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Abstract

Recently, the rapid growth of expectations on future wireless networks poses
enormous challenges to existing wireless communication systems deployed with
fixed infrastructure.  Fortunately, unmanned aerial vehicle (UAV)-assisted
communication systems serve as a viable solution, which relaxes the limitation of
traditional wireless communications on the physical layer. However, joint resource
allocation and trajectory designs in terms of energy and spectral efficiency have
not been fully studied and investigated in the literature. In this thesis, we aim to
provide a thorough study on resource allocation and trajectory design for various
practical communication systems employing UAVs.

We first study the trajectory and resource allocation design for downlink
energy-efficient secure UAV communication systems, where an information UAV
assisted by a multi-antenna jammer UAV serves multiple ground users in the
existence of multiple ground eavesdroppers. The resource allocation strategy and
the trajectory of the information UAV, and the jamming policy of the jammer
UAV are jointly optimized for maximizing the system energy efficiency.

Then, we investigate a multi-antenna UAV-enabled time division multiple
access (TDMA) wireless communication system with the assistance of an
intelligent reflection surface (IRS). We aim to minimize the average total power
consumption of the system by jointly optimizing the resource allocation strategy,
UAVs trajectory and velocity, as well as phase control at the IRS. To this end, a
non-convex optimization problem is formulated taking into account the individual
minimum data rate requirement and the limited energy budget of the IRS.

Additionally, to accommodate more users and to improve the spectral
efficiency, an IRS is introduced to assist a UAV communication system based
on non-orthogonal multiple access (NOMA) for serving multiple ground users.
We aim to minimize the average total system energy consumption by jointly
designing the resource allocation strategy, the three-dimensional (3D) trajectory
of the UAV, as well as the phase control at the IRS. The design is formulated as
a non-convex optimization problem taking into account the maximum tolerable
outage probability constraint and the individual minimum data rate requirement.
To circumvent the problem intractability due to the altitude-dependent Rician
fading in UAV-to-user links, we adopt the machine learning (ML) approach to
accurately approximate the effective channel gains in the system.
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Chapter 1

Introduction

In this chapter, we first provide an overview on the fifth-generation (5G)
wireless networks before introducing the motivations of our research for studying
unmanned aerial vehicles (UAVs) communications in this thesis. Then, a
thorough literature review on UAV communications and a brief introduction on
the research challenges of UAV communications are presented. In addition, we

also outline the main contributions of the thesis.

1.1 Overview of 5G

In recent years, the dramatic growth in the number of wireless devices and
the associated demanding quality-of-services (QoS) have fueled the development
of new technologies for 5G and beyond 5G (B5G) [7H9] wireless networks.
Three main services with different requirements have been imposed which
are expected to be supported by 5G wireless technology, which are enhanced
mobile broadband (eMBB), massive machine-type communications (mMTCs),
and ultra-reliable low-latency communications (URLLCs). These services lead

to unprecedented demands for system resources. For example, eMBB requires

1
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ultra-high data rates, i.e., 100 ~ 1,000 times of the current fourth-generation
(4G) technology while offering moderate rates of the cell-edge users; mMTC
requires massive connectivity for a large number of the Internet-of-Things (IoT)
devices; and URLLC requires lower latency, i.e., 10 ~ 20 times shorter than
that achieved by current 4G technology. Although several potential technologies,
e.g., millimeter wave [10], energy harvesting communications [11-13], and massive
multiple-input multiple-output (MIMO) [14-16], offer some promising solutions
to guarantee ubiquitous and ultra-high data rate services, e.g., [17,/1§], the
system performance is still limited by some bottlenecks, such as overloaded
traffic demand or shadowed communication links. On the other hand, due to
the growing environmental concerns and the increasing requirements of energy
consumption, energy-efficient communications have drawn significant attention
from both academia and industry [10,/19-23]. In particular, to reduce the
power consumption and relieve the problem of spectrum scarcity [24-27], the
trade-off between energy efficiency and spectral efficiency of cellular networks is
of fundamental importance for system design and optimization in 5G wireless
networks. As such, there is an emerging call for a new paradigm for realizing

energy-efficient wireless communication systems.

1.2 Motivations

In the past decades, the advancement of mechanical engineering has reduced
the cost of the manufacturing of UAVs which triggers their wide applications in
different research areas. In particular, the applications of UAVs to communication
systems are promising which are summarized as follows. Due to the high
flexibility, mobility, and lost-cost deployment of UAVs offered to wireless

communication systems [28-30], several interesting applications of UAV have been
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proposed, such as aerial mobile base stations (BS) [31,132], aerial mobile relays
[33-37], and aerial mobile data collections [38-40|, etc. Specifically, the mobility
of the UAV has significantly improve the system performance due to the higher
degrees of freedom (DoF) offered by the UAV for effective resource allocation
design. Moreover, the channel conditions of the air-to-ground links from the
UAV are generally better than the traditional links between the terrestrial BS
and ground terminals, since line-of-sight (LoS) paths usually dominate the air-to-
ground channels when the flying altitude of the UAV is sufficiently high. In such
cases, time-varying communication channels become more deterministic which
facilitate the provisioning of stable communication services. However, there are
various practical open problems that remain unsolved. For instance, although the
air-to-ground channels become less uncertain with an increasing UAV’s altitude,
the associated path loss increases reducing the received signal strength. As a
result, there is a non-trivial trade-off between designing UAV’s three-dimensional
(3D) trajectory and communication performance. Besides, to maintain both
the stable flight and wireless transmission for UAV-based communications, the
energy-efficiency has become an important figure of merit for the system design
due to the limit total energy budget determined by the onboard battery capacity.
Meanwhile, secure communications have become a major concern in UAV-based
communications as these systems are susceptible to potential eavesdropping due
to the dominated LoS paths. Thus, there is an emerging need for designing secure
energy-efficient UAV-based communications. More background information of

UAV-based communication will be provided in Chapter 2.
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M Overloaded
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Figure 1.1: Typical use case of UAV-aided wireless communications: UAV-aided
ubiquitous coverage.

Figure 1.2: Typical use case of UAV-aided wireless communications: UAV-aided
relaying.

1.3 Literature Review

In this section, the related topics of this thesis, e.g., UAV communications, UAV-
intelligent reflection surface (IRS) communications, and UAV-non-orthogonal

multiple access (NOMA) are discussed and reviewed.
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Figure 1.3: Typical use case of UAV-aided wireless communications: UAV-aided
information dissemination and data collection.

1.3.1 UAV Communications

The rollout of numerous data-hungry wireless applications, e.g., video streaming
and real-time gaming, have posed enormous challenges on future wireless
networks, e.g., ultra-high data rates, low latency, and massive connectivity, etc.,
[7-9]. Despite various disruptive technologies have been adopted in practice, e.g.,
massive MIMO [10H18|, providing high-data-rate communications in emergencies
and important scenarios, such as natural disasters and overloaded traffic demand,
remains challenging. Fortunately, UAV-enabled wireless communication systems
provide a feasible solution [41-46] to address these problems, which address the
limitation of traditional wireless communications on the physical layer. Due
to the high flexibility, mobility, and lost-cost deployment of UAVs offered to
wireless communication systems, several interesting applications of UAV have
been proposed, such as mobile base stations, mobile relays, and mobile data
collections, etc [41]. For example, in Figure the UAV is served as a mobile
aerial base station. It could transmit information to ground users where the
traditional base station is overloaded or broken. This application is generally

used in a critical situation or natural hazard. In case there are extra users than
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expected or damaged base station. The case in Figure treats the UAV as
a relay in wireless communications. The UAV can serve establish end-to-end
communication between two users in the existence of some ground obstacles.
Figure [1.3| utilizes the UAV for information dissemination and data collection for
a large number of ground users or sensor nodes in a large area. This could be
wildly used in digital agriculture and the Internet-of-Things. In particular, there
are two types of UAV who generally adopted in wireless communication system,
e.g., fixed wing UAVs [1] and rotary wing UAVs [3]|. Specifically, the rotary wing
UAV is the main focus of this thesis since it can hover in the air and offer a higher
flexibility for designing the UAV’s trajectory than that of the fixed wing UAV for
enhancing the performance of communication systems. To capture the impact
of UAV on communication systems, the flight power consumption model for the

rotary wing UAV and the related details will be discussed in Chapter 2.

In practice, by exploiting the high flexibility and mobility of UAVs, the
performance of the communication systems can be improved by cruising UAVs
close to the desired users. Besides, in practice, UAVs offer a higher probability
to establish a strong LoS wireless channels between UAVs and ground terminals
compared with conventional terrestrial communication systems. Therefore, in
recent years, there are several exciting and practical applications of UAV proposed
in academia and industry. For example, sensing for UAV and UAV for sensing
are two typical applications [47]. In the general scenarios of sensing for UAV,
two commonly adopted cases are sense-and-avoid (SAA) |48] as well as adversary
UAV detection, tracking, and classification [49]. As for adopting a UAV for
sensing, the UAV serves as an aerial node to support wireless sensing from the
sky [49,/50]. Also, to enable computation offloading with UAV in mobile edge

computing (MEC) of cellular networks, the UAV could act as an edge device or
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an aerial user who executes the computation tasks by offloading to BSs and MEC
servers on the ground [51], or carry a MEC server to support the computation
implementation for the ground devices [52].

In the following parts, different aspects of UAV communications are presented,
i.e., resource allocation and trajectory design, physical layer security, IRS assisted

communications, and UAV communications with multiple access.

1.3.2 Resource Allocation and Trajectory Design for UAV

In practice, although UAV-based communications enjoy various promising ad-
vantages [|31,|32,|41,|53], some technical problems need to be solved to unlock
the promised performance gains. Firstly, stringent power limitation is one
of the bottlenecks for enabling efficient UAV communications. In fact, the
energy storage of onboard battery of a UAV is usually small due to the size
and weight restrictions of the UAV. Besides, the power consumptions of flight
and communication depends on the UAV’s trajectory and velocity, as will be
discussed in Chapter 2. As a result, energy-efficient UAV has drawn significant
research interests in the literature. To fully unleash the performance of UAV
communication systems, various studies have been conducted in the literature
to improve the power efficiency. For instance, in [54], the authors studied the
optimal deployment of multiple UAVs to minimize the total system transmit
power satisfying the individual user data rate requirement simultaneously. Also,
the authors in [38] studied the energy efficiency maximization for wireless sensor
networks via jointly optimizing the weak up schedule of sensor nodes and UAV’s
trajectory. However, the flight power consumption of the UAV was ignored
in these work which contributes a major proportion of the total system power

consumption. Besides, the authors in [3] minimized the total power consumption
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of both communication and flying via jointly optimizing UAV’s trajectory and
user scheduling for a rotary-wing UAV. Yet, pure LoS wireless channels between
the UAV and ground users were assumed [3,|32,[53}54], which are generally
invalid in practice, particularly in urban environments. Also, a probabilistic LoS
channel model for UAV-enabled data harvesting system was proposed in [55],
which is suitable to a system with a relatively low flying altitude UAV when the
shadowing effect dominates the system performance. Despite various attempts
in the literature, the research in [3,32,53}55] only limited to two-dimensional
(2D) trajectory planning. For a relatively high altitude UAV with a clear LoS,
in [40], the UAV’s 3D trajectory was optimized taking into account a practical
model with an angle-dependent Rician fading channel to maximize the minimum
average collected data rate. Therefore, UAV’s 3D trajectory design and resource
allocation with the angle-dependent Rician fading channel is practical interacts

which will be addressed in Chapter 5.

1.3.3 Physical Layer Security UAV Communications

On the other hand, since the LoS dominated channels between a UAV and
ground nodes are susceptible to potential eavesdropping [41,56], guaranteeing
communication security is a challenging task for UAV communication systems.
Thus, there is an emerging need for designing secure UAV-based communication.
For instance, the authors in [43] proposed a joint power allocation and trajectory
design to maximize the secrecy rate in both uplink and downlink systems. Also,
in [57], secure energy efficiency maximization for UAV-based relaying systems
was studied. However, both works only considered the case of single-user
and the proposed designs in [43,/57] are not applicable to the case of multiple

users. Besides, the availability of the eavesdropper location was assumed in
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[43,57], which is generally over optimistic. Although [44] studied the resource
allocation design for secure UAV systems by taking into account the imperfect
channel state information (CSI) of an eavesdropper, the energy efficiency of such
systems is still an unknown. Besides, a robust trajectory and resource allocation
design for energy-efficient secure UAV communication systems considering the
uncertainty of eavesdropper’s location has not been investigated. Furthermore,
although deploying a single UAV in the system was demonstrated to offer some
advantages for wireless communications [3553], the performance of single UAV
communication systems can be unsatisfactory due to the stringent requirement on
secure communication. Thus, with the assistance of a jammer UAV | the authors in
[2,/4L/58] proposed a cooperative jamming scheme for secure UAV communications
by jointly optimizing power allocation and trajectories. Yet, since the jammer
UAV is only equipped with a single-antenna in these systems, the direction of
artificial noise cannot be controlled properly which also causes strong interference
to legitimate users due to the existence of strong LoS paths. Therefore, we
propose to employ multiple antennas at the jammer UAV to focus the artificial
noise to degrade the channel quality of eavesdroppers as well as to mitigate the
interference upon legitimate users. However, designing a cooperative jamming
policy with a multi-antenna jammer UAV is very challenging and remains to be
explored. In Chapter 3, we aim to address the above issues by optimizing the
resource allocation and trajectory design for the secure UAV communications

with the assistance of a multiple-antenna jammer UAV.

1.3.4 IRS-Assisted UAV Communications

IRS is an enabling technology that can design the radio signal propagation in

the wireless communications [59-61]. The IRS can dynamically change the
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wireless channel to improve the performance of the communication by intelligently
tuning the signal reflection. Most recently, IRS, a new technology, has attracted
substantial attention in the field of wireless communications as it can reshape
the signal propagation environment so as to improve the system performance
[62-66]. For example, beamforming and discrete phase control of IRS-assisted
systems were jointly optimized to minimize the total transmit power in [67,6§].
Besides, the authors in [5] proposed a jointly optimized active beamforming at
the transmitter and passive beamforming at the IRS to maximize the received
signal power at desired users. Furthermore, it is expected that deploying an
IRS in UAV-enabled communication systems can help to improve the achievable
data rate for ground users with a weak channel condition. In particular, the
passive beamforming controlled by the IRS can reflect the dissipated signals
transmitted from the UAV to the ground users. This unique feature not only
increases the received signal strength at the desired users, but also improves the
flexibility in the UAV’s trajectory design. Thus, the integration of an IRS into
UAV-based communication systems has been advocated lately. For instance, the
authors in [69] maximized the average achievable data rate in IRS-assisted UAV
communication systems by jointly optimizing the UAV’s trajectory and the phase
shift control of the IRS. Yet, this study only focused on the case of a single-
user and the proposed result is not applicable to practical multi-user systems.
Also, the joint design of 2D trajectory and passive beamforming was studied
in [62,70] for multi-user IRS-aided UAV communications assuming the availability
of perfectly known CSI, which is overly optimistic. Moreover, the considered
system models in [69,/70] neglected the existence of a direct link between the
UAV and ground users which leads to inevitable performance degradation. In

fact, a joint resource allocation and phase shift control for power-efficient IRS-
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assisted multi-user UAV communication systems are important and challenging,
which has not been reported in the literature yet. In Chapters 4 and 5, we
address the above issues by jointly optimizing the IRS’s phase shift control and
resource allocation for power-efficient IRS-assisted UAV communications taking

into account multiple ground users.

1.3.5 UAV Communications over Multiple Access

Finally, to enable multiple access in UAV communication systems, UAVs
based on time division multiple access (TDMA) are commonly adopted in the
literature |40}/55], yet, their results are not applicable to a more general system
supporting multiple users simultaneously. On the other hand, in order to support
simultaneous energy-efficient multi-user communications, orthogonal frequency
division multiple access (OFDMA) is an ideal candidate, as it has been commonly
adopted in various conventional communication systems [19,22,71]. In particular,
OFDMA provides a high flexibility in resource allocation for exploiting multi-
user diversity to improve the system energy efficiency. For instance, in [66,72],
OFDMA was adopted for UAV communication systems and a joint trajectory and
resource allocation design was proposed to maximize the minimum data rate for
fairness the QoS constraints. Moreover, as a multiple access technology beyond
OFDM, NOMA provides a higher flexibility in resource allocation for improving
the system spectral efficiency, especially considering the diverse QoS requirements
of users. In [73,74], the UAV-NOMA communication systems were designed
to maximize the achievable data rate or minimizing the power consumption
of the system. Thus, diverse channel conditions need to be explored for UAV

communication systems.
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1.3.6 Summary

In this part, we summarize the main issue of UAV communications studied in the

literature review, which motivates the thesis.

e Due to the total energy budget for maintaining both stable flight and
communication is limited by the onboard battery capacity, the resource
allocation and trajectory for the UAV communication systems are need to

be designed.

e Since the LoS paths dominate the air-to-ground communication channels,
UAV-based communication systems are susceptible to potential eavesdrop-
ping, physical layer security is an important point for UAV communications

requiring a thorough investigation.

e Since the Rician factor is related to the UAV’s flight altitude and there is a
non-trivial trade-off between the outage probability and channel gain, the
design of UAV’s 3D trajectory taking into account the altitude-dependent

Rician fading channel is necessary.

e To improve the end-to-end channel quality between the UAV and users,
adopting IRS to reflect the spread communication power from the environ-

ment towards users needs to be explored.

e NOMA protocol for UAV communications can fully adopt the mobility of
the UAV to transmit information for two users with near-farness pairing,
which strongly improve the DoF for resource allocation design. Yet, the
efficient resource allocation optimizations for UAV-NOMA communications

are remain unknown.
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1.4 Thesis Outline and Main Contributions

1.4.1 Thesis Organization

In this subsection, the outline of each chapter in this thesis is given. There
are six chapters in total, including an introduction of the thesis, the necessary
background knowledge, the technical details of the conducted research, and the
conclusion of this thesis.

Chapter 1

This chapter provides an overview of 5G communications and the motivation
of the considered research questions of the thesis and the existing works are
presented. It also provides the outline and the main contributions of this thesis.

Chapter 2

This chapter presents some background knowledge including the types of
UAVs, channel model, energy efficiency, and resource allocation design method-
ologies.

Chapter 3

This chapter discusses the joint trajectory and resource allocation design for
energy-efficient secure UAV communication systems, which taking into account
the maximum tolerable leakage signal-to-interference-plus-noise ratio (SINR) to
eavesdroppers and the minimum individual user data rate requirement. A low-
complexity suboptimal iterative algorithm is provided for maximizing the system
energy efficiency. The proposed schemes and approaches in this chapter serve as
building blocks for the studies in the following chapters.

Chapter 4

This chapter studies the resource allocation for power-efficient TRS-assisted

UAV communications considering pure LoS dominated channel with perfect
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CSI, the energy budget of the IRS, 2D trajectory design of the multiple-
antenna allocated UAV, and TDMA protocol. A joint design of user scheduling,
power allocation, UAV’s trajectory, UAV’s flight velocity, the transformer’s
beamforming precoder, and the phase control policy of the IRS for minimize
the total power consumption is formulated and solved. The study of this chapter
can be extended to a more practical model considering 3D trajectory design and

NOMA transmission which will be studied in Chapter 5.
Chapter 5

This chapter proposes the resource allocation and 3D trajectory design for
power-efficient IRS-assisted UAV-NOMA communications by taking into account
the altitude dependent Rician fading, minimum individual data rate requirement,
and the outage probability limitation. A suboptimal resource allocation design for

minimizing the average total power consumption is also presented in this chapter.

The proposed schemes in Chapters 3-5 can be utilized in practice, e.g.,
adopting the UAV as a temporary base station for the specific situation if the
tradition base station is damaged, adopting the UAV as a patrol jammer for
the emergency scenario maintaining security, and adopting the IRS to reuse the

spread signal in the energy crisis area or situation.
Chapter 6

This chapter presents the conclusions of this thesis and the contribution of
the works during my Ph.D. research. The potential future work related to this

thesis are also introduced.
Appendix

Appendixes A-D discuss some fundamental knowledge about convex optimiza-

tion techniques, the proof of theories, and algorithm convergence of Chapters 3-5.
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1.4.2 Research Contributions

This thesis studies the resource allocation and trajectory design of the UAV
communications. The developed theoretical results can serve as guidelines for
the practical implementation of UAV in future wireless communication systems.
A detail presented of the research contribution in Chapters 3-5 are listed in the

following.

e Chapter 3 studies the joint trajectory, resource allocation, and jamming
policy design for energy-efficient secure UAV-OFDMA communication
systems. In particular, an information UAV provides energy-efficient
secure communication for multiple legitimate users adopting OFDMA in
the existence of multiple eavesdroppers, with the assistance of a multiple-
antenna jammer UAV patrolling with a fixed trajectory. The joint design is
formulated as a non-convex optimization problem to maximize the system
energy efficiency taking into account the maximum tolerable leakage signal-
to-interference-plus-noise ratio (SINR) to eavesdroppers and the minimum
individual user data rate requirement. Since the formulated problem is non-
convex which is generally intractable, we propose an iterative algorithm to

achieve a suboptimal solution of the formulated problem.

The results in Chapter 3 have been presented in the following publications:

— Y. Cai, Z. Wei, R. Li, D. W. K. Ng, and J. Yuan, “Energy-Efficient
Resource Allocation for Secure UAV Communication Systems,” in

2019 IEEE Wireless Commun. Netw. Conf. (WCNC), Apr. 2019,
pp- 18.

— Y. Cai, Z. Wei, R. Li, D. W. K. Ng, and J. Yuan, “Joint Trajectory

and Resource Allocation Design for Energy-Efficient Secure UAV
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Communication Systems,” IEEE Trans. Commun., vol. 68, no. 7,

pp. 4536-4553, Mar. 2020.

e Chapter 4 aims to minimize the average total power consumption of the

system via jointly optimizing the resource allocation and trajectory while
considering the minimum data rate requirement of each user. We propose
an iterative algorithm based on the alternating optimization technique to
achieve a suboptimal solution efficiently. The numerical results evaluate the
system performance gain of the proposed algorithm over baseline schemes

without IRS or a fixed straight flight trajectory with a constant flight speed.

The results in Chapter 4 have been presented in the following publications:

— Y. Cai, Z. Wei, S. Hu, D. W. K. Ng, and J. Yuan, “Resource
Allocation for Power-Efficient TRS-Assisted UAV Communications,”
in Proc. IEEE Intern. Commun. Conf. Workshops (ICC Workshops),
Jun. 2020, pp. 17.

Chapter 5 studies the joint design of the resource allocation, UAV’s 3D
trajectory, and its flight velocity, as well as the phase shift control of the
IRS in a practical altitude-dependent Rician fading channel for power-
efficient IRS-assisted UAV-NOMA communications. The joint design is
formulated as a non-convex optimization problem to minimize the average
total power consumption of the system taking into account the minimum
data rate requirement of each user and the maximum tolerable outage
probability constraint. Since the formulated problem is non-convex and
highly intractable, we first propose a closed-form phase control policy for
IRS. Then, to handle the intractability caused by the altitude-dependent

Rician fading channel, we employ a deep neural network (DNN) technique
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to approximate the outage-guaranteed effective channel gain. Furthermore,
the obtained results are exploited to serve as a building block for the design

of an iterative optimization algorithm for addressing the design problem.

The results in Chapter 5 have been presented in the following publications:

— Y. Cai, Z. Wei, S. Hu, C. Liu, D. W. K. Ng, and J. Yuan,
“Resource Allocation and 3D Trajectory Design for Power-Efficient
IRS-Assisted UAV-NOMA Communications,” IEEE Trans. Commun.,

major revision, Apr. 2021.

1.5 Summary

This chapter briefly introduces of the 5G wireless networks and UAV
communication techniques, including the research challenges and related
works. Besides, the thesis outline and the main contributions of this thesis

are listed in this chapter.






Chapter 2

Background

2.1 Introduction

In this chapter, we first introduce the related background information of
unmanned arial vehicle (UAV), e.g., different types of UAV and the adopted flight
power consumption model. Subsequently, we briefly introduce the fundamental
knowledge of UAV communications, e.g., the channel models, the definition
of energy eiciency, and the potential multiple access techniques for UAV
communications. Finally, we introduce the optimization-based resource allocation
design framework for UAV communication systems. The materials in this chapter
serve as technical guidelines to provide the necessary background to understand

the works in the later chapters.

2.2 UAV’s Flight Power Consumption Model

There are generally two types of UAVs adopted in wireless communication
systems, i.e., the fixed wing UAV [1] and the rotary wing UAV [3]. In this

thesis, we adopt a rotary wing UAV since it has a higher flexibility than that

19
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of the fixed wing UAV for trajectory and resource allocation design. Due to the
size, weight, and power (SWaP) limitation of the UAV, taking into account the
flight power consumption of the UAV is necessary for the design of the UAV’s

trajectory. The flight power consumption of a rotary wing UAV is given by [3]

2
3v? v v? 1
Prignt = P, [ 1+ —— Ply1+——-=— —dypsAv® 2.1
flight ( +QQT2)+ ( +4U61 21}3> +2 0pSAv ( )
N NV - N J/ W
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37}2 PZ"UO 1 3
~ P, (1 + 927&) ” + §d0psArv , (2.2)

where v € R denotes the UAV’s horizontal flight velocity. The physical meanings
of the parameters in ({2.1)) and are summarized in Table . Note that since
the total power in is a non-convex function with respect to (w.r.t.) flight
velocity, which is approximated by a convex function in to improve the
model tractability. Fig. illustrates the total power in , the approximated
total power in , the blade profile power, the induced power, and the parasite
power consumptions in (2.1)) versus the flight velocity. We can observe that the
flight velocity with the highest power-efficiency located in the medial range to
strike a balance between the cruising speed and the power consumption. Note
that the power consumption models will be adopted in Chapters 3-5 to facilitate

effective resource allocation design.

2.3 Channel Models

Generally, wireless communication systems operate with electromagnetic (EM)

waves. In theory, a communication channel in the space can be characterized by
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Figure 2.1: The flight power consumption of the rotary-wing UAV.

the Maxwell’s equations :

0B

9b E — 2.

BT +V x 0, (2.3)
V.-D =p, (2.4)

oD

- H=-— 2.

5 +V x J, (2.5)
V-B=0, (2.6)

where t € R, p, and J are the time, the total electric charge density, and the
total electric current density, respectively. % denotes the partial derivative of a
function w.r.t. t. Note that E, D, H, B denote the electric field intensities, the
electric displacement, the magnetic field intensities, and the magnetic induction,

respectively. In particular, equation (2.3) is Faraday’s law and illustrates the



22 2. BACKGROUND

Table 2.1: Notations and physical meaning of variables in power consumption
model.

Notations Physical meaning
Q Blade angular velocity in radians/second
r Rotor radius in meter
p Air density in kg/m?
s Rotor solidity in m?
A, Rotor disc area in m?
P, Blade profile power in hovering status in watt
P, Induced power in hovering status in watt
Vo Mean rotor induced velocity in forwarding flight in m/s
do Fuselage drag ratio

effect of a altering magnetic field on the electric field. Besides, the Gauss’s law
in divergence condition denotes the influence of the changing density on the
electric displacement. Also, the Ampere’s circuital law as in (2.5 is modified
by Maxwell. Finally, denotes the fact that the magnetic induction B is

solenoidal.

Despite the high accuracy of the Maxwell’s equations, they are not commonly
adopted in developing communications theory due to their intractabilities. For
example, these equations require the complete knowledge of all physical objects
in the channel such as the distances and the reflecting indices which are generally
not available in ad-hoc wireless communication networks. To strike a balance
between accuracy and model tractability, in wireless communications, stochastic
based channel fading models are introduced to simplify the performance analysis
of wireless communication systems. Roughly speaking, the channel fading in the

area of wireless communication research can be divided into two types:

e Large-scale fading: It is caused by the path loss attenuation of the signal
as a function of distance and shadowing caused by large objects such as

buildings and hills.
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o Small-scale fading: It is caused by the constructive and destructive

additions of the multi-path signals between the transmitter and receiver.

We will discuss both types of fading modelings in the following.

