
Resource and Interference Management in
UAV-Cellular Network

by

Amr Salaheldin Hashem Matar

A thesis
presented to the University of Waterloo

in fulfillment of the
thesis requirement for the degree of

Doctor of Philosophy
in

Electrical and Computer Engineering

Waterloo, Ontario, Canada, 2022

© Amr Salaheldin Hashem Matar 2022



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the Examining
Committee is by majority vote.

External Examiner: Abdallah Shami
Professor, Dept. of Electrical and Computer Engineering,
Western University

Supervisor(s): Xuemin (Sherman) Shen
Professor, Dept. of Electrical and Computer Engineering,
University of Waterloo

Internal Member: Catherine Gebotys
Professor, Dept. of Electrical and Computer Engineering,
University of Waterloo

Internal Member: Xiaodong Lin
Professor, School of Computer Science,
University of Guelph

Internal-External Member: Samer Al-Kiswany
Associate Professor, David R. Cheriton School of Computer Science,
University of Waterloo

ii



Author’s Declaration

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including
any required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

iii



Abstract

The future Sixth-Generation (6G) network is anticipated to extend connectivity for millions
of Unmanned Aerial Vehicles (UAVs) worldwide and support various innovative use cases,
such as cargo transport, inspection, and intelligent agriculture. The terrestrial cellular networks
provide real-time information exchange betweenUAVs andGroundControl Stations (GCS),which
facilitates the evolution of UAV communication systems while bringing promising economic
benefits to cellular network operators. However, the tremendous growth in the UAV data traffic,
with diverse and stringent service requirements, would add another pressure on the already
congested terrestrial cellular network that is facing a rigorous challenge to increase network
capacity with the limited spectrum resources. Moreover, since Macro Base Station (MBS)
antennas are typically downtilt, UAVs, which are served by the MBS antenna’s side lobes, suffer
from sharp signal fluctuations causing throughput reduction and coverage drop. Besides, due
to the Line-of-Sight (LoS) between UAVs and MBSs, UAVs experience higher uplink/downlink
interference compared to ground Cellular Users (CUs). In this thesis, we propose two novel
aerial network architectures in which we design efficient interference and resource management
strategies to support the UAV Quality-of-Service (QoS) guarantee while considering different
types of interference.

Firstly, we propose a novel standalone aerial multi-cell network where multiple UAV Base
Stations (UAV-BSs) provide cellular services to UAV Users by reusing the licensed and unli-
censed spectrum. Our objective is to jointly optimize the subchannels and power allocations of
UAV-Users in the licensed and unlicensed spectrum to maximize the network uplink sum rate,
considering inter-cell interference, co-existence with terrestrial cellular and WiFi systems, and
the QoS of UAV-Users. We prove mathematically that the formulated optimization problem is
an NP-hard problem. Therefore, the original problem is decomposed into three subproblems to
solve it efficiently. We first use convex optimization and the Hungarian algorithm to obtain the
global optimal of power and subchannel allocations in the licensed spectrum, respectively. Then,
we design a matching game with externalities and coalition game algorithms to obtain the Nash
stable of the subchannel allocation in the unlicensed band. Local optimal power assignment in
the unlicensed spectrum is obtained using the successive convex approximation method. Lastly,
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we develop an iterative algorithm to solve the three subproblems sequentially until convergence
is reached. Simulation results demonstrate that the proposed algorithm achieves a significantly
higher uplink sum rate compared with other resource allocation schemes. Moreover, the proposed
algorithm improves the network throughput and capacity by nearly two times comparing to the
Long Term Evolution-Advanced (LTE-A).

