

1 (500) = vAerte (v8),
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where the lower incomplete gamma function [137] is defined as

fy(s,x):/ tte tdt.
0

Thus, the conditional probability of error can be expressed as

1 1 1 1
Py(z) = éeffc (V) = ﬁ’y (5,%) = W’Y (8, k),

where 5 = 0.5. In this case, the integration in (C.6) can be evaluated as

KX y
v (B, kr) = / P le~tdt. = n/ (/ﬁy)ﬁfle*“ydy.
0 0

The unconditional probability of error can be evaluated as
Pgpr = / Py(z) fy(v)d.

0
B 0oy
~sta | [ man
K °

= 2F(6)/o (1) e, (y)dy.

129

(C.7)



Appendix D

Publications

Below is a list of publications that have been published or submitted that are relevant to
this thesis:

D.1 Journal Publications

1. R. Polus and C. D’Amours. "Error Probability of Shadowed UAV-to-Ground Chan-
nels with Imperfect Carrier Phase Recovery," IEEE Commun. Lett., vol. 28, no. 3,
pp. 692 - 696, 2024..

2. R. Polus and C. D’Amours, "Capacity Analysis of UAV-to-Ground Channels with
Shadowing: Power Adaptation Schemes and Effective Capacity," IEEFE Open J. Veh.
Technol., vol. 5, pp. 71 - 77, 2024.

3. R. Polus and C. D’Amours, "On the Performance of MRC Receivers in UAV-to-
Ground Channels with Shadowing," IEEE Wireless Commun. Lett., vol. 12, no. 7,
pp. 1249 - 1253, 2023.

D.2 Conference Publications

4. R. Polus and C. D’Amours, "Cascaded Shadowed UAV-to-Ground Channels," ac-
cepted in Proc. IEEE 10th World Forum Internet Things (WF-IoT), Nov 2024, pp.
1-6.
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5. R. Polus and C. D’Amours, "On the Reliability of Interference-Limited Systems
over UAV-to-Ground Channels with Shadowing," accepted in Proc. IEEE 10th World
Forum Internet Things (WF-IoT), Nov 2024, pp. 1-6.

6. R. Polus and C. D’Amours, "Energy Detection-based Spectrum Sensing over Shad-
owed UAV-to-Ground Channels," Proc. IEEE 100th Veh. Technol. Conf. (VIC-
Fall), Oct. 2024, pp. 1-5.

7. R. Polus, C. D’Amours, and B. Kantarci, "Physical Layer Security over UAV-to-
Ground Channels with Shadowing," in Proc. IEEE 97th Veh. Technol. Conf. (VTC-
Spring), June 2023, pp. 1-5.

8. R. Polus and C. D’amours, "Performance Analysis of Selection Combining over
UAV-to-Ground Channels with Shadowing," in Proc. IEEE 97th Veh. Technol.
Conf. (VTC-Spring), June 2023, pp. 1-5.
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