2.3.1 Large-scale Fading Models

Free Space Path Loss Model:

Consider a signal transmitted through the free space without any obstructions
between the transmitter and the receiver. The free-space path loss is defined as

the path loss of the free-space model [76]:

P, And)?
Py (d) [dB] = 10log, 2t = 10108,

Fr 10@7 (27)

where d is the distance between the transmitter and the receiver, A\ is the
wavelength of the information-carrying signal, P, denotes the transmit power,
P, denotes the received power, GGy represents the transmit antenna gain, and G,
is the receiving antenna gain.

Simplified Distance-based Path Loss Model

Depending on the potential application, a further simplified distance-based
path loss model has been widely used in the literature [77,[78] for the ease of
system design and performance analysis. This model emphasizes the impact of

propagation distance d, which is given by:

1

P, (d) = 1T

(2.8)

where ny, is the path loss exponent. In this model, the path loss is only a simple

function w.r.t. the distance d between the corresponded transmitter and the
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receiver. The simplified distance-based path loss model is adopted in Chapters

3-5 of this thesis.

Shadowing Model

The shadowing effect is the influence on the received signal power fluctuation
due to the objects blocking the propagation path between the transmitter and
the receiver. These fluctuations are experienced through the local-mean square
power, which means that the short-term average eliminates the fluctuations
caused by multi-path fading. The received power fluctuates with a “log-normal”

distribution is given by

Pr#(d)[dB] = P(d)[dB] + AP, [dB], (2.9)

where APy, ~ N(0,0?%) and 0 means the variance of the Gaussian distribution.
In UAV communication systems proposed in this thesis, the shadowing is
negligible since the line-of-sight (LoS) paths dominate the air-to-ground wireless

channel as discussed in the following.

2.3.2 Small-scale Fading Models

The large-scale fading model parameters are associated with the macro-scattering
environment and change relatively slowly over time. In contrast, small-scale
fading models are established primarily to characterize the constructive and
destructive patterns in different multi-path components introduced by the
channel, often showing rapid fluctuations in the signal’s envelope across a small

distance.

Rician Fading Model

When a LoS path dominates the wireless channel than other non-line-of-sight
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Figure 2.2: The vertical AoDs between the UAV and GU.

(NLoS) paths, the commonly adopted channel model is Rician fading model. In

this case, the narrow band channel h can be modeled as

K LoS 1
=,/ — A 2.1
h \//i—i—lh +\/f<;—i—1 b, (2.10)

where h™S denotes the LoS component of the channel h and Ah ~ CN(0,0?).

The Rician factor x is the ratio of the energy in the LoS path to the energy in
the scattered paths. The magnitude |h| follows a Rician distribution. Thus, this

channel model is referred to as the Rician fading model [79].

Altitude-Dependent Rician Fading Model

In fact, for UAV communication systems, the altitude-dependent Rician factor

for UAV-ground user (GU) link can be modeled by an exponential function [40,
80|, which is given by

k= Ajexp (A20), (2.11)

where 6 is the elevation angle-of-departure (AoD) from the UAV to GU, as shown

in Fig. 2.2] and is given by
6 = arctan (2) : (2.12)
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Figure 2.3: The Rician factor k versus the UAV’s flight altitude with different
horizontal distances between the UAV and the GU.

where d denotes the horizontal distance between the UAV and the GU. Note that
Ay > 0 and Ay > 0 are constant parameters related to the terrain environment
and can be obtained via long-term measurements. Then, we can observe that
the Rician factor is bounded by Kpin < £ < Kmax, Where Kpin = A1 and Koy, =
A2/, Fig. illustrates the Rician factor x versus the UAV’s flight altitude
with difference horizontal distances between the UAV and GU. We can observe
that the Rician factor x increases as the UAV’s flight altitude increases for all
the considered horizontal distances. In specific, both the Rician factor x and
its increasing slop are higher when the UAV is horizontally closer to the GU.
The altitude-dependent Rician fading model will be adopted in Chapter 5 of this

thesis.
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2.4 Energy Efficiency

In this section, we introduce the basic definitions of the energy efficiency adopted

in this thesis.

In UAV communication systems, the energy efficiency has emerged as a
new pivotal and fundamental figure of merit since the limited energy capacity
equipped at the UAV. Besides, energy consumptions and related environmental
issues become a hot topic today. In general, energy efficiency is essentially in the
form of a cost-benefit raticﬂ to evaluate the amount of data successfully delivered
by utilizing the limited energy resource (bits/Joule) of the system. The energy

efficiency is defined as [10}/19,20]

W log, (1 + p'%f)

EE = ,
0p + Pc + Paight

(2.13)

where W, p, h, and o2 in the numerator represent the bandwidth, the transmission
power, the channel gain, and the noise power, respectively. Note that P denotes
the static circuit power consumption associated with communications, Phpignt
represents the UAV’s flight power consumption as in , and & > 1 captures
the inefficiency of the transmit power ampliﬁerﬂ In the following chapters, the
energy-efficient communication systems are adopted by maximizing the energy
efficiency or minimizing the total power consumption with system performance
requirements. The detail discussion about maximizing the energy efficiency as

the objective is given in Section 2.6.1 and Chapter 3.

Tt should be noted that there are alternative types of energy efficiency definitions, such
as from facility level, equipment level, and network level, respectively [81], depending on the
design of specific systems.

2Here, we assume that the power amplifier operates in its linear region and the hardware
power consumption Pc is a constant.
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2.5 Fundamental of Multiple Access

Multiple access techniques divide the total dimension of the signaling into chan-
nels and then assign these channels to different users. The multiple access schemes
enable the UAV communications to serve multiple users via limited system
resources. The most commonly adopted methods are to divide the signal space
along the time, frequency, and/or code dimension. In particular, the different
users are allocated by an orthogonal division along these dimension: time-division
multiple access (TDMA), frequency-division multiple access (FDMA), and code-

division multiple access (CDMA).

2.5.1 Orthogonal Multiple Access (OMA)

Time-Division Multiple Access (TDMA)

For TDMA protocol, e.g., global system for mobile communications (GSM)

in the second-generation (2G) communication systems, the time dimension is
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divided into non-overlapping channels and each user is allocated to a different
cyclically repeating time slot, as shown in Fig. [2.4, These TDMA partitive
channels occupy the entire system bandwidth, usually a narrow band for
simplicity. The cyclically repeating time slots imply that the transmission of
each user is bursty across time. As such, a digital transmission technology that
allows buffering is required. Also, TDMA has the advantage that it allows the
flexibility of assigning multiple channels to a single user simply by assigning
multiple time slots, e.g., general packet radio service (GPRS) in 2G, for handling
data-hungry tasks. However, the main difficulty with TDMA is the requirement
for synchronization among different users with different receive distances. For
example, to maintain orthogonal time slots in the received signals, the different
uplink transmitters must be synchronized. In such a way, after transmission
through their respective channels, the received signals remain orthogonal in time.
Besides, multi-path can also destroy time-division orthogonality if the multi-path
delays are a significant fraction of a time slot. Therefore, TDMA channels often
have guard bands between them to compensate for time synchronization errors
and multi-path. In Chapter 5 of this thesis, the TDMA protocol is adopted as a

baseline scheme.

Frequency-Division Multiple Access (FDMA)

In FDMA, the system is divided across the frequency dimension into non-
overlapping channels and each user is allocated to a different frequency channel,
as shown in Fig. [2.5] The channels often have guard bands between them
to compensate for imperfect filters, adjacent channel interference, and spectral
spread due to Doppler. In contrast to TDMA, the transmission is continuous in

time, which requiring real-time signal processing.

Code-Division Multiple Access (CDMA)
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Figure 2.5: Frequency-division multiple access.

In CDMA, the information signals from different users are modulated by
orthogonal spreading codes, e.g., interim standard 95 (IS-95) in the 2G and
wideband-CDMA (WCDMA) in the third-generation (3G) wireless communi-
cation systems. The resulting spread signals simultaneously occupy the same
bandwidth at the same time, as shown in Fig. [2.6, The receiver exploits the
spreading code structure to separate the different users. However, the system
performance is limited by the numbers of code, i.e., 64 code channels in the

downlink of IS-95 while it is interference-limited in the uplink.

2.5.2 Non-Orthogonal Multiple Access (NOMA)

In this section, we follow a similar approach as in [23] to discuss the basic
knowledge of non-orthogonal multiple access (NOMA). Recently, NOMA has
drawn a lot of attentions as an important enabling technique to fulfill the
challenging requirements of the next generation wireless networks, such as massive

connectivity, high spectral efficiency, and improved energy efficiency [82-88]. In
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contrast to conventional orthogonal multiple access (OMA) schemes, NOMA
allows multiple users to share the same degrees of freedom (DoF) via power-
domain and/or code-domain multiplexing at transmitter side and to perform
multi-user detection (MUD) at receiver side to retrieve the messages of multiple
users [83H85]. One can refer to various survey papers in [83-85] for more details. It
is known that NOMA is beneficial to supporting a large number of connections to
achieve resource allocation fairness by introducing controllable symbol collisions
in the same DoF. In recent years, NOMA has been extensively studied in the
literature, e.g., |10,/89-93] and it has been shown that NOMA can achieve
a considerable performance gain over conventional OMA schemes in terms of
spectral efficiency and energy efficiency. In fact, the concept of non-orthogonal
transmissions can be dated back to the 1990s, e.g., [94,(95], which serves as a
foundation for the recent development of NOMA [36,96-98]. However, NOMA
has rekindled the interests of researchers, due to the benefit of the recent advances

in signal processing and silicon technologies [99,100]. For example, the industrial
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Figure 2.7: A downlink NOMA system model.

community has proposed up to 16 various forms of NOMA as the potential
multiple access schemes for the fifth-generation (5G) networks [101]. Specifically,
the NOMA can be applied on the top of other multiple access protocols.

Fig. illustrates a multi-carrier downlink NOMA system with one base
station (BS) and two GUs. In this NOMA system, each subcarrier is multiplexed
with two users concurrently. According to the conventional approach, for GU
1 who has a better channel quality, it should decode and remove the messages
of GU 2 via successive interference cancelation (SIC) before it decodes its own
signal. The power allocation of GU 2 is higher than GU 1 to facilitate decoding.

The application of NOMA to UAVs wireless communication systems have
various advantages, compared with the non-scalable OMA scheme. In particular,
NOMA allows UAVs to reuse the resource blocks which already occupied by
ground users, thus increasing the number of air users that can be supported even
in the case of a high ground user density. For the case where all users located

on the ground, the mobility of the UAV can fully adopt near-farness pairing of



2.6 Optimization and Resource Allocation Designs 33

the GUs to transmit information, which strongly improve the DoF for resource

allocation design.

2.6 Optimization and Resource Allocation De-
signs

In UAV wireless communications, resource allocation is the concept of making the
best use of limited communication resources based on the information available at
the resource allocator to improve the system performance, as shown in Fig. 2.8
Specifically, resource allocation designs rely on the application of the optimization
theory to optimize the system performance taking into account various quality
of service (QoS) constraints. The available information at the resource allocator
usually includes the channel state information (CSI), the transmit power budget,
the UAV’s trajectory design, and the available bandwidth as well as time
resources. Typically, the resource allocation design objectives are maximizing the
system sum-rate [32[88}|102], maximizing the system energy efficiency [19,20}/53],
or minimizing the system power consumption [93,103,(104]. In the following, we
adopt a similar approach as in 23] to discuss the basic knowledge of resource

allocation for wireless communication systems with UAV.

2.6.1 Design Objectives

In the following, we briefly introduce three kinds of design objectives commonly

used in the literature.

System Sum-rate Maximization

Considering a communication system with K users, the objective function for
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Figure 2.8: Optimization-based resource allocation design framework.

maximizing the system sum-rate is given by

P, : maximize ZR’“ (2.14)

xES

where x € C™*" denotes the optimization variables, e.g., power allocation, user
scheduling and UAV’s trajectory, and S represents the feasible solution set. The

individual transmission data rate of user k can be expressed as Rj(x).

System Power Consumption Minimization

When the resource allocation design is applied to minimize the system total

power consumption, the objective function is given by

: minimize Zpk ) + Paight (X)), (2.15)

XES

where pi(x) and Ppign(x) represent the transmit power for user k£ and the flight
power consumption of the UAV, respectively, which are functions of optimization
variables x, e.g., user scheduling, power allocation, UAV’s trajectory, and rate
allocation, etc. The power consumption minimization as the objective function

is adopted in Chapter 4 and Chapter 5 of this thesis.

System Energy Efficiency Maximization
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When the resource allocation design is applied to maximize the system energy

efficiency, the objective function is given by

K
P5 : maximize Zkzl Rk(x)

_ _ (2.16)
xes S (0pr(x) + Po) + Paigne(x)

In the denominator, % and Pc , represent the efficiency of the power amplifier of
the transmit antenna and the static circuit power consumption associated with
user k, respectively. The system energy-efficiency as the objective function is

adopted in Chapter 3.

2.6.2 QoS Constraint

To satisfy diverse QoS requirements for different applications, different types
of QoS constraints can be incorporated in the problem formulation of resource
allocation designs. In fact, QoS constraints combined with the system resource
limitations usually span the feasible solution set S for the optimization variable,
ie., x € S. In general, the minimum data rate constraint commonly adopted in
the literature is introduced in the following.

Minimum Data Rate Requirement

The minimum data rate requirement limits the minimum data rate R for
user k, i.e.,

Ri(x) > R, (2.17)

where RP™" is usually preset and obtained during the information collection
phase in Fig. 2.8 The minimum data rate requirement is imposed for resource
allocation design to guarantee the QoS of each user. Hence, introducing a
minimum data rate requirement can effectively balance the system performance

and each user’s QoS requirement, which will be adopted in Chapters 3 — 5 of this
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thesis.

2.6.3 Channel Uncertainty Model

The robust resource allocation design is necessary to offer wireless communication
systems to against the channel uncertainty. In this part, we introduce two models
for the robust communications adopted in this thesis, i.e., the probabilistic model
and the worst case model.

Probabilistic Model

For the probabilistic model, the channel uncertainty can be expressed as:
h =h+ Ah, (2.18)

where Ah € C™!' ~ CN(u,0?) denotes the distribution of the channel
uncertainty, which is adopted in Chapter 5 of the thesis and the commonly
adopted the related outage probability constraint is introduced in the following.

Outage Probability Requirement

For a communication system with imperfect CSI at transmitter side, there
exists a non-zero probability that the scheduled data rate exceeds the instan-
taneous channel capacity. In this case, even applying powerful error correction
coding cannot prevent packet error and thus an outage occurs. As a result,
the outage probability for the communication link of user k£ for given estimated

channel h can be defined as
Pousi(x) = Pr{Ci(x) < Ry(x)|h}, (2.19)

where Ry(x) is the allocated data rate for user k& and Cy(x) is the channel

capacity of the communication link for user k. They both depend on the resource
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allocation policy and the channel fading between the UAV and the users. Thus
the outage probability is a function of the resource allocation variables and UAV’s
trajectory, i.e., x. The outage probability constraint has been employed for
resource allocation design to enhance the communication reliability [93}/105]. In
particular, the outage probability of user k£ should be smaller than the maximum

tolerable outage probability Fout,ka ie.,

Pout,k (X) S Fout,k' (220)

This probabilistic constraint takes the CSI imperfectness into consideration and
hence is very useful for robust resource allocation in wireless communications. We
note that the robust resource allocation design based on outage probability only
needs to know the statistical CSI at the transmitter, rather than the instantaneous
CSI. This makes the outage-constrained resource allocation design more practical
since statistical CSI is usually available based on the long term measurements
and does not change so fast as the instantanecous CSI. The outage probability
requirement will be adopted in Chapter 5 of this thesis.

Worst-Case Model

For the worst case model, the channel uncertainty can be expressed as the
same function in (2.18]), where |[Ah| < p denotes the channel estimation error.
p > 0 represents the maximum value of the estimation error. The worst case

model will be adopted in Chapter 3 of this thesis.

2.7 Summary

In this chapter, we present the background materials on wireless communications

and resource allocation which are closely related to and required by the research
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work in this thesis. The main points presented in this chapter are summarized

as follows.

e We briefly introduced the adopted UAV’s flight power consumption model.

e We introduced the channel fading in wireless communications and presented

the typical channel models adopted in the later chapters.

e We provided some basic knowledge and definitions on the system energy

efficiency.

e We also presented the optimization-based resource allocation design frame-
work, including the commonly adopted design objectives and the QoS

constraints.



Chapter 3

Joint Trajectory and Resource

Allocation Design for
Energy-Efficient Secure UAV

Communication Systems

3.1 Introduction

In this chapter, we study the joint trajectory, resource allocation, and jam-
ming policy design for energy-efficient secure unmanned aerial vehicle (UAV)-
orthogonal frequency division multiple access (OFDMA) communication systems.
In particular, an information UAV provides energy-efficient secure communication
for multiple legitimate users adopting OFDMA in the existence of multiple
eavesdroppers, with the assistance of a multiple-antenna jammer UAV patrolling
with a fixed trajectory. The joint design is formulated as a mnon-convex

optimization problem to maximize the system energy efficiency taking into

39
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Figure 3.1: A UAV-OFDMA system with a multi-antenna jammer UAV, multiple
legitimate users, and multiple potential eavesdroppers. The dotted circles denote
the uncertainty of the eavesdroppers.

account the maximum tolerable leakage signal-to-interference-plus-noise ratio
(SINR) to eavesdroppers and the minimum individual user data rate requirement.
Since the formulated problem is non-convex which is generally intractable, we
propose an iterative algorithm to achieve a suboptimal solution of the formulated
problem. To this end, we first divide the formulated problem into two sub-
problems and solve them alternatively via alternating optimization. In each
iteration, a suboptimal solution can be achieved by employing successive convex

approximation (SCA) and the Dinkelbach method with fast convergence.
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3.2 System Model

A UAV-based OFDMA[T| communication system is considered which consists of a
UAV serving as an information transmitter, K legitimate users, and another UAV
serving as a jammer to combat E non-cooperative potential eavesdroppers, as
shown in Fig. [3.1l The information UAV, the legitimate users, and the potential
eavesdroppers are single-antenna devices. On the other hand, we assume that
the jammer UAV is equipped with Ny = Nj, x Nj, antennas such that Ny >
E. Besides, artificial noise is generated from the jammer UAV and is steered
towards eavesdroppers for ensuring communication security. To facilitate the
system design and simplicity, the jammer UAV patrols the service area with a
fixed trajectory and a constant flight Velocityﬂ Note that although the jammer
UAV cruises with a defined trajectory, it can generate focused artificial noise
to interference the eavesdroppers via exploiting the spatial degrees of freedom
(DoF) brought by the multiple antennas. We assume that the total bandwidth
and the time duration of the system are divided equally into N subcarriers and
N time slots, respectively. Besides, in the system, we assume that the information

UAV and the jammer UAV operate at a constant altitudeﬂ H and all the ground

In this chapter, we consider a more general problem formulation where user scheduling
is performed in subcarrier-level. This study is applicable to the special case where resource
allocation is performed in resource block levels.

2In this paper, we assume that the jammer UAV has a fixed trajectory and a constant flight
velocity to simplify the design of resource allocation. Note that the proposed framework can
achieve a superior performance compared to existing designs, e.g., [35,/44], as will be verified in
the simulation section. Optimizing multi-antenna information UAVs trajectory is an interesting
but challenging work and will be considered in our future study.

3We note that since the channel between the UAV and the ground terminals are LoS
dominated [44}[57,,|58], the UAVs would fly at the lowest allowable flight altitude to obtain
a higher channel gain for maximizing the system energy efficiency. Thus, we consider a fixed
UAVS’ flight altitude of H = 100 m. Since the constant flight altitude does not affect our design,
it can be easily extended to different scenarios when the information UAV and the jammer UAV
have different flight altitudes. The design of variable H is an interesting topic which will be left
for future work.
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nodes, i.e., legitimate users and eavesdroppers, are fixed during N time slots.
To facilitate secure communication, artificial noise is generated z}[n] € CN*! on
subcarrier i € {1,..., Ng} at time slot n € {1,..., N} by the jammer UAV. Note
that the duration of each time slot n is denoted by 7. Furthermore, we assume

that z][n] can be modeled by a complex Gaussian random vector:

z][n] ~ CN(0,Z][n]), (3.1)

where ZJ[n] € HY with Z![n] = 0 represents the covariance matrix of the
artificial noise on subcarrier i at time slot n. The artificial noise signal z;[n]
is unknown to both the legitimate receivers and the potential eavesdroppers. We
introduce a multi-antenna jammer UAV to assist the UAV-based communication
system to guarantee secure communication. Although the additional artificial
noise generated by the jammer UAV may cause interference to legitimate
ground users, the artificial noise is optimized and mainly focused on the
eavesdroppers. If the jamming does not improve the system performance, the
proposed optimization framework will set Z[n] = 0 automatically to shut down
the artificial noise transmission. In the considered system, the air-to-ground
channel is dominated by line-of-sight (LoS) links with a reasonable flight height
and all size [106}/107]. To simplify the design in the sequel, we assume that the
channel is modeled by pure LoS links as commonly adopted in the literature,
e.g., [1,38,/43,57]. As the UAV communication channel is dominated by the LoS
linksﬂ the channel state information (CSI) between each node and each UAV can

be determined by its location [4,43,44,57,58,/108]. Besides, the desired ground

4Based on field measurements [106}[107], the air-to-ground links between the UAVs and the
ground terminals are LoS channels in rural areas when the flight altitude of a UAV is 100 meters
and the length of side of the service area is 500 meters. Besides, the adopted LoS model can
facilitate the design of resource allocation and trajectory in the sequel.
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node users perform handshaking with the system regularly such that accurate
location information is available for resource allocation design. In contrast, since
potential eavesdroppers are usually less active in the systems, we assume that
only the estimations of their locations are available. Thus, the distances between
the information UAV and user k € {1,..., K} as well as the jammer UAVH and

user k at time slot n are given by

dn] = /167 — t1[n]|2 + A2 and (3.2)
V[ = /It — e [n] |12 + B2, (3.3)
respectively. tY = [zV,y/|T € R?*! represents the location of ground user k,

tin] = [2'[n],y'[n]]" € R**! and t’[n] = [2)[n],y’[n]]" € R**! represent the
horizontal location of the information UAV and the jammer UAV at time slot n,
respectively. Similarly, the distance between the information UAV and potential

eavesdropper e € {1,..., F'} is given by

A=) = \/I[E2 + AtE - t1[n] |2 + B (3.4)

and the distance between the jammer UAV and eavesdropper e at time slot n is

given by

d!"n] = /I8 + A — t9[n]|? + H?, (3.5)

where t? = [2F,gF]T € R**! represents the estimated location of potential

eavesdropper e and AtF = [AzE AyF]T € R**! denotes the estimation error of

5We assume that all the antennas have roughly the same distance between the jammer UAV
and user k. In fact, this assumption generally holds as antenna separation at the jammer is
generally much shorter compared to the distance between the jammer UAV and ground users.
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Table 3.1: Notations and physical meaning of variables in power consumption
model.

Notations Physical meaning
Q Blade angular velocity in radians/second
r Rotor radius in meter
p Air density in kg/m?
s Rotor solidity in m?
A, Rotor disc area in m?
P, Blade profile power in hovering status in watt
P, Induced power in hovering status in watt
Vo Mean rotor induced velocity in forwarding flight in m/s
do Fuselage drag ratio

tE. Without loss of generality, we assume that the estimation error satisfies [44]

1AL < (@2, (3.6)

where QF is the radius defining the circular uncertain region centered at the
estimated location of eavesdropper e. In this chapter, we adopt this worst case
model instead of the probabilistic model [19] as the probabilistic model can be

easily converted to the deterministic model under some mild conditions [109].

3.2.1 UAYV Power Consumption Model

To facilitate the design of energy-efficient resource allocation, the system power
consumption is defined as follows. The flight power consumption for the rotary-
wing UAV is a function of its flight velocity. In particular, the flight power

consumption models of the information UAV and the jammer UAV are given
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by [3]:

3||vin]||? P 1
P&ight[n] =P, (1 + HV—[H]H> + — i + §d0psAr||VI[n]H3 and (3.7)

Q2r? [IVIall
3[vI[n]|? Py 1
J _ i I103
Pﬂight[n] - PO (1 + 022 + HVJ[n]” + EdOpSArHV [n]H ’ (38)
respectively, where v'[n] = [v}[n],v}[n]]T € R**! and v’[n] = [v][n],v)[n]]" €

R2*! The notations and the physical meanings of the variables in and
are summarized in Table [3.1] We can observe that the flight power consumption
is a convex function with respect to (w.r.t.) the flight velocity for both the
information UAV and the jammer UAV. In this work, we assume that the
trajectory of the jammer UAV follows a fixed path with a fixed velocity [110].
In fact, v?[n] is selected by the most energy-efficient flying velocity according
to the setting in [3]. Since the jammer UAV is equipped with an antenna
array, the beamformed artificial noise can combat the channels of eavesdroppers
deliberately for providing secure communication to legitimate users. The total
power consumption of the information UAV and the jammer UAV at time slot
n in Joules-per-second (J/sec) includes the communication power and the flight

power which can be modeled as

K Ny

PtIotal[ ] = Z Z S}c,z C + PC + Pﬂlght[ ] and (39)

k=1 i=1

J/

vV
Information signals power

Pigaln] = ZTr(Zf[n]) ¢" 4 PE + PaigeInl, (3.10)

Jamming signals power

respectively. The constants ¢!, ¢’ > 1 denote the power inefficiency of the power

amplifier at the information UAV and the jammer UAV, respectively. Variable
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Figure 3.2: Downlink LoS channel model between the jammer UAV and the
ground terminals. The left hand side figure shows the vertical AoDs, #]V[n] and

07E[n], for user k and eavesdropper e, respectively. The right hand side figure

shows the horizontal AoDs, ¢Y[n] and ¢/¥[n], for user k and eavesdropper e,

respectively.

Pj.i[n] denotes the information transmit power allocation for user k on subcarrier
i at time slot n. P} and PZ denote the constant circuit power consumptions of

the information UAV and the jammer UAV, respectively. The binary variable
I

sp.in] = 1 represents that subcarrier 7 is assigned to user k at time slot n.

Otherwise, s}, ;[n] = 0.

3.2.2 Downlink Channel Model

We assume that the channels from the UAVs to all ground receivers are dominated
by the LoS paths and the Doppler effect is well compensated. Thus, the channel
power gain between the information UAV and user k£ as well as eavesdropper e at
time slot n can be characterized by the commonly adopted free-space path loss

model, [3/31], which are given by

wr, B Bo
n ) = e = e e e (3.1)
PIBfn] = — L0 o (3.12)

(dF[n])2 ~ |[t. + At, — tl[n][2 + H?
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respectively. The constant [, represents the channel power gain at a reference
distance. Besides, the channel vectors between the jammer UAV and user k as

well as between eavesdropper e at time slot n are given by

T
hJU[n] — <1 e—j 27;€J sin GiU[n} cos glgU[n] e_j% sin eiU[n](NJI—l) cos §,‘C]U[n]>
k - ) PRI
%552 sin 0V [n]sin 6]V AL G 60 ] (Nyy—1)sin 290n] )
®|(1e I3 k Sk ,...€ I 4 Ty s (3‘13)
and
hJE[n] _ (1 e 27;?] sin 0F[n] cos ¢E[n] €_j% sin 628 [n](Nyp—1) cos g;jE[n])
€ o ) g 00
1 7.] QZAJ sin GQE[H} sin ggE[n] 7‘] ZT;AJ sin egE[n}(Ninl) sin gé]E[n] T 14
® ) e C PR e c , (3 )

respectivelyl| [79], [111]. . represents the wavelength of the carrier center
frequency and Aj; is the antenna separation at the jammer UAV. Nj, and
Ny, represent the number of the rows and columns of the antenna array.
As shown in Fig. [3.2] 6}V[n] and 6!F[n] denote the vertical angle of depar-
ture (AoD) from the jammer antenna array to user k and eavesdropper e,
respectively. ¢}V[n] and ¢’F[n] denote the horizontal AoD from the jammer

antenna array to user k and eavesdropper e, respectively. We note that

. pIU H L pIE H U
sin ;7 [n] = sin 6:%[n] = sin ¢;"[n] =
k = k
U—zIn]| \/Htg—tJ[n]IIQ—&];H27 E_,J : \/”teEJrAt%itJJ[[n}]‘|H2JFH27
oy —a [l o) JB[ - [EE+Aze—al[n]| JUr, — e —v’ln JE[)] —
ebera S0 s 1) = ey <08 Sk 17 = Jebmeray and cos Fln) =

198 +AyE—y? ]l

[ AET]n]] - Specifically, the multi-antenna wireless channel between the

jammer UAV and the potential eavesdroppers captures the location uncertainty

%Note that h{Y[n] and h}¥[n] are known when the jammer UAV has a fixed trajectory.
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in cos)®[n]. For notational simplicity, we define

H; " [n] = 0" [n] (b;"[n])" and (3.15)

H%[n] = hiF[n] (h"[n])", (3.16)

where H]V[n] = 0, H!®[n] = 0, H{"[n] € H", and H}*[n] € H". Subsequently,
the received interference power from the jammer UAV to users and eavesdroppers

can be written as Tr(H}Y[n]Z![n]) and Tr(H!¥[n]Z[n]), respectively.