Secondly, we propose a novel integrated aerial-terrestrial multi-operator network. In the
network, each operator deploys a number of UAV-BSs besides the terrestrial MBS, where each
BS reuses the operator’s licensed spectrum to provide downlink connectivity for UAV-Users.
Moreover, the operators allow the UAV-Users, whose demand cannot be satisfied by the licensed
band, to compete with others to obtain bandwidth from the unlicensed spectrum. Given the
QoS requirements of UAV-Users, we aim to maximize the total sum rate by jointly optimizing
user association, BSs transmit power, and dynamic spectrum allocation considering inter-cell
interference in the licensed band and inter-operator interference in the unlicensed spectrum. In
particular, we divide the resulting non-convexMixed-Integer Non-Linear Programming (MINLP)
optimization problem into two sequential subproblems: user association and power control in
the licensed spectrum; and dynamic spectrum allocation and user association in the unlicensed
spectrum. Furthermore, the former subproblem is decomposed into multiple subproblems for
distributed and parallel problem-solving. Since the resulting former subproblem is still a non-
convex MINLP problem, we propose a distributed iterative algorithm consisting of a matching
game, coalition game, and successive convex approximation technique to solve it. Afterwards, in
the latter subproblem, we first use a matching game to associate UAV-Users with the UAV-BSs
for each operator in the unlicensed spectrum. Then, we propose a three-layers auction algorithm
to allocate the unlicensed spectrum among operators dynamically. Extensive simulation results
demonstrate that the proposed algorithm in the licensed spectrum significantly improves network
throughput per operator than the conventional terrestrial network alone. Moreover, the achieved
system throughput of the proposed algorithms in both licensed and unlicensed spectrum is 86.8%
higher compared with that of using the licensed spectrum only.

In summary, we have proposed integrated aerial-terrestrial network architectures that leverage
the aerial network to complete the terrestrial network to serve cellular-connected UAVs by reusing
licensed and unlicensed spectrum considering multi-cell and multi-operator scenarios. Under

v



the proposed network architectures, we have investigated the subchannel allocation, UAV-Users’
transmit power, user association, BSs’ transmit power, and dynamic spectrum management to
maximize the network throughput considering the QoS of UAV-User. The proposed architectures
and algorithms should provide valuable guidelines for future research in designing resource
and interference management schemes, improving network capacity, and enhancing spectrum
utilization for complex interference environments in integrated UAV-cellular networks.
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Chapter 1

Introduction

Unmanned Aerial Vehicles (UAVs) are expected to be an essential component of the future
Sixth-Generation (6G) networks. Based on the Federal Aviation Administration (FAA) report,
the number of UAVs (commonly known as drones) is predicted to be around 1.8 million vehicles
by 2027 [2]. The applications of UAVs are expected to overgrow during the next decade,
such as aerial imaging, package/cargo transport, inspection, and intelligent agriculture [3, 4].
However, current UAVs depend on simple direct communication with their Ground Control
Station (GCS) over the WiFi band within the visible line-of-sight space, limiting future UAVs’
applications [5]. Providing reliable and high-performance connectivity between UAV and GCS
is necessary to achieve real-time command and control for UAV safe operation besides the data
payload transmission and pave the road to large-scale UAV deployment [6]. Therefore, integrating
UAVs into the cellular network as new aerial users (UAV-UEs), also known as cellular-connected
UAVs, is a promising solution which anticipates achieving significant performance enhancement
in terms of reliability, coverage, and throughput [7]. In this chapter, we provide an overview
of UAV, discuss the main components of Unmanned Aircraft System (UAS), and elaborate on
the challenges that face cellular-connected UAVs. We then present three key research problems
investigated in this thesis.
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1.1 Overview of Unmanned Aerial Vehicle

In this section, the main characteristics and factors of Unmanned Aerial Vehicle (UAV) are
explained and summarized [8, 9].

1.1.1 Payload

The maximum weight that a UAV can carry is called a payload. As more sensors and equipment
are needed, a larger payload is required at the expense of increasing the size of the UAV and
shorter flight times [10].

1.1.2 Mechanism of Flying

The UAV flying mechanisms can be divided into three categories [11]:

• Fixed-wing UAVs can carry a heavy load over a wide area at high speed while maintaining
energy efficiency simultaneously. However, the drawbacks of this type are that it cannot
hover over a fixed area and does not take off and land vertically.