3.3 Resource Allocation and Trajectory Design

3.3.1 System Achievable Rate and Energy Efficiency

The achievable data rate for user k£ on subcarrier ¢ at time slot n is given by
Rg,i [n] = Ws}m [n] log,(1 + F}fUz [n]), (3.17)

where I'}'/[n] denotes the received signal-to-interference-plus-noise ratio (SINR)
at user k on subcarrier ¢ in time slot n and it is given by
pii[n]h [n]

L) = AT I iz ) + Wy (318)

where AY[n] = MW denotes the attenuation in the LoS path between the
k

jammer UAV to user k at time slot n. W represents the subcarrier bandwidth and

Ny is the power spectral density of the additive white Gaussian noise (AWGN).

On the other hand, the information data rate leakage to potential eavesdropper
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e on subcarrier ¢ for user k at time slot n is given by

Rgez[n] = Ws}cz[n] logy (1 + Iy [n]), (3.19)

k.e,i

where T} ;[n] denotes the received SINR at eavesdropper e on subcarrier i in

time slot n and it is given by

Py i[n]he"[n]
A Te(HZE[n)Z][n]) + W Ny’

F}v},ae,i [n] =

(3.20)

where AF[n] = TE AT ft‘)J[n]HZJrHQ denotes the attenuation in the LoS path
between the jammer UAV and eavesdropper e at time slot n. Clearly, the artificial
noise generated by the jammer UAV interferes the channels of both legitimate

user k£ and eavesdropper e.

Thus, the system energy efficiency in bits-per-Joule (bits/J) is defined as

N K Ne pU.
EE(A, P, Z, T2, Vi) = Lot Lkt i ’“M, (3.21)

N
Zn:l Ptlotal [n] + Pt{)tal [n]

where A = {s} ;[n], Vk,4,n} is the user scheduling variable set, P = {p} ;[n], Yk, i,n}
is the transmit power] variable set, Z = {Z][n],Vi,n} is the covariance matrix
set of the artificial noises, 77 = {t![n],Vn} is the set of the information UAV’s
trajectory variables, and Vr = {v![n],Vn} is the set of the information UAV’s

flight velocity variables.

"In the considered system, although the flight power consumption is larger than the commu-
nication power, optimizing both the flight power and the communication power consumption
are important to improve the system energy efficiency and to guarantee communication security.
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3.3.2 Optimization Problem Formulation

The energy-efficient design of user scheduling, transmit power allocation, UAVs’

trajectory, and UAV’s flight velocity is formulated as the following optimization

problem;
maximize EE(A, P, 2,77, V1)
s.t. C1: sy [n] € {0,1},Vk, i,n,
K
C2: Z | <1,Vi,n,
k=1
C3a : pil[n] > 0,Vk, i, n, C3b : Z![n] = 0,Vi,n,
K N
Cda: > 3 " spi[nlphi(n] < PhooVn,  Cdb: ZTr (Z][n]) < Pears Y1,
k=1 i=1
C5a : F)total[ ] < Pmax7v C5b Ptotal[ ] < Prilawvln’?
N Ng
C6 : —ZZ viln] > R, VE,
n=1 i=1
Cr: ||Ag§lﬁ§QE I In) < T, Vk, e i,n,
C8 : t'[0] = t,
C9 : t'[N] = ti,,
Cl0: t'n+ 1] =t'n] +v'n]r,n=1,..,N — 1,
C1L: V[l < Ve V12,
C12: [V + 1] = vi[n]] < Vie,n=1,... N = 1,
C13 : [[t'[n] — t'[n]||* > d2,,, Vn.

(3.22)

min?

8Note that the solution proposed in the chapter can be easily extended to the case of 3D

aviation.
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Note that C1 and C2 are user scheduling constraints such that each subcarrier
can be assigned to at most one user at each time slot to avoid multiple access
interference (MAI). C3a and C3b are the non-negative transmit power constraints
for information and jammer UAVs, respectively. P!, and Py, in C4a and
C4b are the peak transmit power for the information UAV and the jammer
UAV at each time slot, respectively, which is limited by the output range of the
corresponding power amplifier. Constants P! and PJ__in C5a and C5b are the
maximum budget for total power consumption of information UAV and jammer
UAV at each time slot, respectively, which are limited by the corresponding
battery maximum output power. R, in C6 denotes the minimum required
individual user data rate over the whole flight duration. Iy, in C7 is the
maximum tolerable SINR threshold for eavesdropper e attempting to eavesdrop
the information of user k& on subcarrier ¢ at timeslot n. Note that constraint C7
takes into account the location uncertainty of the potential eavesdroppers. C8
and C9 indicate the required UAV’s initial and final locations, respectively. C10
draws the connections between the UAV’s velocity and the displacement between
two consecutive time slots for the information UAVP} VL in C11 is the maximum

flight velocity constraint for the information UAV. V1 _in constraint C12 is the
maximum allowable acceleration for the information UAV in a given time slot.
C13 limits the minimum distance between the information UAV and the jammer

UAV to avoid possible collision.

Remark 1. In the considered system, secure communication can be guaranteed
when Ry > logy(1 + L), Yk, holds with a minimum secrecy rate given by

Ruin — logy(1 4+ T'yy). Compared to some works directly optimizing the system

9Note that the flight velocity of a UAV can be expressed as a function of its trajectory for a
given constant time slot duration 7. Yet, expressing the flight power consumption as a function
of trajectory would complicate the resource allocation design. Therefore, we introduce the flight
velocity variable v![n] to simplify the problem formulation.
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Problem Formulation
(A9 737 Z: I-Z; ) ]}I)

Alternating Optimization Approach

Sub-problem 1 T— Sub-problem 2
(AP.Z) iteration (T.10)

! |
L} [}
U U
A2 L2

SCA S -Prso(;:zlure
Dinkelbach’s method Dinkelbach’s method

Figure 3.3: A flow chart of the proposed iterative algorithm.

secrecy rate, the parameters Ry, and Iy, in our work are chosen by the system
operator which can be adopted for different applications requiring different levels
of communication security. This formulation provides flexibility in designing

resource allocation algorithms and has been widely adopted, e.g., [11,/104).

3.4 Problem Solution

The formulated problem in is non-convex. In general, a brute force ap-
proach is required to obtain a globally optimal solution which is computationally
intractable even for a moderate size of system. To facilitate a low computational
complexity design of resource allocation and trajectory, we aim at designing an
efficient suboptimal solution. In particular, the divide and conquer philosophy
is adopted, where the global problem is divided into several subproblems and
he subproblems are solved iteratively.  In particular, we divide the problem
into two sub-problems and solve them iteratively utilizing the alternating

optimization to achieve a suboptimal solution of the original problem [112].
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Specifically, as shown in Fig. [3.3 sub-problem 1 optimizes the user scheduling,
A, the information transmit power allocation, P, and the artificial noise, Z, for a
given feasible information UAV’s trajectory, Tz, and its flight velocity, Vz. Sub-
problem 2 aims to optimize the information UAV’s trajectory, 7z, and its flight
velocity, Vz, under a given feasible user scheduling, A, transmit power allocation,
P, and artificial noise, Z. The proof details on the convergence of the alternating
optimization approach can be found in [112]. Now, we first study the solution of

sub-problem 1.

3.4.1 Sub-problem 1: Optimizing User Scheduling, Com-
munication Transmit Power Allocation, and Artifi-

cial Noise

For a given information UAV’s trajectory 7z and its flight velocity Vz, we can

express sub-problem 1 as the following optimization problem:

N K N;
.. anl Zk:l Zi:Fl Rg,i 1]
maximaize N I 3
AP.Z anl (Ptotal [n] + Ptotal [n])

s.t. C1,C2,C3a — Cba,C3b — C5b, C6, C7,

(3.23)

where R};[n] in (3.17) is a non-convex function w.r.t. the joint optimization of
Spilnl, Pi[n], and Z7[n] since the division between pj ;[n] and Z[n]. Thus, we

can rewrite it to a substraction function as

Ry 5] = Wy ;[n]logy (Te(Hy” [n]Z; [n]) + W Ny + pjs[n] by [n])

— Wy ;[n]log, (W Ny + Tr(H"[n]Z] [n])). (3.24)
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The problem in is non-convex and the non-convexity arises from the
objective function and constraints C1, C4a, Cba, C6, and C7. In order to
solve sub-problem 1 in (3.23), we first handle the coupling of s} ;[n]p; ;[n] and
spq[nZ][n] by introduce two auxiliary variables py ;[n] = s ;[n]p;[n], Yk, i,n,
and Ziz[n] = 5p.4n)Z][n],Vk,i,n. Then, by applying the big-M reformulation
[97,[113//114], the couplings are resolved by introducing the following equivalent

constraints:

C14 : pi[n] < py lnl, vk, i n,
Cl5: ﬁIk,z[n] > p}c,i[n] o (1 - [ ])P;eakv\V/k?ia n,
C16 : py,[n] > 0,Vk,i,n,

C1T 2 Pln] < spi[n] Poears Yk s,

eak?
C18: Zi@[”] =< Z][n),Vk,i,n,
C19: Zi,z[n] = Zg[n] - (1 - 8}6, [ ])PpeakINMVk?Z?n

C20 : Zj,[n] = 0,Vk,i,n,

C21: Ziz[n] = 81,41 Pooates Yk, 1, 1.

Then, we handle the binary user scheduling constraint C1 in optimization problem

(3.23)) by rewriting constraint C1 in its equivalent form as:

N K Ng

Cla: ZZ Skiln] = (sy.aln])* <0, (3.25)
n=1 k=1 =1

Clb: 0 < sp,[n] < 1,Vk,i,n, (3.26)

where sl .[n] is a continuous variable with a value between zero and one.

Specifically, the continuous version of s ;[n] serves as a time-sharing factor for

user k in utilizing subcarrier ¢ at time slot n. However, constraint Cla is a
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reverse convex function [103/115]. In order to handle this non-convexity [97],
based on [103}/116,117] and for x > 1, the problem in (3.23)) can be equivalently

transformed as:

N E X I 1 2
>0 Z nilnl = x(skaln] = (s1.,[n])?)
e n=1k=11i=1
maximize - (3.27)
APP. 2,2 Z (Ptotal[ ]+ Ptotal[ ])
s.t. Clb, C2,C3a,C3b — C5b, C7,C14 — C21,
- K Ng
C4a : Z Zﬁ}cz[ ] peak?vn
k=1 i=1
é\ga Ptlotal [n] < Prlnax’ V?’L,
] N
C6: > ) Rl > Run, VE,
n=1 i=1

where P = {p} ,[n], Vk,i,n}, Z = {Z} ;[n],Vk,i,n},

Ry,[n] = Dy ,[n] — Di';[n] (3.28)
Te(EU[n1Z2 [n]) - 5L [n]hlU
Dy .[n] = W}, .[n]log, (WNO—i— r(EH, In) ,“[In]) pm[n] b [n]> Vk,i,n
(3.29)
Tr(HIV[nZ? .[n
DIL[n] = Wk .[n] 1og2( ( ’“I[ [] ]’“[ ) —|—WN0),Vk,i,n, and (3.30)
: ' Spaln
K Np
Ptlotal Z Zpkz + PC + Pﬂlght[ ] (331)
k=1 i=1

The variable y > 1 acts as a penalty factor for accounting the objective function
for any s}”[n] that is not equal to 0 or 1. Note that the problem in (3.27) is
still non-convex and the non-convexity arises from the objective function and
constraint C6. Thus, we handle the data rate in the objective function and

constraint C6 since it is the difference of convex (DC) functions. Based on the
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SCA and [110,/116], for given feasible points (s}f’i[n])jAl and (Zi7i[n])jAl, a lower

bound of the data rate can be obtained by its first-order Taylor expansion as

where 7 € {1,..., Ny,Ny, }, ¢ € {1, ..., Ny Ny, }, (D};Z.,ub[n])j“, V 4D} [n](sh ;[n] —
(sh;[n])*"), and V{;z}r,cD}Ji[n]({Zi,i[n]}m —{(Z},[n])"*"},) are given by

Te(H{V[n)(Z},[n])™)

(ska[n))™

Al

WMszwwmem&(

+ WNO),‘V’k, i,n,

(3.33)

<
IS
U
:
CIJ
&=
.
=,
|
—~
»
ol —_
=
~—
[
~—

(ﬂﬁfw
(sh )™
_WﬂMHW%A])wJ%@MWW)
(Te(ELV [ (Z], [n])7™) + W No(sk[n]7™) In2

Vs Dialnl{ZLan] e — {(Za]) ™ 3re)
(

_ Wk )™ (B )}y (2l e = (B )™}
(Te(ELY 0] (Z, [n])7™) + W No (s} [n] ™) In 2

,Vk,i,n, and (3.34)

JVk,i,n,r e (3.35)

respectively. Similarly, we can obtain an upper bound of the penalty part as
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Then, we handle constraint C7 in (3.27)) by considering its subset:

Pri[n]hi®(n)
|atEi2qr Tr(HIE[R]ZI[n]) + W N,

Piiln]he"[n]
max

lacti<or min  Tr(HERIZi0n]) + WN,

max _ p;[n]hl”
_ e Vil o <r (3.37)
min  Tr(H®[n]Z][n]) + WN, o '

[Atg]<QE

IN

This safe approximation [12,/118] imposes a more stringent constraint on the
leakage SINR and solving the corresponding problem provides a performance

lower bound of the original problem.

After applying (3.32))-(3.37)) to (3.27)), a suboptimal solution of (3.27) can be

obtained by solving

Nj

S 5 SN RY W) = X(Ap i)

maximize “=-=L* (3.38)

A,P,’IS,Z,Z Z ( total[ ] + Pt{)tal[ ])
s.t. Clb, C2,C3a, C4a, C5a, C3b — ChHb, C14 — C21,

]

.
—

C6 : D A1
o N Z Z(R[kj’i’lb[n])] > Ruyin, VF,

—

CT7: n] max hF
Py arige e 1)

< T (Tr( min  HE0)Z![n]) + WNy), Yk, e,i,n.

e
[AtE|<QP

Then, for improving the quality of the obtained suboptimal solutions, we update
the feasible solution, (s ; [n])7*" and (Z,; [n])?*", obtained by solving (3.38) in the
SCA iteratively, ¢f. Main loop in Algorithm [3.1]

Now, we discuss the methodology for solving sub-problem 1 in (3.38). In

particular, we tackle the fractional form objective function in (3.38)). Let ¢i be
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Algorithm 3.1 Proposed Algorithm for Solving Sub-problem 1 in (|3.23)
1: Initialize the convergence tolerance ¢; — 0, the maximum number of

iterations for main loop JAL | the initial iteration index j4' = 1, and the

initial system energy efficiency q{ -
2: repeat {Main Loop: SCA}
. Set jAl — jAl 41

. . . ~ (A1 . ~(;A1
4:  Using Algorithm [3.2]to obtain {AUM), B(JAI), 20 ), ZUAI), Z(] )} and
sA1
qgj | GAD _ GA )
5. until jAl = JQ;X or 14 (Z‘qul) | < ¢
41
~ ~ . . ~ (A1 ~ (A1
6: Return {A*, P*, P+, 2=, 2} = {AU™) pu*) pU) z6™ 2V g
A1
g =q"")
the maximum system energy efficiency of sub-problem 1 which is given by
R(A*, P*, Z* . R(AP,Z
@G = RA P, 27) = maximize g, (3.39)

P(P*,2*)  appzier P(P,Z)

where A*, P*, P*, Z*, and Z* are the optimal value sets of the optimization
variables in . F is the feasible solution set spanned by constraints
C1b, C2, C3a, é\zla, évf)a, C3b — C5b,Cz6,6/7, and C14 — C21. Now, by applying
the fractional programming theory [19], the objective function of can be

equivalently transformed into a subtractive form.

Theorem 3.1. In particular, the optimal value of qi in (3.38)) can be achieved if

and only if

maximize R(A, P, Z) — ¢; P(P, Z)
APP,ZZEF

= R(A*, P*, Z*) — ¢; P(P*, 2*) = 0, (3.40)

for R(A,P,2) >0 and P(P,Z) > 0.
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Proof: Please refer to Appendix [B.1] O
Therefore, we can apply the iterative Dinkelbach method [119] to solve (3.38]).
In particular, for the j4!-th iteration for sub-problem 1 and a given intermediate

SA1
value qg in ), we need to solve a convex optimization as follows:

{A? 27 27 gu Z} (341)
N K Ng
— arg maximize R
& APPZZ 2;; ki o[
N
(Ak i ub[ - qum Z total + Pt{)tal[ ])
n=1

s.t. C1b, 02, C3a — C5a, C3b — C5b, 66, C7,Cl14 — C21,

where {A, P, P2 Z } is the optimal solution of - for a given q(]‘“ Then,

(G2

i) should be updated as ¢, =

the intermediate energy efficiency value ¢,

R(AP,Z)

) for each iteration of the Dinkelbach method until Convergenc. Sine

the problem in (3.41)) is jointly convex w.r.t. the optimization variables, it can
be solved efficiently via convex programm solvers, e.g., CVX [120]. On the other
hand, it is interesting to study structure of the generated artificial noise which is

summarised in the following theorem.

Theorem 3.2. If the optimization problem in (3.41)) is feasible, the rank of the

optimal artificial noise matriz Rank(Z) < 1.

Proof:  Please refer to Appendix [B.2} O
Although there are multiple eavesdroppers in the system, rank-one beamforming
is optimal for (3.41]) to guarantee secure and energy efficient communication.

The proposed algorithm for solving sub-problem 1 is summarized in Algorithm

1ONote that the convergence of the Dinkelbach method is guaranteed if the problem in ([3.41])
can be solved optimally in each iteration [119].
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Algorithm 3.2 Dinkelbach Method
1: Initialize the convergence tolerance e; — 0, the maximum number of
iterations JA2 the iteration index j22 = 1, and the initial system energy

in,max’
( A2

efficiency ¢, '=0
2: repeat {Inner Loop: Dinkelbach Method}

A
3:  Solve (13.41)) for the given qiji“Q) to obtain
(AGRD pUkt) PUR) Z0h FUny
Ca ’f ~7?2 :_A2 7_. A2 .
L if R(A(j;}ﬁ)’ E(Jm )’ é(]m )) ) q{{ﬁz P<E(Jm )’ Z(Jiﬁz)) < ¢ then
5: Inner Loop Convergence = true

6: return {A(jAl), P(jAl), 75(J'A1)7 Z(jAl), é(jAl)} = {A(j‘f), P(jS“Q), 75<j$2),
a2y 5(A2) GA2) 5URD 00D

PPYin") 20in))
7. else . o g
Aoe A2y
(A1) _ R(AUI) pUin) 2Uin)) A2 _ A2
8: Set qy = P(75(ji1?12) 2689, and ji,” = jin" +1
9: Inner Loop Convergence = false
10:  end if

11: until Inner Loop Convergence = true or ji? = JA2

in,max

which consists of two nested loops. Specifically, in each iteration of the main loop,

we solve the inner loop problem, i.e., lines 2-11 of Algorithm [3.2] in for a
given parameter q§ i) given by the initialization or last iteration. After obtaining
the solution in the inner loop via the Dinkelbach method, we update parameter
qgjﬁ’g) and use it for solving the inner loop problem in the next iteration. This
procedure is repeated until the proposed algorithm converges. We note that the

convergence of the SCA is guaranteed [1].

3.4.2 Sub-problem 2: Optimizing Information UAV’s

Trajectory and Flight Velocity

For a given user scheduling A = {s} ;[n],Vk,i,n}, information transmit power

allocation P = {p;;[n],Vk,i,n}, and jammer UAV’s artificial noise Z =
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{Z![n],Vi,n}, we can express sub-problem 2 as

Yonct L i R[]

maximize : S (3.42)
Tz:Vz Z (Ptotal[ ] + Ptotal [n])

s.t. Cbha, C6,CT7,C8 — C13.

The problem in (3.42) is non-convex and the non-convexity arises from the
objective function and constraints C6 and C7. To facilitate the solution design,
we introduce two slack optimization variables uy[n] and v'[n] to transform the

problem into its equivalent form as follows:

Zn 1 Zk 1 ZNF RU i

maximize ; (3.43)
Tz, V1, Ui, X1 Z ( total[ ] Ptotal [n])

s.t. Cha,C8 — C13,

m: _ZZR >Rm1nuvk7
n=1 =1
— Ve ]
C7: min |t&+ AtE —t'[n]||> + H? > 2252 Vk,e,i,n,
[AtE]<QF th

€22 : ||ty — t'[n]||* + H? < upln],Vk,n,
C23: ||VI[7”L]||2 > (Ul[n])Q,Vn,

C24 : v'[n] > 0,Vn,
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where U = {ug[n],Vk,n}, Yz = {v'[n],Vn},

U o Y (1)
Ry ;[n] = W), ;[n]logy | 1+ il ) (3.44)
k1B
i 7] = Tr(HLY [ﬁ’z;n]()) Ny (3.45)
K Np
Pioaln] = Z Z sp[nlpi[n] + Po + péight [n], (3.46)
k=1 i=1

17,112 P 1
3| v (] ) o + 5dopsAIVn)I, and  (347)

v'[n]
p}c,i [n]Bo

e = T2+ W, (3.4

Note that Ry [n] and P, [n] are convex w.r.t. ug[n] > 0 and v'[n] > 0,

respectively. It can be proved that the problems in (3.42)) and (3.43)) are equivalent

as inequality constraints C22 and C23 are always satisfied with equality at
the optimal solution of (3.43). Then, we handle the location uncertainty of

eavesdropper e by rewriting constraint C7 as:

: W5 I
max — [[t¥ + AtY — t'[n]|* — H* + 22— <. (3.49)
|AtE|<QE Ly

Note that the location uncertainty introduces an infinite number of constraints in
C7. To circumvent this difficulty, we apply the S-Procedure [44] and transform C7
into a finite number of linear matrix inequalities (LMIs) constraints. In particular,

if there exists a variable ¥[n] > 0 such that

®(t'[n],¢[n]) = 0, Vn, (3.50)
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holds, where

O(t'[n], ¥[n]) = . (3.51)

and

: . Vrealn]
cln] = It'[n]||* — 2| (&) ¢ (] | + [[EC11* + H* — T (3.52)

then the implication (3.50)=(3.49) holds.

Next, the non-convexity arises from the numerator of the objective function,
constraints C6, C13, and C23 since Ry, [n], |[t'[n] — t'[n][|?, and |[v![n]||?* are
convex functions and differentiable w.r.t. wug[n], t'[n], and v![n], respectively.
Besides, c[n] in constraint is a non-convex function w.r.t. t'[n]. In the
following, we aim to establish a lower bound of the objective function and focus

on a subset spanned by constraints C6, C13, and C23. By using the first-order

Taylor expansion [1] and the SCA [?, 7], for a given feasible solution u,(jAg)[n],
(t[n])?™*, and (v'[n])***, we have inequalities
_ _ , U n
REAnJz<f¢2mvﬂyA3=‘wszdn]mgz(1*-5@%J—L>
: i ! )
Wk [0y [n] (us[n] — " [n
Wk ) =) .

ud™ ) [n) (™[] + 7PV [n)) In 2
[t [n] — €[> > ||(6"[n])"™ — t*[n]]* + 2[(t"[n])7"] " ('] — (t'[n])"""), and
(3.54)

IV ]2 > (v [])7 12 + 2[(v ] (v ) = (v R, (3.55)

respectively. Similarly, for a given feasible solution (tI[n])jAB, the following
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constraint

C7 : ™) (t'[n], ¥[n]) = 0, Vn, (3.56)
where ®U*) (t1[n], 1[n]) is given by

FA3

U™ (t'n], ¢[n]) = ) ‘ (3.57)

and

A3

AV a] = B2 + 26 ) (€ o] — (1]
—2(t))"t'[n] + H? - —ﬁ?zh[n} < ¢[n], (3.58)

= CT. (3.59)

Besides, a subset of C13 and C23 is given by

A3

C13:[|(t[n])™ — 7 [n] |1 + 2[(t"[n])"™)T x ('[n] — (t'[n])™") > 2y, Vi,

(3.60)

:A3

C23 | (v [n)™ | + 2V )" x (V0] = (Vn)Y™) = o [n] e (3.61)

Now, we obtain a lower bound of the objective function via replacing the
denominator and the numerator of the original objective function in by
its equivalent form in and the lower bound of average total data rate in
, respectively. Besides, we replace constraints C13 and C23 by C13 and

C23, respectively. Therefore, we can obtain a suboptimal solution of (3.43) via
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Algorithm 3.3 Proposed Algorithm for Solving Sub-problem 2 in (|3.42))
1: Initialize the convergence tolerance e3 — 0, the maximum number of

iterations for main loop J23 | the initial iteration index j** = 1, and the

initial system energy efficiency q§ " =0
2: repeat {Main Loop: SCA}
: o Set jA% = A 41
4:  Using Algorithm with replacing the maximum number of iterations
as JA3 . the iteration index as j23, the initial system energy efficiency as

m, max’
q?() 1“3), variables as {E(Jﬁg), E(Jﬁs), %(jﬁg)’ ﬁ(jﬁg)}, the total achievable
data rate function as R(%(jﬁg)), and the total power consumption as
p(&(ﬁ),yz(ﬁ)) to obtain {E(jAg)’ &(J'AB)’ %(j“’)’ &(3 M and ¢f (74)

SA3 ,AS 1
‘ §] ) q:(; + )I

5: until j43 = JA3 or gy <€

6: Return {77, V7", Ux", T}} = {TI(]AS) Vz(jAS), Lﬁ(jAg), ﬁ(jAS)} and ¢ =
(74%)
ds

solving the following optimization problem:

ot s i (Rl )™

maximize (3'62)
Tz,Vz,U, X1, ¥ Z (PtIotal[ ]+ Pt{)tal[ ])

s.t. O7,C8 — C12,C13, €22, C23, C24,

Coa : Ptotal[ ] < Pélax’vnv

o N Np

C6: — Z Z k,z,lb » > Ruin, VK,
n=1 i=1

C25 : ¢[n] > 0,Vn,

where W = {¢[n],¥n}. Note that a solution satisfies the constraints in (3.62))
would satisfy the one in (3.43]). Now, similar to the approach for solving sub-

problem 1, we apply the Dinklebach’s method for a given {(t![n])}?"*, (v![n])?*"}
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Algorithm 3.4 Overall Algorithm for Solving Problem in ([3.22])

1: Initialize the convergence tolerance e¢; — 0, the maximum number of
iterations JA4 | the initial iteration index j4* = 1, and the initial trajectory

{t'[n], vi[nl, *[n], v/[n]}

2: repeat
3: Set jA =M 41
4:  Using Algorithm obtain the suboptimal result q, {si[n], pi[n], Z][n]}
5. Using Algorithm obtain the suboptimal result g3, {t![n], v![n]}
. | G _ <.7'A4+1>‘

6: until j4* = JM or —H-— <

. . 93 . « * «
7 veturn si'[n] = (ol o) = phln], 2] = 2], €[] = tln], v [n] =

vi[n], and ¢* = qéJM)

‘A
and qéj 3), we solve the following convex optimization problem iterativel:

Tz, Vo, U, Y1}

N K Np

. . — -A3
=arg_maximize 3 > > (B[]’

n=1 k=1 i=1

N
— g™ ST (PL ln] + Plln)) (3.63)

1
s.t. Cha,C6,C7,C8 — C12,C13,C22,C23,C24, C25,

A
where {7z, Vz,Ux, Yz} is the optimal solution of (3.63) for a given q:(,, 5 The
problem optimization in (3.63)) is a convex formulation which can be easily solved

by CVX [120]. The proposed algorithm for solving sub-problem 2 is summarized

in Algorithm [3.3]

3.4.3 Overall Algorithm

The overall proposed iterative algorithms for solving the two sub-problems

"The problem in (3.63) can be easily solved by dual decomposition or numerical convex
program solvers.
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and are summarized in Algorithm [3.4] Since the feasible solution
set of is compact and its objective value is non-decreasing over iterations
via solving the sub-problem in (3.23]) and , iteratively, the solution of the
proposed algorithm is guaranteed to converge |112]. The proof of the convergence
please refer to Appendix [B.3] ]

Since we handle the problem with SCA and S-Procedure, the obtained
solution converges to a suboptimal optimal solution [110}|112}|121-123] of the
original problem in ([3.22]).

On the other hand, as the computational complexity of solving sub-problem
1 is dominated by the semidefinite programming (SDP), the computational

complexity of the proposed suboptimal algorithm is given by [124,/125]

1
0 (Jnl?;lx <(M1'I\[13 + M%Nf + M?Nl) X Jé;‘x‘]iﬁ?max( V Nl log (A_>)
1
Sub—p;)’blem 1

FMNE T T (VI (1)) ) ) (360
2

~
Sub-problem 2

Note that M; = IONKNp + NKENg + 2NNp + 4N + K, N7 = 3NKNp +
NZNNp + N:NKNp, My = 9N + NK + K, and Ny = 4N + NK. Besides,
A1 > 0, and Ay > 0 denote the solutions of the sub-problem 1 and sub-problem
2, respectively. We note that the proposed suboptimal algorithm has a polynomial

time computational complexity.

3.5 Numerical Results

In this section, we evaluate the performance of the proposed algorithm via

simulations. The simulation setups are summarized in Table 3.2 In our
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Table 3.2: Simulation parameters [1-4].

Notations | Simulation value | Notations | Simulation value
Q 300 radians/second K 2
r 0.4 meter E 2
p 1.225 kg/m? T 0.1s
s 0.05 Ng 128
A, 0.503 m? B 1 MHz
P, 79.86 W W 7.8 kHz
P, 88.63 W No -160 dBm/Hz
Vo 4.03 m/s Pl 30 dBm
do 0.3 P 30 dBm
VI 30 m/s ! 2
Pl 65 dBm A 10719 m
Pl 65 dBm Ag 0.1 m
Ny, 5 Roin 6 Mbits/s
Ny, 5 | Y 1073 bps/subcarrier
to [0,0] m tV (350, 100] m
tp [500, 500] m ty (150, 400] m
th [400, 100] m b [71,141] m
ty 250, 250] m H 100 m
Pl ok 30 dBm nin 1m
P 30 dBm JAL 10
i 10 inax 5

simulations, we compare the system energy efficiency of the proposed algorithm
“PA”, with the other three baseline schemes: (a) No jammer UAV (NJ), which
has only an information UAV in this scheme. The suboptimal resource allocation
and UAV’s trajectory for “NJ” can be obtained by using a similar approach as
in our previous work [53]. (b) Single-antenna jammer UAV (SAJ), in which
both the information UAV and jammer UAV are all equipped with a single-
antenna to provide secure communication. Since the problem formulation of the

“PA” subsumes “SAJ”, the system performance of “SAJ” can be achieved by

solving the designed problem with “PA” and setting the number of antenna
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array Ny, = Ny, = 1; (¢) Zero-acceleration information UAV (ZAI), where
the information UAV’s flight velocity remains unchanged but is optimized by
our proposed scheme; (d) Straight locus information UAV (SLI), where the
information UAV cruises with a straight locus trajectory from the initial point to
the final point with a constant speed and the jammer UAV has the same setting
as in the “PA”. Since “SLI” is another subcase of the problem formulation for
“PA”, the suboptimal solution can be obtained by optimizing resource allocation
with fixing the information UAV’s trajectory. Since the initial information-UAV
trajectory will affect the performance of the proposed suboptimal solution, we
have tried different reasonable trajectories as an initial point, e.g., (1) Straight
forward flight from the initial point to the destination (SFF); (2) A path passing
through all users’ location once; (3) A path along the boundary of the service
area, and found out that “SFF” provides the best performance. As a result, in
the simulation section, we adopt “SFF” as the initial trajectory for the proposed

algorithm.

3.5.1 Convergence of the Proposed Algorithm and Base-

line Schemes

Fig. illustrates the convergence behavior of the alternating optimization
Algorithm [3.4] for the maximization of the system energy efficiency. We
compare the system energy efficiency of our proposed scheme for three different
mission time durations, 7" = 50 s, T' = 25 s, and T" = 13 s, which correspond
to the number of time slot N = 500, N = 200, and N = 130, respectively. The
jammer UAV orbits around the center of the eavesdroppers areas (CEA) [110], as
shown in Fig. [3.6] It can be seen from Fig. [3.4]that the system energy efficiency of

the proposed scheme with different 7" converges to the corresponding suboptimal
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Figure 3.4: Energy efficiency versus the number of iterations.

solutions within only 5 iterations which demonstrates the fast convergence of the
proposed alternating optimization algorithm. Thus, in the following simulations,
we set the maximum number of iterations as 5 to illustrate the performance of
the proposed algorithm. For comparison, we also demonstrate the convergence
behavior of four baseline schemes “NJ”, “SAJ” “ACS”, and “SLI” while the
mission time duration for baseline schemes is fixed as T' = 50 s, their performance

and corresponding trajectory will be discussed in the following.

3.5.2 Impact of Number of Users

In order to show the impact of the number of users, K, on the system performance,
we vary the number of users, from 1 to 9, and the location of these users in x-

dimension and y-dimension are given by xg = [300; 200; 100; 300; 500; 900; 700;
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Figure 3.5: Energy efficiency versus the number of users.

300; 500; 100] and v = [800; 700; 100; 300; 800; 900; 700; 200; 500; 300], respective-
ly. The minimum data rate requirement for each user is set Ry, = 1 Mbits/s
in this simulation. Other setups remain the same as before. The corresponding
system energy efficiency versus number of users is shown in Fig. 3.5 We can
observe that for all the mentioned schemes, the energy efficiency achieved with
K = 2 is much higher than that with K = 1. In fact, when the number of users
is small, the UAV can exploit the multiuser diversity via the proposed scheduling
for improving the system performance. However, when there are more than 2
users, the minimum data rate constraints C6 become stringent and the resource
allocator becomes less flexible in optimizing the usage of system resources leading
to the decrease of the system energy efficiency. Besides, the system performance

of “PA” is always better than that of other baseline schemes while increasing the
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number of user K.

3.5.3 Impact of Jammer UAV’s Trajectory

Fig. shows the corresponding information UAV’s trajectories for different
predetermined trajectories of the jammer UAV with 7" = 50 s. In this chapter,
we consider six commonly adopted trajectories of the jammer UAV, which have
the same flight velocity?] at 10.4 m/s, with the following proposed scheme. (a)
Center of the service area (CSA), in which the jammer UAV adopts a circular
trajectory centered at the center of the service area [250, 250] with a radius of 150
meters |2]; (b) Center of the eavesdroppers area (CEA), where the jammer UAV
patrols also with a circular trajectory but centered at [312.5, 187.5] (centroid of all
estimated eavesdroppers’ locations) with a radius of 159 meters |110]; (¢) Shuttling
flight between the eavesdroppers (SFE), where the jammer UAV flight is shuttled
back and forth between the estimated locations of the two eavesdroppers during
the given time frame; (d) Centered at [400, 100] (CA1), (e) Centered at [375,
175] (CA2), and (f) Centered at [250, 250] (CA3), in which the jammer UAV
has a circular trajectory with a radius of 10 meters centered at the eavesdropper
I’s estimated location [400, 100], the middle of two eavesdroppers’ estimated
locations [375, 175], and the eavesdropper 2’s estimated location [250, 250],
respectively. Note that in these schemes, the jammer UAV is equipped with
25 antennas. We can observe in Fig. that by setting a reasonable trajectory
of the jammer UAV, e.g., a path cruises among all eavesdroppers, a high system
energy efficiency can be achieved compared to the case without jamming UAV.
In fact, the optimized artificial noise would try to compensate the suboptimality

caused by the fixed trajectory. More importantly, the existence of jamming UAV

12Note that a UAV consumes the minimum flight power when it travels at 10.4 m/s for the
considered setting in [3].
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Figure 3.6: The information UAV’s trajectories of the proposed algorithm for
different jammer UAV’s trajectories.
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and optimized jamming relieves the security constraint which provides a higher
flexibility to the information UAV for adopting an energy efficient short route for
communication. As a result, the information UAV’s trajectories are almost the
same (with short paths) for different jammer UAV’s trajectories. This observation
will be verified again when we compare our proposed scheme with no jammer in
the next section. Therefore, in the following simulations, we fix the jammer UAV’s

trajectory as “CEA” for illustration.

3.5.4 Trajectories of Information UAV

Fig. demonstrates the trajectory of the information UAV for the “PA” with
three different mission time durations, 7' = 13 s, T' = 25 s, and T = 50 s,
respectively. Note that the flight velocity of the information UAV in each time
slot can be calculated from the distance between each two adjacent points along
its trajectory. Besides, the corresponding communication transmit power and
artificial noise transmit power versus time slots are illustrated in Fig. [3.8 where
the communication power for user 1, user 2, and the noise power are denoted
as “PA-U1”, “PA-U2”, and “PA-7Z”, respectively. Besides, a longer mission
completion time enables a higher system energy efficiency for our proposed
scheme. This is because the information UAV’s trajectory design becomes more
flexible with increasing T. As a result, the mobility of the information UAV
can be more efficiently exploited to improve the system energy efficiency. In the
following, for different mission time durations 7', we will discuss simulation results
of the information UAV’s trajectory, communication power allocation, and noise
power allocation.

It is observed that when the mission time duration is sufficiently large (e.g.,

T = 50 s), the information UAV would maintain a high velocity when it is
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Figure 3.7: The UAVs’ trajectories of the proposed algorithm with different
service time durations.

far away from the users and only fly slowly whenever it is close to any desired
user. This behavior aims to save more time slots for the information UAV to
provide high data rate communication when it is close to the users. Besides,
with T" = 50 s, the information UAV would strike a balance between energy
consumption and velocity. In particular, the information UAV hovers above
user 2 with the optimized velocity for a long period of time to achieve a high
throughput. In contrast, the information UAV does not hover above user 1 as user
1 is closer to one of the eavesdroppers than user 2 which has a higher potential

in information leakage. Correspondingly, as shown in Fig. [3.8] for 7" = 50 s,
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Figure 3.8: The communication transmit power to user 1 and user 2 as well as
the artificial noise transmit power versus time slots.

the communication power is allocated solely to user 1 at first half of total time
slots, then the remaining time slots are allocated to user 2. Moreover, when
the information UAV is faraway from all the users and eavesdroppers, e.g., at
the beginning and ending time slots, the information UAV transmits the highest
available communication power and the jammer transmits small power of artificial
noise as the leakage SINR of each eavesdropper are relatively small. However,
for those time slots having a high potential of information leakage, not only

the jammer UAV transmits the highest artificial noise, but also the information
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UAV decreases its transmit power to reduce the potential information leakage.
Specifically, by exploiting the spatial DoF brought by the multiple antennas, the
jammer UAV creates a sharp artificial noise beam with full power and steers
towards a direction with can impair both eavesdroppers efficiently. In contrast,
when the mission time duration 7" is 25 s as shown in Fig. [3.7] the information
UAV first flies towards to user 1 with a relatively higher velocity then flies
slowly to the destination. Note that the UAV would slow down but with a
reasonable speed when it is close to user 2 instead of stationing since the flight
power consumption of the rotary UAV is relatively high when its flight speed is
sufficiently low [3]. It can also be observed that the information UAV detours a
bit towards user 2 for a more efficient communication. From Fig. [3.8] for T' = 25
s, the information UAV first communicates with user 1 until the 36-th time slot,
where it just crosses outside the locus of the jammer UAV. Then, the maximum
transmit power is allocated solely to user 2 to achieve the minimum data rate
requirement. Additionally, when the total time duration is relatively short (e.g.,
T = 13 s), the information UAV flies with the highest speed from the initial
point to the final point. Besides, due to the limited mission completed time, the
information UAV flies slightly closer to user 1 at the beginning and later to user
2 for satisfying the individual user’s minimum data rate requirement of security
communication. Moreover, the information power allocation and the jamming
policy have a similar pattern for the “PA” with different total time durations,
c.f. Fig. 3.8 These illustrate that the information UAV’s trajectory plays an
extremely important role in achieving high system energy efficiency and secure

communication.

Fig. [3.9]illustrates the information UAV’s trajectories for different schemes,

as “SLI”, “NJ”, “SAJ”, and “PA”. In this figure, we assume that the mission
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Figure 3.9: The UAVs’ trajectories of the proposed algorithm and the baseline
schemes.

time duration 7' is 50 s for all the schemes. As it can be observed, for “SLI”,
the information UAV flies at a constant speed and following a predefined straight
trajectory from the initial point to the destination, which have the lowest energy
efficiency in all the considered schemes, c.f. Fig. and Fig. [3.11 The
information UAV in “NJ” scheme first flies towards user 1. Meanwhile, the
information UAV keeps decreasing its transmit power allocated to user 1 for
reducing the potential of information leakage. After passing by user 1, the
information UAV starts communicate with user 2 with a small transmit power

which adopts an arc trajectory and fly towards user 2. The detouring trajectory
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of the information UAV aims to decrease the leakage SINR to eavesdropper
2. Note that the information UAV only communicates with user 2 with high
transmit power when the UAV is far away from eavesdropper 2. In contrast, the
information UAV in “SAJ” scheme flies a shorter distance than that of “NJ” due
to the artificial noise generated by the jammer UAV which relaxes the security
requirement on “SAJ”. Additionally, comparing all the baseline schemes, the
trajectory of information UAV in the “PA” does not detour and fly around the
uncertain area of the eavesdroppers. In other words, “PA” has a higher flexibility
in design the trajectory of the information UAV. This is a clear evidence of
the benefit in utilizing an antenna array at the jammer UAV as it can always
focus the artificial noise on the threatened eavesdroppers for guaranteeing secure

communication.

3.5.5 Energy Efficiency

Fig. shows the energy efficiency versus the number of antennas equipped at
the jammer UAV. In this simulation, we consider the circuit power consumption
for each antenna of the jammer UAV, with Poy = 0.1 Watt. It is obviously
that the energy efficiency increases with the number of antennas equipped at the
jammer UAV as the associated spatial DoF improve the flexibility in resource
allocation. Besides, the energy efficiency become saturated when the jammer
UAV’s antenna number is sufficiently large. This is due to the fact that the
circuit power consumption of antennas become a dominate factor in the system
performance outweighing the associated performance gain. In particular, the
increase trend of the system energy efficiency presents the contribution of the
multiple antennas equipped in the jammer UAV to the system.

Fig. shows the energy efficiency versus communication peak transmit
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Figure 3.10: Energy efficiency versus the number of antennas equipped at the
jammer UAV.

power P! . for the “PA”, “NJ”, “SAJ”, and “SLI” when the mission time

peak
duration 7" is 50 s. It can be observed that the energy efficiencies achieved
by the “PA” and baseline schemes first increase with the communication peak
transmit power budget. This is due to the fact that increasing the communication
transmit power budget can achieve a higher achievable data rate. In particular,
for low to moderate transmit power, the data rate gain due to a higher transmit
power outweighs the cost of transmit power consumption leading to a rise in
system energy efficiency. However, the energy efficiency gain due to a higher
values of P} is diminishing and becomes saturated as the maximum system

energy efficiency is achieved and the information UAV would clip the transmit

power at the optimal value. Moreover, the security constraint becomes more
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Figure 3.11: Energy efficiency versus communication peak transmit power.

stringent for a larger P)., when the peak transmit power of artificial noise
is fixed. As a result, to guarantee communication security, the information
UAV may not always transmit with its full power in the high transmit power
regime. Besides, it is observed that the system energy efficiency with perfect
CSI is higher than that of “PA”. In fact, the CSI error arises from the uncertain
area of eavesdroppers, which imposes a stringent information leakage constraints
for the proposed scheme. Therefore, more system resources are required to
achieve secure communication. As a result, the system performance degrades
dramatically when there is an CSI error. However, our proposed scheme can
achieve the best performance among all the considered baseline schemes in the
case of imperfect CSI. Also, we can observe that the energy efficiency of “ZAI” is

much lower than that of “PA” which presents the importance of variable UAV’s
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Figure 3.12: Energy efficiency versus the radius of eavesdropper 2’s uncertain
area.

flight speed for system performance. In other words, varying the speed of UAV
can help the system to exploit the system resources efficiently. Furthermore, we
can observe that the increasing slope of “PA” is substantially higher than that of
other baseline schemes. In fact, the proper design of the artificial noise strategy
of the multi-antenna jammer UAV offers the flexibility in designing the trajectory
of information UAV and thus facilitates the efficient exploitation of power in our

proposed scheme.

Fig. depicts the energy efficiency of the considered system versus the
radius of the uncertain area of potential eavesdropper 2 for the same schemes as
in Fig. [3.11. Note that we choose eavesdropper 2 instead of eavesdropper 1 in this

figure. The reason is that the uncertainty of eavesdropper 2 affects the trajectory
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of information UAV more significantly since its estimated location is on the
straight locus from the initial location to the final location. Although all schemes
can guarantee communication security in all the considered cases, it can be
observed that the energy efficiencies of both “PA” and baseline schemes decrease
with the radius of uncertain areas. Indeed, a larger eavesdropper’s uncertain
area imposes a more stringent security constraint on the system design, which
reduces the flexibility in resource allocation leading to a lower system energy
efficiency. Furthermore, even with exact location information of eavesdroppers,
all the three baseline schemes can only achieves a much smaller system energy
efficiency compared to “PA”, which again indicates the contribution of employing

a multi-antenna jammer UAV and our proposed design.

3.6 Summary

In this chapter, we jointly designed the information UAV’s trajectory, the
communication resource allocation strategy, and the jamming policy to maximize
the system energy efficiency of a secure UAV-OFDMA communication system.
The joint design was formulated as a non-convex optimization problem taking
into account the minimum data rate requirement, the maximum tolerable SINR
leakage, the minimum safety distance between UAVs, and the imperfect location
information of the potential eavesdroppers. An iterative algorithm based on
alternating optimization was proposed to achieve a suboptimal solution with a
low computational complexity. Simulation results illustrated that the proposed
algorithm converges within a small number of iterations and demonstrated some
interesting insights. In particular, (1) deploying a decided multiple-antenna UAV
serves as a key to improve the system performance in both energy efficiency and

communication security; (2) employing a multi-antenna jammer UAV offers an
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enhanced flexibility in designing the trajectory of information UAV, which can
combat the eavesdropper efficiently to improve the system energy efficiency; (3)
optimizing the trajectory of information UAV is important to improve the system

energy efficiency.



Chapter 4

Resource Allocation for
Power-Efficient IRS-assisted

UAV Communications

4.1 Introduction

In the previous chapter, we have studied the joint trajectory, resource allocation,
and jamming policy design for energy-efficient secure unmanned aerial vehicle
(UAV)-orthogonal frequency division multiple access (OFDMA) communication
systems. However, most of the radiated power is wasted due to the broadcast
nature of wireless communication channels. Indeed, the increasing concern
for energy efficiency calls for advanced energy-efficient UAV communication
system designs. On the other hand, intelligent reflection surface (IRS) serves
as an emerging technology to customize the communication channels via passive
beamforming. Therefore, in this chapter, we aim to minimize the average total

power consumption of the IRS-assisted UAV communication system via jointly

85
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optimizing the resource allocation and trajectory while considering the minimum
data rate requirement of each user. We propose an iterative algorithm based
on alternating optimization to achieve a suboptimal solution efficiently. The
numerical results evaluate the system performance gain of the proposed algorithm
over baseline schemes without IRS or a fixed straight flight trajectory with a

constant flight speed.

4.2 System Model

We consider a UAV-enabled narrowband downlink time division multiple access
(TDMA) wireless communication system serving K ground users (GUs) with
the assistance of an IRS as shown in Fig. The UAV is equipped with
Mag X Mpy = My > 1 antennas. To reduce the hardware complexity and the
UAV’s load weight, we assume that all the M, antennas share a single radio
frequency (RF) chain but each antenna has an individual phase shifter. Besides,
the IRS consists of Mg, x Mg, = Mg > 1 passive reflecting elements and all the
GUs are single-antenna devices. Also, the total service time T is divided into
N equal-length time slots with duration time 7 (s) for each slot, i.e., T = Nr.
Besides, the UAV operates at a constant altitude Hy > 0 with a variable flight
velocity, while the locations of all the GUs and the IRS are fixed during the
whole service time. Since the air-to-ground communication channel is dominated
by the line-of-sight (LoS) propagation [44}45,57./58] and the Doppler effect can
be well compensated by adopting existing frequency synchronization algorithms,
e.g., [126], the channel state information (CSI) of the UAV-to-IRS and UAV-to-
GUs links can be determined by their locationd]] Besides, we assume that the

channel between the IRS and GUs are also dominated by LoS links. Thus, the

!The more general channel model with Rician fading will be considered in the future work.
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Figure 4.1: The system model of an IRS-assisted UAV communication system.

distances between the UAV and the IRS, the UAV and the GU k € {1,..., K},

as well as the IRS and GU k at time slot n are given by

d*(n] = \/||ln — t[n]|[2 + (Ha — Hg)?, (4.1)

a49(n] = /Il — t[n)|> + H3, and (42)

aR6 = \/llle — L[2 + H3, (4.3)

respectively. Note that g = [zr,yr|T € R*! and 1 = [z, 5]t € R*¥!

denote the Cartesian coordinate of the IRSﬂ and GU £k, respectively, while
t[n] = [z[n], y[n]]* € R**! denotes the horizontal trajectory of the UAV at time
slot n € {1,...,N}.

2Since the typical size of each element in a small-scale IRS is of the same order of the
wavelength of the carrier frequency () , e.g., %, the distance between elements of the
IRS, Ag, is much shorter than that of the distance between the UAV and the IRS, d*R[n].
Thus, in the proposed system model, we assume that the locations of each element of the IRS
are the same, as commonly adopted in the literature .
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Figure 4.2: The vertical and horizontal AoDs/AoAs between the UAV, IRS, and
GU £ in the considered downlink communication system are shown on the left
hand side and the right side, respectively.

4.2.1 Downlink Channel Model

In the considered system, a GU can be served either by direct transmission, i.e.,
mode 1, or via the assistance of the IRS, i.e., mode 2. For mode 1, the LoS

channel between the UAV and GU k at time slot n is given by

hy, 1 [n]
_ 50 —j%fﬂsineﬁG[n]cosfﬁc[n} —j%fﬂ(MAz—l)sineﬁ‘G[n]COSEQG[n] H
—(dAG[n])2 [1,6 c Y c }
k
_j2moAy sin 024G [n] sin £4G [n] _j2mlAy (Ma,—1) sin 082G [n] sin 4G [n] 1 H Max1
® [1,e77 % k RO e TR WA k erm T e cMax

(4.4)

where 02¢[n] and £29[n] represent the vertical and horizontal angle-of-departures
(AoDs) from the UAV to GU k at time slot n, respectively. [, denotes the
reference distance channel power gain and \. denotes the wavelength of the center
carrier frequency. Constants A, and Ay, represent the antenna separation at the

UAV in z-dimension and y-dimension, respectively. Fig. shows the geographic
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relations of sinf;[n] = @A%’ sing[n] = wﬁ::f[[:]]"", and cos [n] = H‘ﬁ::fﬁ'l'l. On

the other hand, for mode 2, the LoS channel from the UAV to the IRS at time

slot n is denoted as

HAR[TL]

— hRA[TL] ® (hAR[n])H c CMRXMA

B Bo 1 o~ ZRBE 5in 074 [n] cos €7A ) o9 TREE (Mpy—1) sin 674 [n] cos R4 ] H
| (@R[n])2

® [1’ e~ 2 ARy sin ORA [n] sin ¢RA [n ]7 o e—j TRy (MRy—1) sin 074 [n] singRA[n}] H

® [1’ e~ %AAI sin AR [n] COSEAR[H]’ o 7€—j27rf%(MAz—1)sin9AR[n] cos{AR[n}}

® [1’ e 27TAAy sin 0AR [n] sianR[n]’ o e—j 2T Ay (May—1)sin 0AR [n] singAR[n}} : (45)

where hf4[n] and hA®[n] are the channel vectors containing the angle-of-arrival
(AoA) and AoD, respectively. Constants Agr, and Ag, represent the reflecting
element separation at the IRS in z-dimension and y-dimension, respectively.
As shown in Fig. 0*%[n] and ¢AR[n] are the vertical and horizontal
AoDs from the UAV to the IRS, respectively. 0%4[n] and £%4[n] denote the

vertical and horizontal AoAs between the UAV and the IRS, respectively. It

can be observed that 64%[n] = ORA[n] and ¢2R[n] = ¢R®4[n]. Note that
sin AR [n] = sinf®4[n] = —”fég;ﬁ]‘*”, sin (AR [n] = sinéfAn] = —|\|\1;11::f[%]l|||’ and
cos EAR[n] = cosRA[n] = |‘|ﬁ§:f[%]|l|l. Besides, the LoS channel from the IRS to

GU £ is given by

hRG _ 50 [1 —j%f% sin@kRG cos{,l:‘G e—j%ficM(MRm—l) sinekRG cosé,l}G]H
(dRG)2 AR
k
2TARy . RG . cRG QWAR RG g ¢RG1H
- 0 - Mgy,—1 % Mg x1
® [1,6 J—5g *sin 0% sin gy e j Y (MRy—1) sin 6;* sin & } € CMrx :

(4.6)
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where OR¢ and &R¢ denote the vertical and horizontal AoDs from the IRS to

9}3(} _ Hgp RCG _ [lzr—zk]

GU k, respectively. Note that we have sin = e, sIng = M ie] and
i .

RG _ llyr—uekll : ;
cos&p = 1] 25 shown in Fig. [4.2

Moreover, the IRS manipulates the reflected signals to GUs by introducing

controlled phase shifts. The phase control matrix imposed by the IRS for GU k

at time slot n is given by

®,[n] = diag(eml’l’k[n}, o ’€j¢mRz,mRy,k[n]7 o 6j¢MRz,1v1Ry,k[n}) c CMRXMR’ (4.7)

9

where @, mp, k(7] € [0,27), mr, = {1,..., Mra}, mry, = {1,..., Mgy}
represents the phase control introduced to the (mg,,mg,)-th reflecting element
of the IRS at time slot n. Without loss of generality, for mode 2, we define the
end-to-end effective channel between the UAV and ground GU £k reflected by the

IRS at time slot n is given by

(hy2[n])™ = (B%[n])" @4 [n]HA[n] € CPMa, (4.8)

4.2.2 Signal Model

In the considered system, transmission from the UAV is scheduled to either via
reflected path with the help of IRS or through the direct path from the UAV to

the GUs. Thus, the received signal of the ground GU k at time slot n is given by

yi*[n] = sialn) (i [n]) M wpa[nlpr[n)eg*n] + 2], (4.9)

where wy,;[n] € CM2*1 denotes a unit-power beamformer adopted by the UAV
to serve GU k with mode ¢ € {1,2}. Running index i is the mode index, where

1 =1 and 7 = 2 denote the direct transmission mode from the UAV to GUs and
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Table 4.1: Physical meaning of parameters in flight power consumption model of

UAV [3).

Parameters Physical meaning Simulation values
Q Blade angular velocity 300 (radians/second)
r Rotor radius 0.4 (meter)

p Air density 1.225 (kg/m?)

s Rotor solidity 0.05 (m?)

A, Rotor disc area 0.503 (m?)

Y Induced velocity fgr rotor in forwarding £.03 (meter /second)
flight

do Fuselage drag ratio 0.3

P, Blade profile power in hovering status 79.86 (watt)

P Induced power in hovering status 88.63 (watt)

the reflection mode through the IRS, respectively. We represent s ;[n] = 1 when
user k selects mode ¢ at time slot n. Otherwise, s;;[n] = 0. The transmit power
allocated to user k with mode i at time slot n is presented as py;[n]. Complex
scalar #}*[n] € C denotes a modulated symbol and zi[n] ~ CA(0,0?) denotes
the background noise at GU k at time slot n, where o denotes the noise power.
In (4.9), ski[n] denotes that mode 7 is scheduled to user k at time slot n. In
particular, since a single RF chain is equipped at the UAV transmitter, only one
transmission mode can be supported to user k at time slot n, i.e., direct mode or
reflection mode. Meanwhile, all the other users k&’ # k ignore the signal of user k
from the reflected path or direct path as TDMA is adopted. Then, the achievable

data rate of GU k at time slot n associated with mode ¢ is given by

(4.10)

g2

Riiln] = sisln] log <1 i pk?i[nﬂhﬁi[mwkﬂ-[n]|2> |
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4.2.3 UAV Power Consumption Model

The flight power consumption of the UAV is finite and plays an important role in
UAV-based communications due to the limited battery capacity of the UAV. In
this system, we consider a rotary wing UAV since it has a higher mobility than
that of the fixed wing UAV. According to [3], the flight power consumption of a

rotary wing UAV is given by

3||v[n]|? Puvy 1
Py [n] = P, <1+ e )+ + dops A v[n 1|13, (4.11)
! 2 )l )
Blad;groﬁle Induced Parasn;e
where v[n] = [v.[n],v,[n]]T € R**!. The physical meanings of the parameters in

(4.11)) are summarized in Table

4.2.4 IRS Power Consumption Model

In practice, an IRS is an energy-limited device [128] which cannot be always
turned on to alter the condition of the communication channels. Thus, it is
important to take the power consumption of the IRS into account when it is
active. The total energy consumption of the IRS during the service period is

given by

Pt = ZZSkQ | Mpp™® (4.12)

n=1 k=1

where p'™®5 > (0 denotes the power consumption of each element of the IRS for

controlling the phase of the reflected signal when it is active.



4.3 Problem Formulation 93

4.3 Problem Formulation

The optimization problem for minimizing the total power consumption via
jointly designing the user scheduling & = {sy;[n],Vn,k,i}, power allocation
P = {pri[n],Vn,k,i}, the UAV’s trajectory T = {t[n],Vn}, the UAV’s flight
velocity V = {v[n],Vn}, the beamforming precoder W = {wy;[n],Vn, k,i}, and

phase control policy of the IRS ® = {®y[n], Vn, k} is formulated as:

N K 2
A 35 9 SRR TRRCND ol U R
PV n=1 k=1 i=1

s.t. Cl: sin] € {0,1},Vn, k, 1,

2

Zs;“[n] <1,Vn,

1 =1

C2:

ERES

B
Il

C3 : pri[n] > 0,Vn, k.1,

C4 : Z Z skaln|pri[n] < PUAV=Tx wn K,

k=1 i=1

C5: R}(}}ir < g8

max’

6 : ZZR,“ ] 2 Runin, VE,

n=1 =1

C7:tln+ 1] =t[n]+vnjr,n=1,...,N —1,
C8: t[1] = to,
C9 : t[N] = tr,

C10 - V]| < Vi, ¥,

Cl11: ||vin+ 1] — v[n]|| < VieT, V0.

Note that C1 and C2 are user scheduling constraints such at most one user

is scheduled through at most one transmission mode in each time slot, i.e.,
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TDMA. C3 is the non-negative constraint for the transmit power from the UAV.

PUAV—TX

et in C4 denotes the maximum transmission power of the UAV. EIRS in

C5 represents the energy budget of the IRS for /V time slots. C6 is introduced to
guarantee the minimum achievable data rate for each GU. Constraint C7 denotes
the relationship between the UAV’s trajectory and its flight velocity. C8 and C9
are the starting location and the final location of the UAV, respectively. Viax

and V.. in constraints C10 and C11 denote the maximum flight velocity and the

maximum flight acceleration, respectively.

4.4 Problem Solution

The formulated problem in is a non-convex optimization problem and there
is no standard method to obtain the globally optimal solution. In the following,
we first simplify the studied problem by exploiting its special structure at the
optimality. It can be observed that the minimum power consumption in (4.13) is

achieved when the maximum ratio transmission (MRT)E] is employed by the UAV

which maximizes the transmission efficiency, i.e., that wy[n] = ﬁhm[n] €
CMaxland wy,5[n] = ¢13TAhAR[n] € CMax1 Thus, with the optimal beamforming

at the UAV, the direct transmission mode channel from the UAV to the GUs and

3Note that the adopted MRT is indeed a kind of analog beamforming as the amplitude of
each element of the beamformer is 1.
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the reflection mode with the IRS are given by

VMapo .

prcim nd (4.14)

T [n] = hig, [n]wy [n] =
ha[n] = (B) @ [n] (™4 n] ® (W7 [0])") wy.a[n]

= /Ma(h{)" @, [n]n"A 0]

Mez  Mry K 2TAR QRG
v 8 e

MRe=1 MRy=1

\ | _ 1 j _j27AR gRA
+ Ahm me. k ejd)mRz’mRyvk[”}e I [n]
1 + K Ra MRy

VMM S

~ dFS R[]

(4.15)

respectively. Note that OF¢ = [(mg,—1) sin 03¢ cos {9+ (mp,—1) sin 07 sin EFC]
OFA[n] = [(mr, — 1) sin 074 [n] cos €4 [n] + (mgy — 1) sin 074 [n] sin E*4[n]]. Next,

we introduce the optimal phase shift adopted at the IRS in the following theorem.

Theorem 4.1. The optimal phase control policy Gmy, my, k(1| in each element of

the IRS for serving GU k at time slot n when sy ;[n] =1 is given by

Qmez ,MRy,k [TL]
- 27TAR
= )\C

+ (mpy — 1) (sin 0% [n] sin € [n] + sin 07 sin &), Vmga, mpy, n, k,  (4.16)

[(me — 1)(sin % [n] cos €/ [n] + sin AR cos 1Y)

to mazximize the reflection mode channel gain in the sense of power consumption

minimization.

Proof: Please refer to appendiz[C.1] for a proof of Theorem [4.1] O
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Then, the achievable data rate of GU k at time slot n with mode ¢ is given by

g

Rii[n] = ssln] log, (1 4 Pha [”W;’“‘[””Q) . (4.17)

Thus, the proposed optimization problem in (4.13) can be rewritten as

N K
mitimize >33 skalnlpuilr] + af::wz haeln](119)

n=1 k=1 =1

s.t. C1 — Cl11,

which is still non-convex. Next, to facilitate the design of an efficient method
to obtain a suboptimal solution of the formulated problem, similar to Chapter
3, we adopt the alternating optimization method by dividing the optimization
problem in into two subproblems and solve them iteratively to achieve a
suboptimal solution. In particular, sub-problem 1 optimizes user scheduling S
and power allocation strategy P for a given UAV’s trajectory design 7 and flight
velocity V, while sub-problem 2 optimizes the UAV’s trajectory 7 and flight
velocity V for a given user scheduling & and power allocation strategy P. Now,

we study the solution of sub-problem 1.
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4.4.1 Sub-problem 1: Optimizing User Scheduling and

Power Allocation

In this subproblem, for any given trajectory and flight velocity of the UAV, the

problem formulation can be expressed as follows:

N 2
mlmmlze Z Z skilnlpran] + PES + Z f}fg}t’ (4.19)
n=1 k=1 i=1
s.t. C1 — C6.

Note that constraints C2 and C5 are linear constraints with respect to (w.r.t.)
user scheduling s ;[n]. Thus, in order to handle the nonconvexity of the problem,

we relax the binary constraint C1 as
Cl:0< skiln] < 1,Vn, k, (4.20)

which can be interpreted as a time-sharing factor [129]. Then, we introduce
a slack variable py;[n| = sii[n]pki[n| to the optimization problem. Thus, the

optimization problem in (4.19)) can be rewritten as its equivalent form

minimize Protal (4.21)
SP
s.t. C1,C2, C5,
C3 : Praln] = 0,Yn, k, 4,
N K 2
C4: ) > praln] < YA Vn,

e
Il

1 =1

ék,i [n] 2 Rmin7 Vka

2
M =
Mw

C6 :

1

i
I

7
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where P = {Pr;i[n],Vn, k, i},

N K 2
Progar = Y Y > praln] + Plis + Z PAY[n], and (4.22)
pkz[ Hhkz[ ]|2>

Sk.i[n]o?

Ry.i[n] = sp.4[n] log, (1 + (4.23)

Note that the optimization problem in is jointly convex w.r.t. user
scheduling sy ;[n] and power allocation py;[n]. Besides, it satisfies the Slater’s
constraint qualification. Thus, the strong duality holds and the duality gap is
zero [22]. Therefore, solving the dual problem is equivalent to solving the primal
optimization problem of sub-problem 1 in . Next, we focus on solving the

dual problem and the Lagrangian function of (4.21)) is given by

L(9,¢,6,m,8,P) (4.24)

-Sa +<n>zzgak,@»[n] +ZP£§1¥[ ]

k=1 i=1

N K 2
+> 0, (ZZSM —1> ZCRPU;;V—TX
K N 2
+6 (Par — Ens) + > ( min = Y > Riiln ),

n=1 i=1

where ¥ = {¥,,Vn}, ¢ = {(,,Vn}, 0, and m = {nk,Vk} represent the non-
negative Lagrange multipliers corresponding to constraints C2, 621, C5h, and &i,
respectively. Constraints C1 and C3 will be considered in the Karush-Kuhn-

Tucker (KKT) conditions when designing the optimal solution of the transformed

problem in the following. Then, the dual problem of (4.21]) is given by

D= mﬁag%l;n;zoe mlrgrgllze L£(9,¢,6,1m,8,P). (4.25)



4.4 Problem Solution 99

In the following, the dual problem in can be solved iteratively by dual
decomposition. In particular, we divide the dual problem into two nested layers:
Layer 1, minimizing the Lagrangian over user scheduling & and power allocation
Pin for given the Lagrange multipliers 9, , d, and n; Layer 2, maximizing
the Lagrangian function over 9, ¢, ¢, and 1 for given user scheduling & and power

allocation P.

Solution of Layer 1 (User Scheduling and Power Allocation): The optimal

power allocation for GU k at time slot n with mode ¢ is given by

+
Mk o?

1+C)In2  Jhy[n]]?

ﬁzz[n] = Sm[n]pzl[n] = Sp.i[n ( ,Vn, ki (4.26)
Note that the optimal power allocation strategy in is the classic multiuser
water-filling solution. The GUs” water-levels, i.e., M%’ are normally different
at time slot n. In particular, the Lagrange multiplier 7, drives the UAV to increase
the communication power such that the minimum data rate requirement R, can
be achieved for GU k. In contrast, the Lagrange multiplier ¢, reduces the water-
level to satisfy the maximum communication power constraint. Then, in order

to find the optimal user scheduling, we perform the derivatives of the Lagrangian

function w.r.t. si1[n] and si2[n| which are given by

2
Aga[n] = 0, — ny log, (1 + PearlPra (] ) and (4.27)

0-2
pr2[n]|hi2[n]?
0-2

Aga[n] = 9, — i log, (1 + ) + 6 Mpp™T, (4.28)

respectively.  Note that Ag;[n] > 0 represents the benefit of the system

performance if time slot n is allocated to user k£ with mode i. Since Ay ;[n]

in (4.27) and (4.28)) is independent of s ;[n|, based on constraint C2, the optimal
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user scheduling for GU £ at time slot n with mode ¢ is given by

]-7 ]f,Z = arg n}n,l{Ak’,l’ [TL]},
Spiln] = ki vn. (4.29)

0, otherwise,
As the relationship between Ay ;[n| and Ay z[n| shown in (4.28), time slot n is

allocated to user k with reflection mode if the cost in using the IRS, i.e., s My p™S

is less than the gain obtained by switching from direct transmission to reflection

mode, i.e., Ny [10g2 (1 + IM) —log, (1 + pk,l[n]IUfLQk,l[n“z)]

Solution of Layer 2 (Master Problem): 1In order to solve the master
maximization problem in (4.25), we adopt the gradient method to update the

Lagrange multipliers via

Gl +1) = [Cn(jl) — A2(J1) X (Pntff;v B Zﬁk,i[n]>] ,Vn, - (4.30)

k=1 =1
301 + 1) = [0(1) — M) x (ERS — PRS7)]T and (4.31)
+
me(j1 + 1) = lnk(jl) (1) (ZZR;“ - mm) VE, (4.32)
n=1 =1

respectively, where j; > 0 and A\, (j1) > 0, € {1,...,4}, represent the iteration
index for iteratively solving sub-problem 1 and the step size satisfying the
infinite travel condition, respectively [20]. Next, we solve Layer 1 minimization
problem in by updating the resource allocation with the updated Lagrange
multipliers in —. The convergence of the proposed algorithm and
obtaining the optimal solution of sub-problem 1 is guaranteed [20], as the
objective in sub-problem 1 is finite and non-increasing over iterations for solving

the optimization problem in (4.21]).
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4.4.2 Sub-problem 2: Optimizing UAV’s Trajectory and

Flight Velocity

In this subproblem, for a given user scheduling and power allocation strategy, we

can express the optimization problem as

N K
mlnlmlze Z Z Z skaln|pri[n] + PES + Z P&fgﬁx (4.33)

n=1 k=1 i=1

s.t. C6 — C11.

Note that the optimization problem in (4.33]) is nonconvex and the nonconvexity
is due to constraint C6 and the function of the UAV’s flight power consumption
Piav[n] wrt. t[n] and v[n], respectively. Thus, to tackle this nonconvexity,

we first introduce two slack variables uy ;[n] and m[n], to rewrite the problem in

(4.33) into its equivalent form:

minimize P, 4.34
TV.UM total ( )

s.t. C7 — C11,

C6 : Z ZRk,z[n] Z Rmin7Vk7

n=1 i=1

C12 : |1, — t[n]||* + Hix < upa[n], vn, k,
C13: ||Ig — t[n]||* + (Ha — Hr)* < uga[n],Vn, k,
C14 : m[n] > 0,Vn,

C15 : ||v[n]||? > m?n], Vn,

where U = {uy:[n],Vn, k,i} and M = {m|n],Vn},
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Algorithm 4.1 Overall Algorithm for Solving Problem in (4.13|)

1: Initialize the convergence tolerance ¢; — 0, the maximum number of
iterations Ji max, the initial iteration index j; = 0, and the initial trajectory
{t[n], vin]}

2: repeat

: Set jl = jl -+ 1
4: Solving optimization problem in (4.21) to obtain the optimal solutions
Ptotab {Sk z[ ] pk,z[ ]} _

5. Use Algorithm to obtain the suboptimal result P, {t[n],v[n]}

given the resource allocation design {s;[n], pr.i[n]}

6: Update POtal = Piotal

. pir _pli— 1)|
7: until j; = Ji max OT Mo Fow | < ¢

8 return {s{;[n]. pi (], "] v* 0]} = {sialn), praln], tln], vin]} and P, =
Pt]oltal

Algorithm 4.2 Proposed Algorithm for Solving Sub-problem in (4.33))

1: Initialize the convergence tolerance e; — 0, the maximum number of
iterations Jymax, the initial iteration index jo = 0, the initial variables
{v[n],ur:[n]}, and the initial objective value Piota.

2: repeat {Main Loop: SCA}

3 Set jo = jo + 1 and {v?2[n],w;’[n]} = {v[n], ur[n]}

4:  Solving optimization problem in (4.42)) to obtain {t[n], v[n], uy[n], m[n]}

and ptotal

5. Update PtjOtal = Piotal

oy - pi2 _pliz— 1)|
6: until jo = Jo pax OF [Pt Frotar | < e

pJ2
Ptotal

7. Return {t*[n], v*[n]} = {t[n], v2[n]} and P}, = Ptjjml
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D sz[n]>
R Q - i 10 1 + 7 ’ 435
o] = sl og, (14 2527 (4.89
i|n M 2
Vealn] = w, (4.36)
DPiei[n] Ma Mg 55
fYk),? [n] = (dRG)20_2R 07 (437)
lv[r]lI*Y | Pw
Pf}f?h\t/[ |=PF, (1 + 022 + i 0] + 2d0psA |v[n]||?, and (4.38)
) N K 2
Powr = > > Y sealnlpraln] + Pl + Z PUAY ], (4.39)
n=1 k=1 i=1

where 7 ;[n] in (4.35) is a constant for GU k at time slot n with mode 4 for
given power allocation in sub-problem 2, i.e., as shown in and .
Note that the introduced inequality constraints C12, C13, and C15 in problem
(4.34) are all active at the optimal point. Thus the formulated problems in
and are equivalent to each other. Next, we handle the nonconvex
constraints C6 and C15 in problem (4.34]) via successive convex approximation
(SCA) iteratively [78,93,[130]. In particular, we can obtain a lower bound of the
achievable data rate for a given feasible solution, u,“[ ] and v72[n] in the jp-th

iteration, based on their first-order Taylor expansions [42], which are given by

Rigln] > (Rin]) = sp,[n] log, (1 + 'Ykz[n])

ukz[n]
sl (uglnl — o) a0
w[n] (wi;[n] + vei(n]) In 2
[vi]I* > [[v2[n]|* + 2[v?2 ] (v[n] — v72[n]), (4.41)

respectively.

Thus, applying the lower bounds in (4.40) and (4.41)) to (4.34)), we obtain a
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convex optimization problem:

minimize P, 4.42
TV.UM total ( )

s.t. C7—C14,

N 2
@I Z Z(Rk’z [n])j2 > Rmin7vka

n=1 i=1

C15 ¢ v2[nll* + 2v* [n]] (v[n] — v7[n]) > m*[n], ¥n,

which solving it yields an upper bound of the problem in (4.34]). Furthermore,
in order to tighten the obtained upper bound, we iteratively update the feasible
solution, ufl [n] and v?2[n|, by solving the optimization problem in (.42 with
standard convex optimization solver, such as CVX [120] in jp-th iteration. The
proposed SCA-based algorithm is shown in Algorithm [4.2] Note that the
convergence of the algorithm to a suboptimal solution is guaranteed [42].

The overall algorithm for solving two subproblems in and
iteratively are summarized in Algorithm [4.1] Note that the convergence of
the overall proposed algorithm to a suboptimal solution is guaranteed and it can
be proved by following a similar approach as in [112]. Please refer to Appendix

for the proof of the convergence. O

4.5 Numerical Results

In this section, we discuss the system performance of the proposed algorithm
based on the simulation results with K = 3, N = 50, My, = My, = 5, Mg, =
Mg, = 50, \c = 0.1 m, By = —50 dB, I; = [250,150;50,400;100,450]T m,
I = [0,400]" m, Hy = 100 m, Hg = 20 m, PUAV-Tx = 30 dBm, Ry = 50

bits/Hz, Vipax = 50 m/s, Viaee = 4 m/s?, to = [0,0]T m, and tp = [500,500]" m.
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Figure 4.3: Average total power consumption versus the energy budget of the
IRS.

In order to illustrate the contribution of the IRS to the UAV communications, we
compare the system performance for the proposed algorithm with different energy
budgets of the IRS and some baseline schemes. Besides, the initial trajectory of
the UAV is set as a straight flight with a constant speed from the start point to the
final point. The compared baseline schemes are no IRS consideration (No-IRS)

and straight line trajectory with constant velocity (SLT).

4.5.1 Average Total Power Consumption

Figure [4.3] shows the average total power consumption of the UAV communica-
tions versus the energy budget of the IRS for different iterations of the proposed

algorithm and a baseline scheme (SLT). We can observe that the proposed
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algorithm converge quickly to a suboptimal solution within 10 iterations on
average. Besides, the convergence of the proposed algorithm is accelerated by
the increases of energy budget. This is because an effective solution can be easily
achieved as the received signal-to-noise ratio (SNR) is improved in the time slots
when the IRS is activated. Moreover, it can be observed that the energy budget
of an IRS has a significant impact on the system performance. In particular,
the average total power consumption of the system decreases with increasing the
energy budget of the IRS which illustrates the benefit of introducing an IRS
to UAV communication systems. On the other hand, for the baseline scheme
(SLT), the proposed system is infeasible when the energy budget of the IRS
is below 60 Joule and the average total power consumption is insensitive to
the increase of energy budget of the IRS. This result indicates that IRS can
only provide significant performance gain to UAV-based systems when resource

allocation strategy and UAV’s trajectory are jointly optimized.

4.5.2 2D Trajectory of the UAV

Figure illustrates the UAV’s trajectories for the proposed algorithm with 10
iterations and baseline schemes. For SLT, the UAV flies straightly from the initial
point, tg, toward the final point, tg, with a constant flight velocity. For No-IRS,
due to the minimum data rate requirement for each user, the UAV has to fly
with a high flight velocity and pass by each user to establish strong channel gain
which consumes a significantly high flight power due to detoured path. Besides,
we can observe that the UAV flies slowly when it close to any desired user to
facilitate effective data communications. In contrast, thanks to the help of the
IRS, the UAV’s trajectory of the proposed scheme is shorter compared to No-
IRS. In particular, for E®S = 30 Joule and E™®S = 100 Joule, the IRS can offer

max max
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Figure 4.4: UAV’s trajectories of the proposed algorithm and baseline scheme.

temporary assistance to the UAV for efficient communication. Hence, the UAV
of the proposed scheme does not hover the desired users as the No-IRS scheme,
since it would cause a longer flight route and power consumption. In other words,
the UAV of the proposed scheme can enjoy a higher flexibility in designing UAV’s
trajectory which can reduce the flight power consumption substantially compared

to other baseline schemes.
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4.6 Summary

In this chapter, we studied a non-convex power minimization problem for IRS-
assisted UAV communication systems via jointly optimizing the UAVs trajectory
design and resource allocation strategy. We proposed an alternating algorithm to
achieve a suboptimal solution efficiently. The proposed algorithm supports the
high flexibility to the UAVs trajectory in the communications with the assistance
of the IRS. The numerical results illustrate the fast convergence and system
performance gain achieved by the proposed algorithm with different energy

budgets of the IRS compared to various baseline schemes.



Chapter 5

Resource Allocation and 3D
Trajectory Design for
Power-Efficient IRS-Assisted
UAV-NOMA Communications

5.1 Introduction

In the previous two chapters, we have introduced two creative trajectory design
and resource allocation algorithms for unmanned arial vehicle (UAV) communi-
cations. However, these considered scenarios adopted orthogonal multiple access
(OMA) protocols, i.e., orthogonal frequency division multiple access (OFDMA)
and time division multiple access (TDMA), which are not applicable to the case
of a large number of users with stringent quality of service (QoS) requirements.
As we discussed in Chapter 2, non-orthogonal multiple access (NOMA) protocol

provides higher degrees of freedom (DoF') for optimizing the UAV communication

109
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systems. Moreover, the adopted pure line-of-sight (LoS) channel in Chapters 3
and 4 are need to be explored to a more universal channel model. Therefore,
in this chapter, we study the joint design of the resource allocation, UAV’s
three-dimensional (3D) trajectory, and its flight velocity, as well as the phase
shift control of the intelligent reflection surface (IRS) in a practical altitude-
dependent Rician fading channel for power-efficient IRS-assisted UAV-NOMA
communications. The joint design is formulated as a non-convex optimization
problem to minimize the average total power consumption of the system taking
into account the minimum data rate requirement of each user and the maximum
tolerable outage probability constraint. Since the formulated problem is non-
convex and highly intractable, we first propose a closed-form phase control policy
for IRS. Then, to handle the intractability caused by the altitude-dependent
Rician fading channel, we employ a deep neural network (DNN) technique
to approximate the outage-guaranteed effective channel gain. Furthermore,
the obtained results are exploited to serve as a building block for the design
of an iterative optimization algorithm for addressing the design problem. In
particular, we divide the problem at hand into two subproblems and solve them
iteratively based on the alternating optimization method. In each iteration, a
suboptimal solution of these two subproblems are obtained by the successive

convex approximation (SCA) with a fast convergence.

5.2 System Model

We consider a rotary UAV-enabled downlink NOMA wireless communication

system serving K ground users (GUs) with the assistance of an IREEI as shown

!Note that a more complex scenario can be considered in the future work with more IRSs
adopted in the communications [131}132], considering IRS selection and the coorperation
between the IRSs.
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in Fig. [5.1] Particularly, the IRS is coated on the surface of a building located
at the edge of the service area such that all the GUs have the opportunity to be
assisted by the IRS. We assume that the UAV is equipped with a single antennaﬂ.
Besides, the IRS consists of Mg, X Mg, = Mg > 1 passive reflecting elements and
all the GUs are single-antenna devices. Also, the total service time duration T
is divided into N equal-length time slots with duration time 7 (s), i.e., T = NT.
In each time slot, the UAV selects two GUg| and serves them through NOMA.
Moreover, the UAV operates in 3D space with a variable flight velocity, while
the locations of all the GUs and the IRS are fixed during the whole service time,
e.g., [40,46,58]. Also, we assume that the IRS is deployed at a high altitude
above all obstacles. The distances between the UAV and the IRS, the UAV and
GU k € {1,..., K}, as well as the IRS and GU k at time slot n € {1,..., N} are

given by
d*n] = |[lg — t[a]ll, dpn] = [k — t[n]], and ¢ = [llk = LJl,  (5.1)

respectively. Note that I = [agr,yr, Hr]® € R¥Y 1, = |24, yp, 22)T € R¥L, and
t[n] = [z[n],y[n], 2[n]]" € R**! denote the Cartesian coordinate of the IRYY, GU

k, and the UAV at time slot n, respectively.

2Note that single-antenna UAV is commonly assumed in the literature, e.g., [3,42], to reduce
the signal processing burden at the UAV.

3In this chapter, we consider to select two GUs to form a NOMA group since it enjoys a
lower computational complexity and a shorter signal processing delay for successive interference
cancellation (SIC) decoding at GUs, compared with that of grouping more NOMA users [93//97].
Moreover, as shown in [78,[133], the performance gain of NOMA over OMA diminishes rapidly
with increasing the number of users in one NOMA group. Therefore, the considered two-user
NOMA scheme can achieve a considerable performance improvement than conventional OMA
scheme.

4Since the typical size of each element in a small-scale IRS is the same order of the wavelength
of the carrier frequency, A, [127], e.g., %, the separations between reflecting elements of the
IRS in the z-dimension and the y-dimension, denoted as Ag, and Ag,, respectively, are much
shorter than that of the distance between the UAV and the IRS, dA®[n], as well as the distance
between the IRS and GUs, dEG. Thus, we assume that the distance of each element of the IRS
to a GU/UAV is the same, as commonly adopted in the literature [69].
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Figure 5.1: An IRS-assisted UAV-NOMA communication system with multiple
ground users.

5.2.1 Channel Model

In the considered system, we assume that the channels between the UAV and
the GUs as well as the IRS and the GUs follow a frequency flat Rician fading
channel model with an altitude-dependent Rician factor [40,80]. Note that the
Doppler effect caused by the movement of the UAV can be well compensated by
adopting existing frequency synchronization algorithms, e.g., [126]. According
to [40], the Rician factor of the direct link between the UAV and different GUs is
non-identical caused by the UAV’s mobility and their surrounding environment.
In fact, the altitude-dependent Rician factor for UAV-GUs link can be modeled

by an exponential function [40480], which is given by

kpSn] = A exp (A20,%[n]), (5.2)



5.2 System Model 113

where 62¢[n] is the elevation angle-of-departure (AoD) from the UAV to GU k

at time slot n, as shown in Fig. [5.2] and is given by

(2]
02C[n] = arcsin : 5.3
Note that A; > 0 and Ay > 0 are constant parameters related to the terrain
environment and can be obtained via long-term measurements. Then, we can

observe that the Rician factor is bounded by fmin < k2S[n] < Kmax, Where

Foin = A1 and ke, = Aje2™/2,
Hence, the Rician channel between the UAV and GU k£ at time slot n is given

by

AGT T Bo
=

omgACIn] . L
where h?G’LOS [n] = e72™% /X and the associated phase rotation is caused by

AG,LoST, 1 RAG
[ 1+ mpSln] "

]

(5.4)

the delay of the LoS component of UAV-GUs link, which is determined solely
by their locations and is known to the system. Ah2%[n] € C ~ CN(0,1)
denotes the randomly scattered component of the channel experienced by GU
k at time slot n. Note that 3y € R and o*® > 0 denote the average
channel power gain at the reference distance and the path loss exponent of
the UAV-GUs channel, respectively. Besides, we use £2C[n] to represent the
horizontal AoD from the UAV to GU k at time slot n and )\, denotes the

wavelength of the carrier frequency. Fig. [5.2] shows the geographic relations

f gin EAG _ |z —z[n]| d AG _ lyr—yln]| 0
of sin&i™ln] = = e A cos& = =S O

the other hand, the pure LoS Channelﬂ from the UAV to the IRS at time slot n

5In practice, the IRS is mounted at the wall of a building that has a similar height with
traditional base stations deployed in outdoor wireless communication systems [134], e.g., 20—30
meters. Based on the field measurements in [106}/107], the LoS probability of the air-to-air
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Figure 5.2: The vertical and horizontal AoDs/AoAs between the UAV, IRS, and
GU £ in the considered downlink communication system are shown on the left-
hand side and the right-hand side, respectively.

is denoted as

hAR [n]

60 e_] 2Trd‘:‘CR[n]
(AR [n])=*"

2TA . L2mA .
% [17 67]%‘% SmORA[n} COSfRA[n]7 o ’6*3%(1‘41%*1)51“91)‘/%[”] COSERA[”]}H
Q [1’ efj 2‘"iRy sin 084 [n] sin é'RA[n]’ o.e j2ﬂiRy (Mpy—1)sin 0%~ n] sinéRA[n]} H c (CMR><1’

(5.5)

where a®® > 0 is the path loss exponent of the UAV-IRS link. As shown
in Fig. 5.2 6%4[n] and ¢RA[n] denote the vertical and horizontal angle-

of-arrivals (AoAs) between the UAV and the IRS, respectively. Note that

o ORA _ lzZln]=Hr| i ¢RA _ |zr—2[n]| RA
sin ™% [n] = SARG s sing n] = \/(:pr:E[:Li])2+(nyy[n])2’ and cos ™ [n|
lyr—y[n] . Besides, the Rician channel from the IRS to GU k at time

V@r—aln)*+(yr—yln)?

communication channel closely approaches one. Thus, in our proposed system, we assume that
the UAV-IRS link experiences the pure LoS channel which the corresponding channel coefficients
can be determined by their locations.
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slot n can be modeled as

/1
RG hRG:LoS RG M
by [n] = ]lRG aRG 1 HRG hy, + {1 <RG AhP%[n]| € CMrxt,

(5.6)
where
dRG A 2 A )
hl’jG’LOS _ 6_ el [1 e~ Rz sin GkRG cos{EG7 o ’e—]ﬂ'/\iCR‘T(MRI—l) smekRG costG] H
2TARy . )RG i ¢RC 2TARy . pRG o ¢RG- H
—J sin 6;*~ sin & —J Mgy—1)sin ;% sin &
® [1,e77 7% k e (Miy—1)sin 0 k] (5.7)

is the LoS component that is known to the system. AhRS[n] € CMrx1 ~
CN(0,1,z,), oS >0, and kB > 0 represent the randomly scattered component,
the path loss exponent, and the fixed Rician factor of the IRS-GUs channel,
respectively. ORC and £R¢ denote the vertical and horizontal AoDs from the

IRS to GU k, respectively. As shown in Fig. , we have sin fR¢ = ;—%,
k

¢RG — |zr—2k] ¢RG = lyr —k|
K V (@r—21)>+(yr—vk)2’ k V (@r—2)2+(yr—yr)?

Moreover, the IRS can manipulate the reflected signals to GUs by introducing

sin and cos

controllable phase shifts. The phase control matrix imposed by the IRS at time

slot n is given by

®[n] = diag(e 1. e Ommamny IOy 7]y @ O MR MR (58)

Y

where ¢y, mp,[?] € [0,27), mr. = {1,...,Mra}, mry, = {1,..., Mgy},
represents the phase control introduced by the (mg,, mg,)-th reflecting element of

the IRS at time slot n. Now, we define the end-to-end effective channel"| between

6Note that although continuous phase control is considered in this chapter, it can be extended
to the case discrete phase control via a similar approach as in [63}/64] and with the IRS channel
estimation as in [65}/135].

"The signal propagation delay between the direct link and the reflection link is negligible
as it is about 2 ps in an 500 x 500 m? service area, which is much shorter than the symbol
duration in long-term evolution (LTE) systems (around 70 ps) [136].
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the UAV and GU k at time slot n as

hi[n] = hC[n] + (WiC[n])1®[n]h R[n] € C. (5.9)

Meanwhile, at the UAV side, the deterministic components of all channels,
including the LoS components, path loss as well as the Rician factors can be
determined that are available for the designed trajectory of the UAV. Apart
from the deterministic components, the distributions of the randomly scattered

components in the UAV-GUs and IRS-GUs links are also available [137].

5.2.2 NOMA Transmission and Achievable Data Rate

We consider NOMA transmission at the UAV to serve two GUs at each time slot
as it is potential to achieve a higher power efficiency than that of the conventional
OMA schemesf| [93]. Without loss of generality, when the UAV selects GU k and
GU k' to form a NOMA group and instructs GU k to perform SIC decoding
at time slot n, we denote sgp[n] = 1, Vk, k. Otherwise, sgp[n] = 0. When
sgr[n] = 1, the UAV transmits the superimposed signals for GU k and GU
k' simultaneously. As illustrated in Fig. [5.1, GU k is assumed as the user
performing SIC which first decodes the information of GU k' before decoding its
own information. Besides, GU k' is assumed as the non-SIC user which directly
decodes its own information while treating the interference of GU £ as noise. For
skx[n] = 1, the achievable data rates of the two stages of SIC decoding at GU

k serving as a SIC user and that of GU k' serving as a non-SIC user can be

8The proposed optimization framework is a generalized one which subsumes TDMA as a
special case.
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formulated as

Pk/ n)|hy[n]|?

OISy
(]| [n][? + o3

K k! =log, (1 +

) Vn, k # K, (5.10)

pk' |hk'[ 1K

CNSIC
[n] | [n]|* + o

ook =log, | 1 +

5] <1+ lhk ]|2> Vn, k, and (5.11)
k! ., k, .

) k£ K, (5.12)

respectively, where pi[n], pi[n], o7, and o7, denote the power allocation variables
and the background noise powers for GU k and GU £’ at time slot n, respectively.
Note that when k& = k', sgx[n] = 1 models the case of TDMA where only GU
k is served at time slot n and the achievable rate can be given by C,I;}CSIC [n]
in (b.11). However, due to the existence of randomly scattered components in
Rician fading channels, an outage event occurs when the transmission rate exceeds
the achievable data rate. To capture the potential outage events, we define the
effective rate allocation for GU k and GU k' at time slot n as r¢[n] and r[n],
respectively. When s; 2 [n] = 1, rx[n] can be achieved when the two stages of SIC
decoding at GU k are successful, i.e., rp[n] < C’,ii{c[ ] and r[n] < C’,ICI,CS,IC[ .
Meanwhile, ry,[n] can be achieved when the direct decoding at GU £’ is successful,
Le., rw[n] < Cy°[n]. Besides, when sjx[n] = 1, rx[n] can be achieved when

ruln] < Ci ).

Our design aims to satisfy the minimum data rate requirement of each user
while taking into account the potential outages of both SIC decoding and direct

decoding. Therefore, we formulate the average transmission rate of user k during
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the whole flight period as follows:

1 N K 1 N K 1 N
Rk:—ZZskk/nrkn +—ZZsk/knrkn +—Zskknrkn
+ wlalriln] + 5 Klrlrilo] + 5 S sealnlrila),
n=1 k'=1 n=1 k'= n=1
k/7ék k’;ﬁk -~ J
~ ~- <\ ~~ - GU k as an OMA user
GU k as a SIC user GU k as a non-SIC user

(5.13)
where the first term denotes the average transmission rate of GU k as a SIC user,
the second term denotes the average transmission rate of GU k as a non-SIC user,
and the third term represents the average transmission rate of GU k as an OMA

user.

5.2.3 Power Consumption Model

The power consumption of the UAV plays an important role in UAV-based
communications due to its small-size onboard battery with limited energy
capacity. The system power consumption consists of the UAV’s communication
power and the flight power. The communication power of the UAV at time slot

n can be given by

K K K
Peomm[n] =1 <Z Z sk (1] (pr[n]+pw[n]) + Z Sk [N ) , (5.14)

k=1 k'+k =1

where % > () denotes the efficiency of the power amplifier of the transmit antenna.
Note that the first term denotes the communication power consumption for
NOMA users and the second term represents the communication power of the
users selected to operate in OMA mode. In this system, we consider a rotary
wing UAV as it has a higher maneuverability than fixed wing UAVs. According

to [3,131], the flight power consumption of a rotary wing UAV at time slot n is
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Table 5.1: Physical meaning of parameters in flight power consumption model of

UAV [3).

Parameters Physical meaning Simulation values
G Weight of UAV 20 (Newton)
Q Blade angular velocity 300 (radians/second)
r Rotor radius 0.4 (meter)
p Air density 1.225 (kg/m?)
s Rotor solidity 0.05 (m?)
A, Rotor disc area 0.503 (m?)
i Induced velocity fqr rotor in forwarding 4,03 (meter /second)
flight
do Fuselage drag ratio 0.3
P, Blade profile power in hovering status 79.86 (watt)
P, Induced power in hovering status 88.63 (watt)
given by

Pugln] = P, (1 N 3(v[n] +v§[n])) 7}2[721%1)0

022 ] + vZ[n]
Bladeprggle power Induc;drpower
1
+ EdopsAr(vi[n] + v, )32+ Gu,n] (5.15)
Parasi?erpower Vertical flight power

where the velocity of the UAV in 3D Cartesian coordinate is denoted as v(n] =
[v:[n], vy[n], v.[n]]T € R¥*!. The physical meanings of the parameters in (.15
are summarized in Table . In , the first three components are related
to horizontal flight power and the last component, the vertical flight power
consumption, plays an important role in controlling the UAV’s flight altitude.
In particular, it is expected that optimizing the vertical velocity, v,[n], can affect

the flight endurance and the flight power consumption.

On the other hand, in practice, the IRS is usually mounted on the building
exterior which is accessible to energy source. Besides, the IRS is nearly passive

and its operation power is a constant which is much lower than that of the
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communication and flight power consumption of the UAV [3|[5]. Therefore, we

ignore the IRS power consumption in the considered system.

5.3 Problem Formulation

The optimization problem for minimizing the average total power consumption
via jointly designing the user scheduling S = {sy/[n], Vn, k, &'}, the power alloca-
tion P = {px[n], Vn, k)] the effective transmission rate R = {ry[n], Vn, k}[} the
UAV’s 3D trajectory T = {t[n], Vn}, the UAV’s 3D flight velocity V = {v[n],Vn},

and the phase control policy of the IRS ® = {dnp, mp, ], V7, MRe, MRy} 18

9In practise, the total power draws by the power amplifier can be comparable to the flight
power consumption, e.g., roughly % of the latter. As such, we optimize both pg[n] and Pay[n]
in the objective function since the transmit power allocation affects substantially the UAV’s
trajectory, which is directly related to flight power consumption.

Note that the transmission rate ri[n] is optimized to satisfy the outage probability
constraints based on the practical altitude-dependent Rician fading channel model while only
the statistical CSI is available for resource allocation.
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formulated as:

N

o1
pnimige, 7> Pl ZPﬂy (516)

n=1

s.t. C1 : sg k/[n] € {O, 1},Vn, k, k’/,

K K
C2: Z Z sk (n] < 1,Vn,
k=1 k'=

1
C3: pr[n] > 0,Vn, k,
C4 : Poomm[n] < Ppeak, V1,
C5: Ry > Ruin, VE,
C6 : Pr <sk7kf [n]rin] < spi [n]C,IjC [n], sk [n]re[n] < spwin ]C’,ﬁlks/lc [n])
>1—&)° vn, k' #k,
7 - Pr(skgk[n]m[n] < sl CNSCn ]) >1 - NSIC iy k! £k,
C8: Pr <skk[n]rk[n] < sk,k[n]C’gflc [n]) > 1 — ™A, k,
C9:tin+ 1] =tn]+vnr,n=1,...,N —1,
C10 : t[1] = to,
C11 : t[N] = t,
C12 : tyin < t[n] < tax, V0,
C13: |lvin + 1] = v[n][| < Vaeer, Vn,
CL4 - V]| < Vi, ¥,

C15: 0 < dmg,mp, [N < 27,Y0, MRy, MRy

Note that C1 defines the user scheduling variable and C2 guarantees that at most
two users are scheduled at each time slot. C3 is the non-negative constraint for
the transmit power from the UAV to GU k and Ppeax in C4 represents the peak

transmission power of the UAV at each time slot. Constraint C5 is introduced
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to limit the minimum data rate for each user. Constraints C6 — C8 represent
the maximum outage probability constraints for the SIC decoding at SIC users,
the direct decoding at non-SIC usersiﬂ, and the direct decoding at OMA users,
respectively, where e3¢ > 0, eN€ > 0, and ePM* > 0 are corresponding
maximum tolerable outage probabilities. Constraint C9 denotes the relationship
between the UAV’s 3D trajectory and its flight VelocityE. C10 and C11 denote
the starting and the final locations of the UAV, respectively. Parameters t,,;,
and t,,,x in constraint C12 limit the maximum service area of the UAV. V,.. and
Vinax in constraints C13 and C14 denote the maximum flight acceleration and the
maximum flight velocity, respectively. C15 limits the range of phase control of

the IRS.

5.4 Problem Solution

The formulated problem in is a non-convex optimization problem and
there is no systematic and efficient method to obtain the globally optimal
solution. In the following, we first simplify the studied problem by exploiting its
special structure at the optimality. Then, a computationally-efficient suboptimal

algorithm is proposed to obtain a high-quality solution.

1Tn this system, we assume that the SIC user did not tempt to decode its own message if
the first stage is failed, as commonly adopted in |18}|36}/93].

2Note that the UAV’s flight velocity is a function of its trajectory for a given time slot
duration 7. However, directly expressing the total power consumption in terms of UAV’s
trajectory or expressing the effective channel gain in terms of UAV’s flight velocity would lead
to an intractable formulation. Thus, we introduce variables of the UAV’s trajectory and flight
velocity to simplify the problem at hand.
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5.4.1 Phase Control and Outage-guaranteed Effective Chan-

nel Gain

Since the randomly scattered components of the channels, e.g., Ahy%[n] and
AhES[n], are unknown, optimizing the phase control policy of the IRS has to
rely on the LoS components of the channels, h*R[n], hix@"[n], and h@"°. To
facilitate our design, we propose a efficient closed-form suboptimal phase control
policy and derive the effective channel gain based on the distributions of Ah¢[n]
and AhR%[n]. Note that the proposed design can significantly reduce the required

signaling overhead for CSI acquisition and phase control.

To determine the IRS phase control, since GU k is designed to perform SIC
decoding and it is more likely to suffer from the channel outage than GU £/, we
assume that the IRS is always controlled to coherently combine the LoS channels
of GU k when si[n] = 1. In the following, we summarize a suboptimal phase

control policy in a theorem.

Theorem 5.1. A suboptimal phase control policy of the IRS at time slot n

Grmna,mp, (1] for minimizing the total system power consumption is given by

¢me sTMRy [n]

K K 9 A
= Z Z Sk (1] ( ok (mps — 1) (sin 03¢ cos £8¢ — sin 0% [n] cos SRA[n])

A
k=1 k'=1 ¢

2w A

+ W)\ fy (mpry — 1) (sin 079 sin EFY — sin 6% [n] sin €74 [n])
27

+ 2T (o] + S - df,gG[n])) | (5.17)
Proof: Please refer to appendiz[D.1] for a proof of Theorem[5.1]. ]

Applying (5.17) to (5.4)—(5.7]) yields the effective channels from the UAV to
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GU k and GU £’ at time slot n are given by

hy[n] \/60“ H+\/53”RGMI%+\/ b ARy %[n] + 3M2AhRG[ ] and

Ag[n] B[n] Ayln] B[]
(5.18)
hk’[ ]: Me_]‘%(dﬁ/c[n]-ﬁ-d?(;[n})_f_ 602I€RG€_j27”(dkR/G_d£{G)
Ak/[n] Bk/[n]
MRz MRy

Z Z exp ( —j— 3 [ARx(mRz — 1)(sin 03¢ cos £5° — sin 03¢ cos £5°)

mRre=1mpy=1

+Ary (mpy — 1) (sin 057 sin 3¢ — sin 0, sin £39)] )

Ty A ,/ A 1
Ak, hAG Bk/ hRG (5.19)

respectively, where Ax[n] = (dp¢n])*"" (1452 %[n]), Bx[n] = (dA%[n])*™" (df€)*"™ (1+
RGY Ap[n] = (d3C[n))*"“ (1 + k2S[n]), and By[n] = (d*R[n])*™" (dRS)>" (1 +

RG).

We can observe that hgn] and hy[n] follow the Gaussian distribution

AG RG 272 AG
with mean, \/ Por [n] \/ B MR and 4/ 22w ] + B3re s well as variance,
Ak’[n} Bk’[ }

Mg /3 : oo
Ak[n] —|— [n] and Ak/[n} + ka’[n], respectively. In other words, the end-to-end

effective channels of GUs still follows the altitude-dependent Rician fading with
our proposed phase control policyE[ Note that the outage probability constraints

C6 — C8 of the formulated optimization problem (5.16|) are active at the optimal

13The obtained closed-form IRS phase shift in (5.17) is the optimal solution for the case of
OMA.
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point. Then, constraints C6 — C8 can be rewritten aﬂ

1-— €SIC Pr <5k,k’ [n]rk/ [n] S Sk, k' [n]CIICﬁ;C [n], Sk, k! [n]rk [n] S Sk k' [TL]C,I;}E/IC [n])

oy (o) R Lt S
=P (o ey < el E <

— max {1 — Fuk (pk, [n]a_%(;;g;é;k’l[z] - 1)) ’
1— Fog (%) } ’ "

1 — 210 = Pr (s lnlreln] < speln]CNSC[n))
pk[n]a—if: =Ty < Pl
“ 1 F ()
] — cOMA _ py <sk7k[n]rk[n] < sk,k[n]c,ﬁ{;flc[n])
= Pr (M < |hk[n]|2) =1-Fu (@) , (5.22)

Pk [n] Pk [n

= Pr

(5.21)

respectively. Note that F), x(-) is the cumulative distribution function (CDF') of

the random variable |hg[n]|?, which is given by [40}/138]

Frx(x)

=1-Q, (\/BOHkD;ETE}zj]Bk ] +\/53KR24[§]AI€[”] | \/Akgij[i?[n] X) and  (5.23)

Foi (£ n)

4 Botiy,“ [n] Bi[n] B3k A[n] [ Arln]Biln] nsic n
=1-@ <\/ Duln +\/ AL ,\/ D] ' []),(5.24)

where x € {ft%[nl, fi5n], SOV ]}, f5n] = min { 1], 79110 |, and

4Note that since outage constraints C6 — C8 are inactive if sy [n] = 0, we only consider
the situation of sy 4[n] = 1 while handling the intractable constraints C6 — C8 in the following
process.
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Input layer Output layer

UAVS Input y ‘ ‘

GU k<

'bi ib[ fb[
6x1 P 00x1 " q00x1 P ix1
LI L2 L3 L4

Figure 5.3: The structure of the employed three-layer feedforward neural network.

Dy[n] = ByBi[n]+BEME Ag[n]. Note that fZI°[n], fNSC[n], and fOMA[n] denote
the outage-guaranteed effective channel gain for GU k when it is selected as a
SIC user, a non-SIC user, and an OMA user, respectively. Function Qi(a,b)
is the standard Marcum-Q function [139]. In general, there is no closed-form
expression for and . More importantly, their inverse functions, i.e.,
F (), B (), B (f5n]), and FL(fOMA[n]), for returning

outage-guaranteed effective channel gains, fr°'°[n], fi"*'“[n], fNS'C[n], and

OMA[p] are intractable functions with respect to (w.r.t.) the 3D trajectory of the
UAV, t[n]. On the other hand, although the value of the Marcum-Q function can
be found via a lookup table, it does not facilitate the overall resource allocation
design.

To strike a balance between the system performance and the computational

complexity, in this chapter, we adopt a DNN approaChE] [140,/141] to approximate

the outage-guaranteed effective channel gain fi[n] for different schemes i €

P Note that although existing data regression methods, e.g., discriminant analysis and
stochastic modeling, have been proposed to approximate the sophisticated effective channel
gain, the obtained results are generally intractable which do not facilitate the design of
computationally efficient resource allocation.
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{SIC,NSIC,OMA} as a tractable function w.r.t. the 3D trajectory of the UAV
and location of GUs. Fig. [5.3| shows the structure of a three-layer feedforward
neural network [142/143]. Thus, for each location of the UAV, t[n], the location
of GU k, l;, and a given outage probability, %, we can generate the numerical
data of ﬁ based on f, f which serve as labels for neural
network trainingiﬂ. After offline training based on the generated samplings, we
can then obtain a well-trained neural network. That is, for given maximum
tolerable outage probabilities €%, we obtain the approximated outage-guaranteed

user location-aware effective channel gain for GU £ as

1

filn] ~ (5.25)

(wi)t [wh [wiauln] + i+ b5 48
Note that [wiqg[n] +bi]" is the rectified linear unit (ReLU) function for GU
k adopting scheme i, which is a convex function w.r.t. qg[n]. Vector qx[n] =
[t[n]; 1] € R collects the trajectory of the UAV and the location of GU k at
time slot n. Parameters wi € R200%6 pbi € R200x1 wi ¢ RI00x200 1i ¢ RI0xT
wi € R and by € R are the well-trained weights and biases for scheme i
between layer 1 and layer 2, layer 2 and layer 3, as well as layer 3 and layer
4, respectively, as shown in Fig. [5.3 To verify the approximation accuracy,
as shown in Fig. and Fig. , we present the numerical result of f;[n]
based on and as well as the approximated value by the neural
network model according to for different dimensions, respectively. We
can observe from them that the numerical result of fi[n] based on (5.2)-(5.7),
f closely match their predicted effective channel gains obtained by

16The reason for adopting %M as a label rather than f}[n] is that the former can be
K

interpreted as the path loss between the UAV and the desired GU’s location which directly
depends on the UAV’s trajectory.
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our well-trained numerical network model. Besides, the normalized mean square
error (NMSE) between the numerical channel gain and the outage-guaranteed
effective channel gain via the DNN approach is less than 0.005. In particular,
there is a non-trivial trade-off between the flight altitude, outage-guaranteed
effective channel gain, and the horizontal distance between the UAV and the
GUs. For example, as shown in Fig. when the horizontal distance between
the UAV and the desired users (e.g., GU 1 and GU 2) is large, increasing the
flight altitude to a certain extent would increase the effective channel gain.
Specifically, a higher flight altitude can reduce the variance of Rician fading
channel in (5.4)) which facilitates a more power-efficient UAV communication.
However, an exceedingly high flight altitude would cause the decrease in outage-
guaranteed effective channel gain, as the increased path loss outweights the gain
brought by reduced channel uncertainty. On the other hand, when the horizontal
distance between the UAV and the user (e.g., GU 3) is short, increasing the flight
altitude is not beneficial to the effective channel gain since the increased path

loss is dominated. As a result, we set the outage-guaranteed transmission rate

for GU k as a SIC user, a non-SIC user, and an OMA usef"| are given by

SIC
T’k[n] = 1Og2 (1 + M) ,Vn, k 7£ k?/, ifSk’kl [n] = 1, (526)

2

k
pilnl £ ]
pnlfi™Cn] + o
OMA

rr[n] = log, (1 + W) n, ky if s pln] =1, (5.28)

ri[n] = log, (1 + 2) n,k # K ifspn] =1, and  (5.27)
k

respectively. Then, by applying (5.26) and (5.27) to constraint Cha, we can

readily reformulate the original optimization formulation in (5.16)) as the following

1"Note that we will verify the accuracy of the outage probability obtained by using (5.25) as
the outage-guaranteed effective channel gain in the simulation section.
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I Numerical, GU 1, OMA

[ INeura network, GU 1, OMA
I Numerical, GU 2, NSIC

[ Neurd network, GU 2, NSIC
I \umerical, GU 3, SIC

[ ]Neura network, GU 3, SIC
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Outage-guarantreed effective channel ><gai n
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Figure 5.4: Comparisons between the numerical data and the neural network
model versus the UAV’s location at the x-dimension and the y-dimension for a
specific altitude, i.e., 140 m, when the maximum tolerable outage probability =
0.01 and K, = 0 dB. The location of GUs and the IRS are listed in Table [5.2]

problem:

N N
o1 1
minimize - nEZI Peomm[n] + N 3:1 Pyy[n] (5.29)

s.t.C1 — C4,C9 — Cl4,

R iv: [i (sk,k, [n] log, <1 + W)

n=1 k'=1
k'#k

mMﬁmM)

2
Ok

Z Rmink ) Vk7

+ sg.x[n]logy (1 +

C16 : qu[n] = [t[n]; 1x], Vn, k,
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Figure 5.5: Comparisons between the numerical data and the neural network
model versus the UAV’s vertical location at z-dimension with horizontal locations,
i.e., (170,200), (180,300), and (60,400), calculated for GU 1, GU 2, and GU 3,
respectively, when the maximum tolerable outage probability = 0.01 and &, = 0

dB.

where Q = {qx[n],Vn, k}. Note that we can rewrite C5 as

K K
== 1
C5: > | S RIEI + Y (Riggln] — Rilyln]) + B ]| > Runin,, Yk,

n

=1 Lk'=1
K £k

k=1
K #k

(5.30)
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Problem Formulation in (5.16) Closed form
(87P5R575V5®) (®)
!
Problem Reformulation in (5.29) CDF wvia Neural network
(87 PyT: V: Q) (R)

l

Alternating Optimization Approach

Subproblem 1 Treration Subproblem 2
(S, P) L (T.V,0)
; ;
SCA SCA

Figure 5.6: A flow chart for the illustration of the proposed iterative algorithm.

where

FEln] = sl tog, (1+ LAY (5.31)
Rjo[n] = swln]log, ((pxln] + pw [n]) £ In] + 07) | (5.32)
Ry [n] = swi[n] log, (pw[n] 251Cn] + 07), and (5.33)
R,?’%A[n] = Sy, [n] log, (1 + JM) : (5.34)

Although the reformulated problem in is more tractable, it is still
non-convex due to the coupling between the communication resource allocation
variables and the UAV’s trajectory design variables. Now, to obtain an efficient
suboptimal solution, we adopt the alternating optimization (AO) method [112] by
separating the optimization problem in into two subproblems and address
them iteratively. The solution structure is shown in a flow chart in Fig. [5.6, In
particular, subproblem 1 optimizes the user scheduling S = {sjx[n],Vn,k, k'}

and the power allocation P = {pi[n|,Vn, k} for a given UAV’s 3D trajectory
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T = {t[n],¥n}, 3D flight velocity V = {v[n],Vn}, and Q = {qx[n],Vn,k};
Subproblem 2 optimizes the UAV’s 3D trajectory 7 = {t[n],Vn}, its 3D flight
velocity V = {v[n|,Vn}, and Q = {qi[n],Vn,k} for a given user scheduling
S = {skw[n],Vn, k,k'} and power allocation P = {pg[n],Vn, k}. Now, we study

the solution of subproblem 1.

5.4.2 Subproblem 1: Optimizing User Scheduling and

Power Allocation

In this subproblem, for any given UAV’s trajectory and flight velocity, the user

scheduling and power allocation can be formulated as:

N N
| 1
minimize - El Peomm[n] + i 51 Pay[n] (5.35)
s.t. C1 — C4, C5.

Note that constraint C2 is an affine constraint w.r.t. the user scheduling
skx[n]. First, to address the nonconvexity of the problem, we handle the coupling
between the paired user scheduling sy /[n] and transmit power allocation py[n]
variables by introducing one slack variabld™| py v x[n] = spw[n]p[n]. Then, by

adopting the big-M formulation [45,97,113], we introduce the following auxiliary

8Note that the slack variable with different subscripts have different physical meanings,
ie., prwkln] = skwnlpen], Prrwn] = skrnlpr 0], Prrrn] = swrnlpen], Prpwn] =
Sk k[nlpre[n], and Pi g k[n] = sk.k[n]pr[n] are the power allocation for GU k and &’ when GU k
as the SIC user and GU &’ as the non-SIC user, the power allocation for GU k and k' when GU
k' as the SIC user and GU k as the non-SIC user, and the power allocation for GU k when it as
the OMA user, respectively. In this chapter, we adopt Py x[n] to represent the slack variable
to simplify the presentation.
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constraints:

C17: ﬁk,k’,k[n] S Pk [n]avna ka kja
C18 : P[] < Sk (1] Pyeax, Y1, k, K,
C19: ﬁhk@k[n] > O,Vn, k‘, k/,

CQO . ﬁk7k/7k[n] Z Pk [n] — (1 — Sk»’kl [n])Ppeak,Vn, ]{?, k’/. (536)

Then, we can rewrite the binary constraint C1 in its equivalent form as

Cla:zzz Sk [n] — (skxn ])2) <0,

n=1 k=1 k'=1

Clb: 0 < sgpn] < 1,Vn, k, K, (5.37)

where variable sg/[n] is a continuous value between zero and one. However,
constraint Cla is a reverse convex function [103,|115]. To handle this non-
convexity, we reformulate the problem formulation in (5.35) based on [45/93,/103]

as its equivalent form:

N K K
.1 _ _ _
minimize N Z Z {n( Z(pk’k’ak [n] + D,k k! [n]) + Dk ke [n])
§,P,P n=1 k=1 k=
K #k
L
2
+I;C Sk (n] — (skpn)) )] +N;Pﬁy[n] (5.38)
s.t. Clb, C2,C17 — C20,
C3: prawx[n] > 0,Yn, k, K,
K
Ci:). ( (Pr,rk[1] + Preprie [0]) +ﬁk,k,k[n]) < Fpeak, V1,
k=1 \k'#£k
N K
e Y0 | S0 Al + 3 (Bhialn) = B [n)) + B ] | > Rk,
n=1 L k'=1 k=1

K £k K £k
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where
5 I £5IC
RIS [n) = sp.p0[n] log, (Hpk’k’k[ i {e ]), (5.39)
Sk.x [n] 0},
. ) o NSIC
Rhiln] = sunln logz( sl ] ¥ D lnl)fi I ]+oi), (5.40)
sk/k[n]
~ D, kk NSIC[ ]
RIkI,jk[n] = S [n] log, ( . + O’,z) , and (5.41)
K [n
HOMA pkkk[ ] OMA[ ]
RO hﬂ==shdnﬂogz<1—% >, (5.42)
’ skk[n]o}

P = {prwrln],Vn,k,k'}, and ¢ > 1. Note that the optimization problem in
is still non-convex and the non-convexity arises from the objective function
and constraint C5. T hus, we handle the penalty terms in the objective function
and Rk/ .[n] in nonconvex constraints C5 in problem (5.38) via the iterative
successive convex approximation (SCA) technique [78[130]. Specifically, for given
sfk, [n] and pﬁk,,k [n] in the j;-th iteration, an upper bound of the penalty term

and Rk,k[ ] can be obtained by their first-order Taylor expansions as

s ] = (sal)? < (AL, )
= Spw[n] — (Sﬁk, [n])? + 23?,1« [n](spx[n] — sﬁk, [n]) and (5.43)

sz’k[ ] < (RE' llclp [”])jl

~j1 NSIC
P ko ke [n] fr >~ [n]
_S?cl’k[ ] log, ( T +aj,

Skik [n]

+ log, (ﬁ UL [jn] [2] " + a,z> (sw[n] — siiy[n])
Pifk w (1] NSIC[ [(sean] = spienl) st Il NS 0] (B 0] — o )
(pk’kk’[n] roCln ]+8k’k[ Joi) In2 (pk’k:k’[n] Rl ]+8k’k[ Jop)In2
(5.44)

respectively.
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After applying (5.43)) and (5.44) to the transformed optimization problem in
(5.38]), we obtain a suboptimal solution by

minimize 3" ( (sl + sl + praslil) + S, od

SPP 02 k=1 k=1 k=1
k' 4k
1 N
+ N nz:; Pﬂy[n]
s.t. Clb, 02, C3,C4, C17 — C20, (5.45)
—~ 1 N K
G L3 | S RS+ 3 (Rl - (R + A ]]
n=1 [ k'=1 k'=1
K £k k' £k
> Rmink7Vk

Note that solving leads to an upper bound of the optimal objective value
of problem ([5.38]). Furthermore, in order to tighten the obtained upper bound,
we iteratively update the feasible solution, sﬁk, [n] and ﬁﬁhw [n], by solving
the optimization problem in with a standard convex optimization solver,
such as CVX [120] in the j;-th iteration. The proposed SCA-based algorithm
is summarized in Algorithm and the convergence of the algorithm to a

suboptimal solution is guaranteed [42].
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Algorithm 5.1 Proposed Algorithm for Handling Sub-problem 1 in ([5.35))
1: Initialize the convergence tolerance ¢; — 0, the maximum number of

iterations Ij max, the initial iteration index j; = 0, the initial variables
{s?’k, [n], ﬁﬁ,k,k/ [n]}, and the initial objective value Piogal

: repeat {Main Loop: SCA}

[\

8 Set ju = ji+ Land {sy[n], Bl nl} = {skwln], B [n]}
4:  Solving optimization problem in (5.45)) to obtain {sy [n], pk[n], Prrk[n]}
and [N)total

~ i1 5
5. Update P, = Piotal
o P _pl1-D)
untll ]1 — Il max OF total~j total ‘ S €1
’ Ptoltal

. Return {s} [0, p[n]} = {skwn], Prupln]} and By = P

2

EN(

5.4.3 Subproblem 2: Optimizing UAV’s 3D Trajectory
and Flight Velocity

In this subproblem, for a given user scheduling and power allocation strategy, we
can express the optimization problem as

N N
.1 1
m17_1171VI’I1Q1Z6 N ngl Peomm[n] + i ngl Pay[n] (5.46)

s.t. C5,C9 — C14, C16.

Note that the optimization problem in ([5.46)) is nonconvex and the nonconvexity
arises from constraint C5 and the function of the UAV’s flight power consumption
Pay[n] w.r.t. t[n] and v[n|, respectively. Thus, to tackle these nonconvexities, we

first introduce two slack variables v[n] and u}[n] to rewrite the problem in (j.46)
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into its equivalent form:

N N
| 1 ~
I7I_11511QH¥ZL({3 N nz:l Peomm[n] + N ; iy (1] (5.47)
s.t. C9 — C14, C16,
. K
C5: Z (Z RIS+ ) <R£,7k[n] — R};k[n]) + ROYA [n]) > Runin, Yk,
AR it

C21 : v2[n] + v2[n] > v2[n], ¥n,
C22: v[n] > 0,Vn,

i iVH | 8 [rt i1t i1t i ;
C23: ug[n] > (wy) [W2 [wiqr[n] +bi]" + b2] + by, Vn, k, 1,

where Y = {v[n],Vn}, U = {u}[n],Vk,n},

RSIo] = o (14 BEEE ). (5.49)
R ] (5.49)
Rl = sl o, Bt ). (550
HOMA _ pkkk[ ]
Ry [n] = sg[n]logy (1 + —,?MA[n]a,% ,and (5.51)
Bufn] = P, (1 . 3(@;[[{]2247:2%[%])) N I:[U(]) +Lapsad(o 2] + o2[n])*”
+ Guynl. (5.52)

Note that the additional inequality constraints C21 — C25 in problem are
all active at the optimal point. Thus, the formulated problems in and
are equivalent to each other. Moreover, the nonconvexity of constraint
C23 in problem ([5.47) is attributed to the vector parameter w} involving both

positive and negative values, although the ReLU function is convex w.r.t. qg[n|.
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To address this issue, we introduce two indicator variables aj ;[n] € R****% and
aj,,[n] € RIOX100 5

C24 : aj ;[n] € {0,1},Vn, ki,

C25 : ajy,[n] € {0,1},Vn, ki, (5.53)

where aj ;[n] = 1 when wiqi[n] + b} > 0. Otherwise, a;[n] = 0. Similarly,
ah  [n] = 1 when wj (wiqk[n] +bj) + by > 0. Otherwise, aj[n] = 0. Thus,

constraint C23 can be rewritten as
C23 : up[n] > (wh)ah  [n] (whal ,[n] (Wiqw[n] + b)) + bb) + b}, Vn, k,i. (5.54)

Note that similar to the solution of subproblem 1, we handle the coupling of
aj y[n], aj[n], and qi[n] by introducing two slack variables @j[n] = ai ,[n]
(wiqr[n] +b}) € R2*! and ég[n] = a)[n] (Wiqp[n] +by) € R and

introduce the following constraints based on big-M formulation:

€26 : Gi[n] > wiqx[n] + b, Vn, k,i,

C27 : di[n] > 0,¥n, k,i,

C28 : q[n] < al 4[n] (W) [bmax; Ie] + b)), V0, &, 4,

€29 : Gj[n] < wiax[n] +bi + (1 —aj[n]) (W [tmax; Ie] +b7) , V0, &, 4,

k[l = widg[n] + b5, Vn, ki,

Lo

C30:

~
~

C31: q.[n] > 0,vn, k,1,

A .

€32 &ln] < ] (w (W [t 1)+ B1) + b5) Vi, K.

~

€33 : & ln] < Wi n] + b + (1 — i) (WS (W [bmai ] 4+ bE) + B3) ¥, s
(5.55)
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Then, we rewrite the binary constraints C24 and C25 in their equivalent forms

as

C24a : af i[n] — (a§7k[n])2 <0,Vn,k,i,
C24b : 0 < af ,[n] < 1,Vn, ki,
C25a : aj) ,[n] — (aé’k[n])2 <0,Vn,k,i,

C25b : 0 < ab ,[n] < 1,Vn, ki, (5.56)

respectively. Next, we handle the nonconvex constraints 6\5, C21, C24a, and
C25a via SCA. In particular, for a given feasible solution, (uj[n])?, v}2[n], v*[n],
(al x[n])?, and (ah,[n])”* in the j-th iteration, the lower bound function of

6\5, C21, C24a, and C25a can be constructed based on their first-order Taylor



5. RESOURCE ALLOCATION AND 3D TRAJECTORY DESIGN FOR
140 POWER-EFFICIENT IRS-ASSISTED UAV-NOMA COMMUNICATIONS

expansions [42], respectively, which are given by

RES ) > (R n))» (5.57)
— o il Prwkln] ) Sk,kf[n]ﬁk,kfk[ J(up°[n] = (up"[n])’)

—swelon (14 G ) TP (o + pral) 2
Rl > (Rl = sl og, ( Pt b Pkt 1 o7) (5.59

(
skk (1] (Prp k0] + Prges[n]) (ur 0] = (ux®[n])7?)
( 2 n])o2 ((uy '€ n]) 207 + progr[n] 4 Pk w(n]) In 2’

MA ] > (ROMAP[) = 4[] log, (1 s %) (5.50)

Sk,k[n]ﬁk,k,k [ (™A ] — (uRM* [n])2)

(A n])2 (WA [n])20% + Pri[n]) In 27

v2[n] + vg [n]

> (uP[n])* + (v [n])* + 202 0] (va[n] — v [n]) + 202 [n] (vy[] — v} [n]), (5.60)

al ,[n] — (al 4[n])”

respectively.

Now, applying the lower bounds in (5.57)—(5.62)) to (5.47) yields the following
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convex optimization problem:

TV,Q,T,UAQ

N N
1 1 .
minimize N ngl Promm[n] + N ngl Pay[n] (5.63)

s.t. C9 — C14, C16, C22, C24b, C25b, C26 — C33,

- N [/ K
C/JB%Z (Z<R21}Slb ]2_|_Z ( R}C}Z Rk,k[ ])

n=1 k= k=1
K £k k' £k

4 (RO [nw) o E

C21 : (v2[n])* + (v22[n])? + 20 [n] (v, [n] — 072 [n))
+ 2072 [n](vy[n] — vI2[n]) > v*[n], Vn,
C23 : ui[n] > (W) qi[n] + b, Vn, k, i,
C24a - al ,[n] - ((al u[n)))” + 2(al 1 [n])” (al . [n] - (ai x[n]))
<0,Yn,k,1,
C25a: a[n] — ((a5,[n))7) + 2(a] . [n])” () [n] — (a3, [n])")

<0,Vn,k,1,

where A = {af ,[n],a}[n],Vn, k,i} and Q = {qi[n], &[n],Vn, k,i}. Note that
similar to the solution of subproblem 1, the optimization problem in (5.63) is
convex formulations, which can be easily solved by CVX [120]. The proposed

algorithm is summarized in Algorithm

5.4.4 Overall Algorithm

The overall algorithm for solving the two subproblems in and -
iteratively are summarized in Algorithm [5.3] The convergence of the overall

proposed algorithm to a stationary point monotonically can be guaranteed due
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Algorithm 5.2 Proposed Algorithm for Handling Sub-problem 2 in ([5.46))
1: Initialize the convergence tolerance e; — 0, the maximum number of

iterations Ijmax, the initial iteration index j, = 0, the initial variables
{v{2[n], v}?[n]}, and the initial objective value Protal
2: repeat {Main Loop: SCA}
30 Set o = jo+ 1, {(uy[n]), v [n], vf2[n]} = {u[n], viln], vy[n]}
4:  Solving optimization problem in (5.63) to obtain {t[n], v[n], v[n], u}[n]} and
Protal

J2 »
5. Update Ptotal Piotals
(j2—1)
. B2 _plz—l)
6: until jo = I pax Or —etal—total 1 ¢

J2
Ptot’xl

7: Return {t*[n], v*[n]} = {t[n], v[n]} and Py, = P,

to the compactness of the feasible solution set in and the nonincreasing
objective value over iterations. Besides, we adopt the solution of subproblem 2 as
an input for subproblem 1 over iterations while solving the subproblem in ([5.35|)
and iteratively. Besides, the obtained solution can be shown to converge to
a suboptimal solution of the optimization problem in (5.16), c.f. [112/[123]. Please

refer to Appendix for the proof of the convergence. O

Furthermore, the computational complexity of the proposed suboptimal

algorithm is given by [124}/125]

O([l,max <M1N2 \/ lOg < > + MQN X [2 max\/ lOg (Al ))),
2

.

-~

Subproblcm 1 Subproblem 2

(5.64)
where M; = 6NK? +2N + K, N; = NK? + NK? + NK, M, = 40NK +
6N + K + 1, and Ny = 24N K + (100% + 200%)3N K + 7N represent the number

of inequalities and the number of variables of subproblem 1 and subproblem 2,
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Algorithm 5.3 Overall Algorithm for Addressing Problem in (|5.16)
1: Initialize the convergence tolerance e3 — 0, the maximum number of

iterations I3 max, the initial iteration index j3 = 0, and the initial trajectory
{t[n], v[nl}
2: repeat
3 Set js=7j3+1
4:  Using Algorithm to obtain a suboptimal result P, {sk[n], pxn]},
given the UAV’s trajectory and flight velocity {t[n], vin|}
5. Using Algorithm to obtain a suboptimal result P, {t[n],v[n]},
given the resource allocation {sx[n], px[n]}

. s A
6:  Update P, = Piotal

o pi3 _pUs=1)]
7: until js = I3 pax OF —tmiﬁjs total < ¢y

total

8: return {s[n], pi[n], t"[n], v*[n]} = {su[n], peln], tin], v[nl} and Pi, = P,

respectively. Besides, A; > 0 and Ay > 0 denote the thresholds of convergence
tolerance of subproblem 1 and subproblem 2, respectively. Note that we did not
take into account the computational complexity of the adopted DNN approach to
approximate the outage-guaranteed channel gain when calculating the complexity
of the algorithm, as it is computed for once before the execution of the algorithm
when the system parameters are determined. Thus, the computational complexity
of the proposed suboptimal algorithm is with polynomial time which is suitable

for fast implementation [144].

5.5 Numerical Results

In this section, we discuss the system performance of the proposed scheme

(PS) based on the following simulation results. The simulation parameters are
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Table 5.2: Simulation parameters [1}5]6].

Notations | Simulation value | Notations | Simulation value
K 1~ 10 to [0; 0; 150] m
N 500 ~ 1,000 tr [500; 500; 150] m
o} -160 dBm/Hz tnin [0; 0; 100] m
5o -50 dBW tinax [500; 500; 300] m
Ac 0.1 m 1, [300; 150; 0] m
Mg 100 1 [50; 400; 0] m
Ir [0; 400; 30] m 15 [100; 450; 0] m

Vinax 30 m/s € 0.01
Vice 4 m/s? AR 2
T 0.1s aRG 3.6
Ppeax 36 dBm arG 3.6
Ay 0dB xRG 2 dB
A, 6.43 dB Kmin 0dB
Rinin,, 0.5 ~ 5 bits/s/Hz Kmax 30 dB
n 10 I max 10
I2,max 5

summarized in Table [5.2] Generally, we set K = 3 for illustration to unveil the
assistance brought by the IRS to the UAV communications. In addition, the
initial trajectory of the UAV for Algorithm is set as a piecewise linear flight
locus at a fixed altitude of 100 meters which the UAV passes by all the GUs
in between the starting point and final point with a constant velocity. In order
to illustrate the performance gain of the IRS to the UAV communications, we
compare the system performance of the PS with different numbers of the IRS
elements and some baseline schemes. In particular, we compare the PS with five
baseline schemes: (a) OMA consideration only (OMA ), where the UAV only serve
one GU at each time slot for the OMA scheme and all the other setups remain the
same as the PS; (b) No IRS consideration (NI), which removes the IRS from the
considered UAV communication system; (c) Constant flight altitude of the UAV

(CFA), where the UAV operates at a constant altitude (i.e., 100 meters) and
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Figure 5.7: Convergence of the PS and baseline schemes for different setups.

only the horizontal trajectory of the UAV is optimized; (d) Perfect CSI (PCSI),
where the signal model is based on perfect known CSI and all channels are pure
LoS dominated; (e) Straight trajectory of the UAV (ST), where the UAV flies
with a straight line trajectory from the initial location to the final location with
a constant flight velocity, i.e., 11 m/s. Note that the corresponding resource
allocation for NI, CFA, and ST is a subcase of the PS which can be obtained by

Algorithm with some straightforward modifications.

5.5.1 Convergence of the Proposed Scheme and Baseline

Schemes

Fig. illustrates the convergence behavior of the proposed alternating

optimization algorithm in Algorithm for minimizing the average total power
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Figure 5.8: The bird’s eye view of the locations of the GUs and the IRS as well as
the trajectory of the UAV for the PS and baseline schemes with different setups.

consumption. In order to compare the system performance of the PS with baseline
schemes, we consider the PS with two different time durations, 7" = 50 s and
T = 100 s. In other words, there are N = 500 and N = 1,000 time slots in
these settings, respectively. Also, we set the minimum per GU required data
rate as Ry, = 3 bits/s/Hz. It can be observed that the system average total
power consumption for the PS with different T" and Mg can rapidly converge to
a suboptimal solution within only 5 iterations, which confirms the practicality
of the proposed algorithm. On the other hand, similar convergence behavior
of the NI scheme, the CFA scheme can be observed as the PS but with worse
performance. The average total power consumption of the PCSI scheme converges

to the lowest value among all the considered schemes since the PCSI scheme is
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the performance upper bound as perfect CSI is available which avoids outages
and inefficient flight detour. Detailed discussions comparing the PS and baseline
schemes in terms of system performance and their corresponding trajectories will

be presented in next sections. In the sequel, the maximum number of iterations

of Algorithm of the PS is set as 5 for illustration.

5.5.2 3D Trajectory of the UAV

Fig. shows the bird’s eye view of the UAV’s trajectory obtained by the PS and
baseline schemes with different setups. In this figure, we set Ry, = 3 bits/s/Hz.
For the PS with a sufficiently long service time duration, i.e., T = 100 s, the
UAV tends to maintain at a constant horizontal flight speed, i.e., 11 m/s, as
indicated by the spaces between two consecutive simulation points, to reduce the
total power consumption at the expense of longer flight duration. In contrast,
for the case of short service time duration, i.e., T = 50 s, the UAV quickly flies
over the service area with a relatively high velocity as there is insufficient time
for adopting a slow speed or a long detour. In such cases, since reducing the
communication distances between the UAV and the desired GUs are not always
possible, the PS would also increase the transmit power to satisfy the minimum
individual data rate leads to high system power consumption which will be shown
in Fig.

For comparison, we also plot the UAV’s trajectories for baseline schemes in
Fig. 5.8 For the OMA scheme, the UAV’s horizontal trajectory is similar to the
PS for both short and long service time duration, i.e., T" = 50 s and T" = 100
s, respectively, as both schemes can efficiently exploit the extra DoF offered by
the IRS to optimize the UAV’s trajectory. For the NI scheme with a sufficiently

long service time duration, i.e., T'= 100 s, the UAV first flies towards to GU 2
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and GU 3 since these two users are close to each other creating a bottleneck in
the system performance due to their minimum individual data rate constraints.
When the UAV is on the way to GU 2 and GU 3, the UAV would first deviate
from the direct path to the centroid formed by GU 2 and GU 3 and fly towards
GU 1 for communication such that it can effectively serve GU 1 to satisfy its data
rate requirement. Besides, the UAV would spend a sufficient number of time slots
on GU 1 circling at the beginning of flight with a large transmit power to satisfy
its minimum data rate requirement of GU 1 before approaching GU 2 and GU
3. Thus, the UAV does not require to fly close enough to GU 1 to establish good
channel conditions. Moreover, for a shorter service time duration (i.e., 7' = 50
s) of the NI scheme, due to the insufficient number of time slots, the UAV has
to fly with an exceedingly high flight velocity, on average 27 m/s, and approach
each GU to establish strong channel gain for fulfilling the minimum date rate
requirement for each GU. In fact, this trajectory consumes a significantly high
flight power due to the longer trajectory and higher flight velocity of the UAV.
Also, the UAV’s 2D trajectory for the CFA scheme is the same as that for the
PS with the same setups, e.g., T" = 100 s, since the only differences between
these schemes is whether to optimize the vertical dimension of the UAV or not.
As for the PCSI scheme, with a sufficient service time duration, i.e., T' = 100 s,
the UAV approaches closely to each GU to satisfy the individual minimum data
rate requirement with the most power-efficient flight velocity, i.e., 11 m/s with the
current setting, to effectively reduce the total system power consumption. On the
other hand, the ST scheme shares a similar route as the PS for the case of 7' = 50
s, which is the shortest path between the starting point and the destination.

However, the PS consumes much less system power consumption than that of the

ST scheme, as will be shown in Fig. [5.14}
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Figure 5.9: The flight altitude of the UAV for the PS and the baseline schemes
with different setups.

Fig. demonstrates the flight altitude of the UAV’s trajectory for the
PS and baseline schemes with different setups. Since the UAV for the CFA
scheme and the ST scheme have to flight at a constant altitude of 100 m, we
do not analyze the performance of these two baseline schemes in this figure.
For the PS with the two considered setups, i.e., T'= 50 s and T = 100 s, the
UAV prefers a high altitude with an optimized velocity in the journey to fully
utilize the higher outage-guaranteed effective channel gain, c.f. Fig. [5.5] since
a higher outage-guaranteed effective channel gain can be obtained by adopting
a moderately higher flight altitude when the UAV is far away from the GU in
terms of horizontal distance. Also, the flight altitude of the UAV adopting NOMA

protocol is generally higher than the one adopting OMA. Indeed, a higher altitude
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Figure 5.10: The 3D view of the locations of the GUs and the IRS as well as the
trajectory of the UAV for the PS and baseline schemes with different setups.

generally provides more freedom of the UAV to promote channel gain disparities
of the selected two users for improving the performance of NOMA. On the other
hand, as OMA does not have the DoF in serving multiple users at each time
instant, flying with a low to moderate altitude is good enough for it to strike a
balance between data rate and outage probability. However, for the NI scheme,
without the assistance from the IRS, the effective channel gain of the desired GUs
is much lower than that of the PS. Indeed, maintaining high-quality channels by
reducing the path loss between the UAV and the selected GUs remains the key
to satisfy the minimum data rate constraint in the NI scheme. Nevertheless, the
UAV of the NI scheme is still willing to adopt a higher altitude occasionally to

strike a balance among the total power consumption, outage-guaranteed effective
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channel gain, and path loss. In fact, as shown in Fig. [5.9] the parabolic patterns
of the UAV’s trajectory of the NI scheme appears in those time slots when the
UAV is far away from any GUs, since in these areas, the outage-guaranteed
effective channel gains are larger when the UAV operates at a higher altitude. In
contrast, for the PCSI scheme, the UAV’s flight altitude remains at the lowest
possible altitude of 100 m. In fact, there is no channel outage event as the CSI
is perfect known. Thus, the UAV does not have any incentive to maintain a
higher altitude as it would only consume more system energy but leading to a
lower data rate. To offer a better visualization of the trajectory of the PS and
the baseline scheme, we also plot its 3D trajectory in Fig. [5.10] It can be seen
from the optimized 3D trajectory that except the PCSI scheme, to effectively
combat channel outage, the UAV should adopt a high flight altitude to reduce
the channel uncertainty caused by the altitude-dependent Rician fading, which

reducing the communication power.

5.5.3 Outage Probability

Fig. demonstrates the outage probability versus the time slots for each GUs.
We only take the PS with 7' = 100 s as an example, to calculate the outage
probability as stated in constraint C5. The outage probabilities in Fig. [5.11
were averaged over 1,000 random channel realizations by comparing the actual
effective channel in with the outage-guaranteed effective channel gain in
(5.25). Thanks to the proposed DNN approach, the outage probability not only
satisfies the required values, but is close to its upper bound value, i.e., ¢ = 0.01,
for any GU and time slots. This illustrates the accuracy of the DNN approach

to approximate the outage-guaranteed effective channel gain.
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5.5.4 Communication Power Consumption

Fig. illustrates the communication power consumption and the achievable
data rate versus the time slots for each GUs of the PS and baseline schemes for
T = 100. As shown in the sub-figures for the communication power and the
achievable data rate of the PS, the UAV serves GU 2 and GU 3 over the time
slots n = 420 and n = 830, simultaneously, via NOMA protocol. Note that for
those time slots adopting NOMA, the UAV allocates a significantly large portion
of the communication power to the weak channel user to satisfy the corresponding
minimum individual data rate requirement while a small power is allocated to the
user with strong channel condition. This power allocation mechanism aligns with
the one in the literature. In contrast, the total communication power consumption
for the OMA scheme is much higher than the PS due to the less flexibility of the

resource allocation.

5.5.5 Average Total Power Consumption

Fig. shows the average power consumption versus the number of GUs for the
PS and baseline schemes with different setups. In this simulation, we vary the
number of GUs, K, from 1 to 10 to illustrate the impact of the number of GUs on
the system performance. We set the locations of these GUs with x-coordinates
and y-coordinates as xy = [300; 50; 100; 200; 150; 400; 100; 250; 300; 100] and vy =
[150; 400; 450; 100; 350; 400; 250; 250; 400; 50], respectively. Besides, we assume
that the minimum individual data rate is Ry, = 3 bits/s/Hz in this section. It
can be observed that the average power consumption of the PS increases with
the number of the GUs as the system becomes less flexible in allocating resources
when there are more numbers of GUs imposing more stringent constraints.

Besides, for the PS with different numbers of IRS elements and time durations,
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Figure 5.11: The outage probability versus the time slots for each GUs of the PS
for T'= 100 s.

the total power consumption of the system has only a marginal increase when
the number of GUs is K > 2. This can be attributed to the fact that the
proposed optimization framework can achieve a better utilizationof the system
resources for serving a large number of GUs via jointly optimizing the UAV’s
3D trajectory, IRS passive beamforming, and resource allocation. Besides, when
K = 1, the power consumptions of the PS for different numbers of elements
equipped at the IRS are roughly the same since GU 1 is located far away from
the IRS. This result illustrates that the performance gain brought by the IRS is
sensitive to its distances to the desired GUs. In contrast, although the average
power consumption for the NI scheme and CFA scheme have a similar trend as

the PS w.r.t. the number of GUs, the former two schemes consume higher power
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Figure 5.12: The communication power consumption and the achievable data
rate versus the time slots for each GUs of the PS and the baseline scheme for
T = 100.

consumption than that for the PS under the same setting. Indeed, the power
consumption differences between these two schemes illustrate the performance
gain brought by the IRS and the benefits of optimizing the UAV’s flight altitude.
Also, similar to the PS, the average total power consumption for the PCSI scheme
has a similar increasing slop which demonstrates the superiority of the PS. On
the other hand, the performance of the PCSI scheme is still slightly better than
that of the PS due to dominated LoS setting and perfect CSI availability in the

former.
Fig. depicts the average total power consumption of the considered
system versus the minimum individual data rate requirement for the PS and

baseline schemes. For the PS, the average power consumption slowly increases



5.5 Numerical Results 155

155 - .

—6—PS, T=50s
——PS, T=100s
OMA, T=50s
—#—OMA, T =100
—4—NI, T=50s
—%—NI, T=100s
—s—CFA, T=100s [§
¥ ]—+—PCSI, T=100s

g—= 8—8—8—8—&— 4

=
(o)
(@]
T
I

=
N
a1
T
I

(0]
(0]
D
D

135 7
2% 5 24 5 N * * A N
¢ 14 ¢ ¢ 4 ¢ ¢ Y )

130 .

—

Average total power consumption (Watt)
'_\
D
o

125 Il Il Il Il Il Il
1 2 3 4 5 6 7 8 9 10

Number of ground users

Figure 5.13: The average power consumption versus the number of GUs for the
PS and baseline schemes with different setups.

with the minimum individual data rate requirement compared with baseline
schemes, since the IRS-assisted system can effectively optimize the system
resources to minimize the average power consumption via optimizing the resource
allocation and UAV’s 3D trajectory. In contrast, the average power consumption
of the NI scheme and the CFA scheme scales with the minimum data rate
requirement much faster than that of the PS. The reason is that both the NI
and CFA systems do not have sufficient DoF to optimize the system resources for
the minimization of the total power consumption. In particular, the former is due
to lack of the contribution of the large number of elements equipped at the IRS
and the latter is due to the fixed UAV’s flight height. As for the PCSI scheme, the

average power consumption scales slowly with the minimum individual data rate
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Figure 5.14: The average power consumption versus minimum individual data
rate requirement for the PS and baseline schemes with different setups.

requirement since the UAV’s trajectory and resource allocation can be efficiently
optimized due to the assistance of the IRS, which is similar to the PS. As
for the ST scheme, the average power consumption remains almost a constant
between Ry, = 0.5 bits/s/Hz and Ry, = 3 bits/s/Hz. Besides, since there are
insufficient DoF and flexibility for optimizing the system resources, an exceedingly
stringent minimum data rate requirement, i.e., Ry, > 3.5 bits/s/Hz, would lead

to an infeasible result, which are not plotted in the figure.

5.6 Summary

In this chapter, we minimized the average total power consumption in an IRS-

assisted UAV communication system via jointly optimizing the communication
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resource allocation, the 3D trajectory design of the UAV, and the phase shift
control of the IRS. The proposed formulation was a non-convex optimization
problem taking into account the minimum outage probability and the minimum
achievable data rate. To handle the intractability of the outage constraint, we
approximated the effective channel function via exploiting the DNN approach to
facilitate an outage-guaranteed effective channel gain. A suboptimal solution
was achieved by the proposed iterative algorithm based on the alternating
optimization method. Numerical results illustrated that the proposed algorithm
converges within a small number of iterations and revealed some interesting
insights. Particularly, (1) deploying an IRS to assist the UAV communication
serves as a key to improve the system performance when the total service time
is insufficient; (2) employing the IRS-assisted UAV communication system offers
enhanced flexibility in designing the UAV’s trajectory; (3) optimizing the 3D
trajectory of the UAV is important to improve the system power efficiency; (4)
NOMA communications offer higher DoF than that of OMA scheme to minimize

the average power consumption via optimizing the UAV’s trajectory.






Chapter 6

Thesis Conclusions and Future

Works

In this final chapter, we first conclude this thesis and then introduce a future

research direction related about our works.

6.1 Conclusions

In this thesis, we have studied and addressed the resource allocation and
trajectory design of the UAV in wireless communication systems. We conclude
this thesis in the following by summarizing our main contributions.

In Chapter 1, we have presented the motivation, the literature review, the
outline, and the main contributions of this thesis. In Chapter 2, we have reviewed
some fundamental and related background knowledge of the thesis that are useful
in the later chapters.

In Chapter 3, we jointly designed the information UAVs trajectory, the
communication resource allocation strategy, and the jamming policy to maximize
the system energy efficiency of a secure UAV-orthogonal frequency division mul-

tiple access (OFDMA) communication system. The joint design was formulated

159
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as a non-convex optimization problem taking into account the minimum data
rate requirement, the maximum tolerable signal-to-interference-plus-noise ratio
(SINR) leakage, the minimum safety distance between UAVs, and the imperfect
location information of the potential eavesdroppers. An iterative algorithm based
on alternating optimization was proposed to achieve a suboptimal solution with

low computational complexity.

In Chapter 4, we studied a non-convex power minimization problem for
intelligent reflection surface (IRS)-assisted UAV communication systems via
jointly optimizing the UAVs trajectory design and resource allocation strategy.
We proposed an alternating algorithm to achieve a suboptimal solution efficiently.
The proposed algorithm supports the high flexibility of the UAVs trajectory in

the communications with the assistance of the IRS.

In Chapter 5, we minimized the average total power consumption in an IRS-
assisted UAV communication system via jointly optimizing the communication
resource allocation, the three-dimensional (3D) trajectory design of the UAV, and
the phase shift control of the IRS. The proposed formulation was a non-convex
optimization problem taking into account the minimum outage probability and
the minimum achievable data rate. To handle the intractability of the outage
constraint, we approximated the effective channel function via exploiting the
deep neural network (DNN) approach to facilitate an outage-guaranteed effective
channel gain. A suboptimal solution was achieved by the proposed iterative
algorithm based on the alternating optimization method. Numerical results
illustrated that the proposed algorithm converges within a small number of

iterations and revealed some interesting insights.
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6.2 Future Works

The explosive growth of traffic demand keeps imposing unprecedentedly chal-
lenges for the development of future wireless communication systems, including
supporting massive connectivity [145], energy efficiency improvement, ultra-
reliable low-latency communications (URLLC) |47], and so on. This thesis has
addressed some of these challenges via applying the concept of UAV and IRS
as well as improving the system performance with advanced resource allocation
design. However, there are still many research issues to be addressed. In the
following, we propose a future research direction about the work presented in

this thesis.

6.2.1 Online Trajectory Design

In this thesis, the resource allocation and trajectory optimizations were based
on the offline design, even for the case of altitude dependent Rician fading with
statistical channel state information (CSI). The offline design for UAV communi-
cation systems is a reasonable approach when the line-of-sight (LoS) dominates
the air-to-ground channel [146,|147]. However, when the small scale fading in
the non-line-of-sight (NLoS) path is not negligible and the environment changes
over time, adoptive online trajectory design for UAV communication systems
is necessary. Since the model-based optimization methods are intractability for
online trajectory design, deep Q-learning [148-153| is a feasible solution in this
scenario. Thus, optimizing the online trajectory design with imperfect CSI via
deep learning should be taken into account for UAV communication systems in

future works.
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6.2.2 Trajectory Design with Practical Considerations

In this thesis, we assume the availability of perfect hardware such that UAV
can fly exactly with the planned route. However, there exists some UAV’s
positioning errors due to the mechanical precision loss caused by the inaccuracy
of mechanical control systems. On the other hand, weather would also impact
the UAV’s flight, e.g., the wind gust can incur jittering [154]. Therefore, the
UAV’s position errors due to the weather influence and mechanical precision loss
are need to be taken into account for resource allocation and trajectory design on
UAV wireless communications. In the future works about UAV communications,
we plan to optimize the UAV’s 3D trajectory design considering the impact of

various practical phenomena.

6.2.3 Orthogonal Time Frequency Space (OTFS)

In this thesis, we assume that OFDM or non-orthogonal multiple access (NOMA)
modulations are adopted in UAV wireless communication systems with a well-
compensated Doppler effect, which is acceptable for most UAV communication
scenarios due to the limited flight velocity of the UAV. However, for some
specific scenarios, e.g., a large number of users, stringent quality of service (QoS)
requirements, and extremely high flight speed of the UAV, the commonly adopted
multiple schemes break down due to their limited system performance. To cope
with the scenario of UAV communications when the UAV or the ground terminals
have high mobility, the orthogonal time frequency space (OTFS) modulation in
the delay-Doppler (DD) domain is introduced in the literatures, i.e., [155-161].
However, the OTFS may introduce higher latency than other modulation since
it has to decode information after receiving the whole frame. Therefore, the

UAV-OTFS communication system with acceptable latency should be discussed
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in future works.

6.2.4 Short-Packet Communications

In this thesis, we assume that a perfect error correctly code with an infinite
length is adopted in the considered wireless communication systems. In practice,
this can be achieved by applying, e.g., low-density parity-check (LDPC) codes
[162,]163]. However, the required infinite code length may introduce exceedingly
long delay to the communication systems. As a remedy, various approaches
have been proposed in the literature. For example, non-coherent detection
was adopted in [164] to reduce the need of sending pilot sequences so as to
reduce the end-to-end communication delay. However, the performance of non-
coherent detection is usually unsatisfactory. As a result, the notion of short-
packet communication was introduced in [47] striking a balance between the
communication performance and delay. Besides, the Polar codes |165-167] are
proposed to improve system performance for finite-length code communications.
Yet, the joint design of trajectory, resource allocation, and codeword length
for effective UAV-based communications is challenging as the design problem
is highly non-convex. Further research for designing advantage algorithms for

obtaining the globally optimal solution of the design problem is needed.

6.2.5 Covert UAV Communications

In this thesis, we studied three works on UAV communications in Chapters 3-5
which can be extended to a more general scenario. For example, as discussed
in Chapter 3, optimizing the multiple-antenna information and jammer UAVs
trajectory and resource allocation in covert UAV communications [70,|168-170]

considering a ground user which located in the uncertain region of the potential
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eavesdropper. Besides, as discussed in Chapters 4 and 5, the IRS-assisted UAV
communication can be extended to maximizing the secrecy rate of the multiple-
IRS UAV communication via optimizing the UAV s trajectory design, the IRSs
phase shift, and the resource allocation considering potential eavesdroppers. Also,
a new algorithm for obtaining the global optimal solution of the formulated

problems is desirable.



Appendix A

Convex Optimization Techniques

In this appendix, we give a brief overview of convex optimization and some
adopted basic convex optimization methods for solving different types of linear

nonconvex optimization problems.

A.1 Convex Optimization

A.1.1 Standard Form

Without loss of generally, a single-objective convex optimization problem can be

written as

Py minir‘rslize f1(x) (A.1)
PSS

s.t. hl(X) S 07
g1(x) =0,

where x € C™*™ and § is the feasible solution set of x. Note that f;(x) € C"*" —
R. Functions hy(x) € C"*" — R and g;(x) € C™" — R are convex functions

with respect to (w.r.t.) x. For example, f; satisfies

filax +by) < afi(x) +bfi(y), (A.2)
for all x,y € R™"™ and all a,b € R witha+b=1,a>0,b>0.

165
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A.1.2 Lagrangian

The fundamental of Lagrangian duality is that the weighted constraints in (|A.1])

are added to the objective function, which is given by

L(x, A 1) = f1(x) + A (%) + pga(x), (A.3)

where A > 0 and p represent the Lagrange multipliers corresponding to functions

hi(x) and ¢;(x), respectively.

A.1.3 Karush-Kuhn-Tucker (KKT) Conditions

When the functions f;(x), h1(x), and g;1(x) of the optimization problem in ({A.1])

are differentiable w.r.t. x, the vanish gradient at x* can be written as
V(") + A Vh (X)) + "V (x*) =0, (A4)

where x* and (\*, u*) are primal and dual optimal points. Thus, the Karush-
Kuhn-Tucker (KKT) conditions are

)\*h1<X*) = 07
Vfi(x*) + A*Vh (x*) + 1"V (x*) = 0.

A.2 Difference of Convex Functions

A difference of two convex functions given as:

fa(x) = ha(x) — ga(x), (A.10)

where x € C"*". Note that ho(x) and go(x) are continuous monotonic convex
functions w.r.t. x. In order to deal with the difference of convex (DC) function
as in (A.10), one can obtain the optimal solution via the exhaustive search.

Yet, this method is computationally prohibitive. As a compromise approach,
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lower computational complexity methods have been proposed to obtain some
suboptimal solution. For instance, the successive convex approximation (SCA)
can be applied to establish a lower bound of the function g»(x) in (A.10)). Note
that to guarantee the convergence of the SCA for gy(x), for a given x(*") in the
iter-th iteration, the surrogate objective function gy (x|x(*") is approximated to
g2(x) taking into account the previous optimization solution x(°"). The variable
x(ter) converges to a suboptimal point x* w.r.t. satisfying the first-order

optimization conditions if the surrogate objective function §,(x|x*") follows

gQ(X|X(iter)) S QQ(X),VX, (Al].)
§2 (X(iter) |X(iter)) = g5 (X(iter))7 (A12)
Vx§2 (X(iter) ‘X(iter)) — VxQZ (X(iter) ) ) (A 13)

Thus, for given x0*") in the iter-th iteration, an upper bound of the DC
function (A.10]) can be obtained by SCA expansion as

s (X) £~I2 (Xlx(iter)> _ ngz (X(iter))<x . X(iter)), (A.14)
f2 (X) S f2 (X‘X(iter)) _ hQ(X) . £~72 (X‘X(iter)) _ h2 (X) . ngQ (X(iter))(x . X(iter)).
(A.15)

Vv

Then the suboptimal value x* w.r.t. (A.10) is obtained until the convergence.

A.3 Alternating Optimization

For two coupling variables x and y, a convex objective function is given by

P, : minimize f3(x,y), (A.16)

X,y€S

where f is a continuous convex function w.r.t. x or y and § is the feasible solution
set of x and y. To overcome the coupling between x and y, adopting alternating
optimization method, the optimization problem in (A.16)) can be divided into two

subproblems:

Ps minirgize f3(xly), (A.17)
x€

Py : minimize f3(y|x), (A.18)
yES
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and solve them iteratively. Then the optimal value x* and y* can be obtained

until convergence. Please refer to Section for the proof of the convergence.

A.4 Dinkebach Method

A fractional form objective function is given by

Ps : minimize fa(x)
xeS g4(X)

: (A.19)

where x € C™" and S is the feasible solution set of x. Note that f,(x) and
g4(x) are continuous monotonic convex function and concave function w.r.t. x.
By applying the fractional programming theory [19], the objective function of
(A.19) can be equivalently transformed into a subtractive form. In particular,

the optimal value of 4* in (A.19)) can be achieved if and only if
Pe : mir)l(:le%lize fa(x) = v g4(x) = fa(xX*) — v qu(x*) =0, (A.20)

for f(x) > 0 and g(x) > 0. Thus, adopting the Dinkelbach method [119], for the
iter-th iteration and a given value v the objective function in (A.20)) can be

written as:

,Péiter) : minirgize fiiter) (X) _ /y(iter_l)giiter) (X) (A21)
xXE

A . (iter) x . .
Then, the value 4 should be updated as ~{ter) = a0 g1 each iteration

g(iter) (X)

of the Dinkelbach method until convergence. Note that the convergence to the

optimal solution of (A.19)) is guaranteed if (A.21)) is solved optimally in each

iteration.

A.5 S-Procedure
Let F;, € S g, € R™" ¢; € R, the implication

x'Fix + 2g1Tx +c¢ <0
—x"Fox +2g.x + ¢, <0 (A.22)
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holds if and only if there exists a A such that
F F
AZO,[ jg2]5A ! gl], (A.23)
g (2 g

provided there exists a point x with XxTFZ + 2glx + ¢; < 0.






Appendix B

Proof of Theories of Chapter 3

B.1 Proof of Theorem |3.1

We follow a similar approach as in [119] to prove Theorem . First, it can be

shown that a solution of the problem in (3.38)) is ¢;:

= R(A*:P*’Z*) > R(ALP’Z), AP P Z ZeF.
P(P*, Z*) P(P, Z)

*

q; =

Therefore, we have

R(A,P,Z)—¢iP(P,2) <0, AP, P,Z,Z€cF,
R(A*, P*, Z*) — ¢: P(P*, Z2*) = 0.

(B.1)

(B.2)
(B.3)

We can observe that the optimization solution of the problem in (3.2)) is ¢i by

comparing (B.2)) and (B.3).

Now, the proof of the converse is that a solution, ¢, of the problem in ([3.2))

follows:

R<~’477572) - qTP(,]S’Z) < R<A*775*7Z~*) - quUS*’Z*)
=0, AP, P,Z,Zc F.

171

(B.4)



172 B. PROOF OF THEORIES OF CHAPTER 3

Therefore, we have

g BAPZ) b5z 5cr (B.5)
P(P,Z)

. R(A*P* 2*

g = BALPL 2T (B.6)
PP+, 2°)

We can observe that the optimization solution of the problem in (3.38)) is ¢} by

comparing (B.F]) and (B.6).

B.2 Proof of Theorem |3.2

We follow a similar approach as in [109] to prove Theorem [3.2| First, it can
be shown that the optimization problem (3.41) is jointly convex w.r.t. the
optimization variables and satisfies the Slater’s constraint qualification. We first

derive the Lagrangian function of (3.41):

LY, X,V ,u,v 9 2) (B.7)
N Ngp
- Z Z Tr(Z][n)(Yin — Xin — Vin))
n=1 =1
N (‘Al) Np
=@ + g+ ) S (2] [0))
n=1 i=1
N E Ny
I, in Tr(H®[nZ! A
+;2; ain Tr(EER]Z{ ) + A,

where A denotes the collection of terms that are not relevant for the proof.

Matrices Y;,, = 0,Vi,n, X;,, = 0,Vi,n, and V;, = 0,Vi,n are the Lagrange

multiplier matrices for the constraint on matrix Z;[n] in C3b, C18, and C19,

respectively. pu = {u,,Vn}, v = {v,,¥n}, and ¥ = {J.;,,Ve,i,n} denote the

Lagrange multipliers for constraints C4b, C5b, and C7, respectively. Considering
(B-7), the KKT conditions related to Z;"[n] are given by

Y, X, Vi, =0, v, 0z, >0, (B.8)

Z]"[n)(Y;, — X}, — Vi) =0, (B.9)

VzL =0, (B.10)
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where Y7, X7, Vi, u,, v;, and 9, are the optimal Lagrange multipliers

for the dual problem of (3.41)). Besides, is the complementary slackness

condition and is satisfied when the columns of Z!*[n] lie in the null space of

Y;,—X;,—Vr,. Toreveal the structure of Z;[n], we express the KKT condition

in (B.10) as

Y* _ (Jé,l) J I X*
zn[n] = (¢ + pin + VG )Ny + zn[n]
E

¥ Vialel - Z_; ﬁz’i’”mgﬁéQEHgE[n}’ (B-11)

where min EHgE [n] is a constant Ny x Nj matrix since we fix the jammer UAV’s
|AtE]I<QE
(ifa")

trajectory in this system. For notation simplicity, we define E = (¢;™ " + p, +

* * E .
vnC)In, + X5, 0]+ Vi, [n] = 0and Q =37 | 0 ”A‘fgn‘l‘ISngHgE[n] > 0. From

(B.8), since matrix Y7, [n] = E — €2 is positive semi-definite,

*
e,i,n

ALY > Amax > () (B.12)

must hold, where AZ** and A\{** are the real-valued maximum eigenvalue of matrix
E and £, respectively. Considering the KKT condition related to matrix Z;"[n]
in (B.9), we can show that if A2 > AZ%* matrix Y7, will become positive

AL
definite and full rank. Besides, the maximum eigenvalue A\Z** > 0 since qy fn)

is the energy-efficiency value of the system which is positive. Thus, this would
yield the solution Z!"[n] = 0. On the other hand, if AZ® = A\3%%in order to
have a bounded optimal dual solution, it follows that the null space of Y7, [n]
is spanned by vector uq max, Which is the unit-norm eigenvector of 2 associated
with eigenvalue A\3**. As a result, we obtain the structure of the optimal energy

matrix Z; *[n] as
Zg*[n] = 5uQ,maxug7max- <B13)

Therefore, Rank(Z;"[n]) < 1.
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B.3 Proof of Convergence of Alternating Opti-

mization

The proposed algorithm contains two nested loops where the outer loop is based
on alternating optimization (AO) and the inner loop is based on successive convex
approximation (SCA). In the following, we will prove that the proposed algorithm
can converge to a stationary point which serves as a suboptimal solution of the
formulated problem. In order to simplify the presentation of proof and without

loss of generality, we rewrite our proposed optimization problem as following;:

maxXimize f(A,B) (B.14)

s.t. g(A,B) >0,

where A and B denote two set of optimization variables to be optimized in
subproblem 1 and subproblem 2, respectively. f(A,B) and g(A, B) are function
with coupled variables A and B. Besides, f(A,B) and ¢g(A,B) are convex
functions w.r.t. A given B and B given A, respectively. We first apply AO to
resolve the coupling between A and B in in this response letter which forms

an outer loop. In each outer loop iteration, we need to solve two subproblems as:

Subproblem 1 [given B] : P(A|B) = max/ignize f(A|B) (B.15)
s.t. g(A|B) > 0,

Subproblem 2 [given A] : P(B|A) = maximize f(B|A) (B.16)
s.t. g(B|A) =2 0

To handle subproblem 1, SCA is applied which results in an inner loop. We first
discuss the principle of the SCA. In particular, the SCA generates a sequence of
convex functions to approximate the non-convex elements. In the iter-th iteration,

the objective function and the constraint function are approximated by their lower
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bound, fl(gter)(A]A(iter B) and glf)ter (A|AGter) B), given by

FIAIB) > flfe(A|AGe) BY = f(A0*)|B) 4 W, f(A0)|B)(A — A®) and
(B.17)
g(A|B) > g (AJAG) B) = g(AT)|B) 4 Vo g(A)B)(A — AWy (B.18)

respectively, for a given feasible solution At Note that V, denotes the first-
order derivative with respect to (w.r.t.) A. Thus, in the iter-th iteration, we solve

the following optimization problem

P]Ster) (A(iter) ’B) — max[i%mize (iter) (A|A (iter) B) (B.lg)

s.t. gy (AJAU) B) > 0.

Denote A*(t) be the optimal solution in the iter-th iteration of (B.19) in this

(iter+1)

response letter. Then, we set A = A*(iter) a5 the input for the next iteration.

The procedure repeats and we have

=

. ®
P(AG|B) @ ple) (At B) € pid (A B) € p(ATB),  (B.20)

where equality (a) holds due to f(AG)|B) = (i (A|AGter) B)and g(AGte)|B) =

lter)(A|A(lter B); inequality (b) holds since A (iter+1) s the optimal solution in
the (iter + 1)-th iteration for the problem in in this response letter;
inequality (¢) holds because the optimization problem in in this response
letter provides a lower bound to the performance of subproblem 1 in (B.15|)
in this response letter due to f(A|B) > flgter)(A|A(iter),B) and g(A|B) >
gi" ) (A|AG*) B). Since the constraint set and the objective function is compact,
the SCA converges to a stationary point. The same proof can be applied for the

convergence of applying SCA to subproblem 2.

As for the convergence of AO, we first prove that the objective value is
nondecreasing by first solving subproblem 1 via SCA and then use its solution as

an input for subproblem 2. In the n-th outer loop iteration, we have
P(A|B™) < P(A¥|B") = P(B"|A%) < P(B""|A*). (B.21)

Similarly, we can prove that the objective value is also nondecreasing when we use
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the solution of subproblem 2 as an input for subproblem 1 via AO. As a result,
the outer loop, driven by AQO, also converges to a stationary point monotonically

which completes the proof of the convergence of the overall algorithm.



Appendix C

Proof of Theories of Chapter 4

C.1 Proof of Theorem 4.1

As we aim to minimize the total power consumption, it is desired to maximize
the channel gain from the UAV to GU k for satisfying constraint C6. This can be
achieved by aligning the phase of the IRS to match with the phase of the channel.

Therefore, the optimal phase control can be obtained by solving
max(i}mize |\ (@[n]) 12, (C.1)

where 1, (®[n]) for a given ®[n| can be expressed as

\/ 52
(dAR[n])2(dFC)2

X [17 eJ QﬁfCR” sin OFS cos&,E{G7 o e J 27rfCRz (Mpy—1) sin 09 COSf?G]
X [1, 79 R s O A cos€®hn) TR (M) sin 07 ] cos €14 ]
@ [, e 9 A O s R (VD0 s g)

Note that maximizing the norm of the mean for the effective channel gain is
equivalent to align the LoS component of the reflect link with that of the direct
link. Therefore, the suboptimal phase control policy of the IRS is obtained as in
(4.16)).
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Appendix D

Proof of Theories of Chapter 5

D.1 Proof of Theorem [5.1

In the formulated problem in (5.16[), we can observe that the phase control policy
of the IRS, ®, only affects the distribution of Cy [n], Ci'y[n], CR5€In], and
Ciiln] in constraint C6 — C8, respectively. Thus, for any given optimization
variables S, P, R, T, and V), a suboptimal ® can be obtained by maximizing the
feasible probability of the GU k exploiting SIC decoding with stage II at C6 in

(B.16), e-g.,

maxémize Pr (Sk,k/ [n]ri[n] < sk (n]log, <1 + ]%5%”2)) , (D.1)
Note that the effective channel follows hg[n] ~ CN (un(®[n]), o7), where uy(®[n])
and o7 denote the mean and variance of the effective channel, respectively, such
that |hg[n]|? is noncentral chi-squared distributed. Besides, the variance of the
effective channel, i.e., o7, is independent of ®[n] as the introduced phase rotation
does not change the distribution of the scattering component in . Based on
the CDF of |hy[n]|? in (5.20), problem in (D.1]) can be rewritten as the following

equivalent form

2(ork[n] _ 2(9rkn] _
mingnize Fok (0’“(2—]1), /\) =1-0Q (\/X, M), (D.2)

Pr[n i)

where A = “‘h(f#)w and Q.(a,b) represent the noncentral parameter and the
h

Marcum Q-function of the noncentral chi-square distribution with 2¢ degrees of
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freedom (DoF), respectively. Moreover, it can be verified that the derivative of
Foxk(-; A) w.r.t. A s less than 0 and problem (D.2)) is equivalent to maximize the
noncentral parameter A of |hg[n][?, which is directly proportional to |u,(®[n])[*.

Therefore, the optimal phase control can be obtained by solving
max(i}mize |\ (@1[0]) |2, (D.3)

where p;, (®[n]) for a given ®[n| can be expressed as

o K?G [n] - 2wd§:}[n]
(g C[n])>* (1 + K¢ [n])

. BRKRG _ 2R A+czAR[n1>
(& c
AR AR ( JRG)aRG RG
(@A [n])o™ (dg=)>™ (1 + w59)
i27ARg G gRG RG i 2TARg (A 1) sin ORG RG
x [176—]Tsm W cos &) L 7e—jT( Re—1) 8in 0,1 cos &} }
2TAR, . . 2TAR, ; i
® |:1’ @_]TJ sin QRS sm{IE{G7 o ,6_] b Y (Mgy—1)sin ORC smfkRG:| @[n]
.2 A . .2mA .
v [1 6—]2)\73”” sin 0”4 [n] cos €74 [n] e—]Q /\CRI (MRZ—I)smﬁRA[n]cos.ERA[n]}H
7 AR
—jm sin @R [n] sin €84 [n] —J TRy (Mg, —1) sin 84 [n] sin €84 [n]1H
® [1,e77 7% " v 1. (D4)

Note that maximizing the norm of the mean for the effective channel gain is
equivalent to align the LoS component of the reflect link with that of the direct
link. Therefore, the suboptimal phase control policy of the IRS is obtained as in
(15.17)).
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