• Rotary-wings UAVs (a.k.a Multi-rotor UAVs) allow vertical lift and landing, and can hover
over a certain area to complete the cellular coverage above it. However, this high maneuver-
ability comes at the cost of limited mobility and significant power consumption compared
to fixed-wing UAVs.

• Hybrid fixed/rotary wing UAVs provide a compromise between the two previously men-
tioned types; where the UAV can take off vertically, glide over the air, and then use its
rotors to switch to hovering over a fixed location.

1.1.3 Operating Platform

Overall, UAVs as aerial platforms can be categorized into two types based on their altitude [12]:
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• Low Altitude Platform (LAP) is usually employed to complement the mobile network since
it operates at an altitude of 10 km or less. In addition, the LAP UAV is characterized by its
cost-effective, fast deployment and its Line of Sight (LoS) links that significantly enhance
cellular communications’ performance.

• High Altitude Platform (HAP) operates at an altitude between 17 km and 22Km. Compared
to LAP, vehicles that fall under this platform can stay much longer time in the stratosphere
layer, but their deployment is more complex. HAP is used to provide Internet connectivity
to rural areas that are currently not served by cellular networks. Examples of these UAV
platforms are balloons, airships, and aircraft.

1.1.4 Industry Projects on UAVs

In this subsection, we give small details about the recent projects targeting UAV applications.

• Nokia F-Cell is a novel infrastructure composed of amassiveMIMOwireless backhaul that
serves autonomous self-configured and solar-powered UAVs which form small cells [13].
The F-Cell architecture can spatially multiplex up to 8 autonomous F-Cells (which mount
a solar panel no more than the cell itself to consume less processing power) by connecting
them to a closed loop 64 massive MIMO antenna array located at the center.

• Huawei Digital Sky was activated by Huawei’s Lab in 2017 in Shanghai city in order to
promote the experiments of specific use cases involving connected UAVs [14]. It creates an
end-to-end ecosystem consists of two 6km diameter flying zones and a maximum height of
200 m covered by cellular networks to ensure Command & Control (C&C) traffic between
UAVs and either control stations or wireless charging locations deployed in the ground.

1.2 Unmanned Aircraft System (UAS)

An Unmanned Aircraft System (UAS) is composed of two main components: a UAV and Ground
Control Station (GCS). For UAV safe operation, it is necessary to provide reliable and high-
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Figure 1.1: Unmanned Aircraft System (UAS).
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performance connectivity between UAV and GCS to support two types of traffic channels [15],
which are defined as follows:

• Command & Control (C&C) Traffic includes telemetry, real-time piloting, identity,
authentication, and trajectory location update. It needs critical Quality-of-Service (QoS)
requirements regarding reliability and latency.

• Data Traffic includes data from sensors carried by UAVs, images, real-time videos, etc.

In order to move toward long-range control and autonomous operation of UAVs, reliable and
widely available wireless connectivity between UAV and GCS is needed because it is the only
way to remotely control a UAV or take control of an autonomous UAV flight [16,17]. Therefore,
the cellular network, which has broad coverage, has been introduced as a critical solution for the
UAS [18]. Thus, as seen in Figure 1.1, integrating UAVs with the cellular network, known as
cellular-connected UAVs, expect to anticipate achieving significant performance enhancement in
terms of reliability, coverage, and throughput.

1.3 Challenges of Cellular-connected UAVs

As discussed in Section 1.2, the cellular network has emerged as a key enabler of cellular-
connected UAVs that can significantly enhance UAV traffic safety and efficiency and enable
ubiquitous access to support new UAV data services and applications [19]. However, how to
guarantee the performance of the cellular-connected UAVs to achieve their essential role as
expected by industry and academia still faces challenges. In this section, we will investigate the
major challenges faced by cellular-connected UAVs, which have been explained and summarized
in the study item [1] of the 3rd Generation Partnership Project (3GPP) .

1. Traffic performance requirements: The 3GPP defined the performance requirements
of the Command & Control (C&C) and data traffic channels that should be provided for
UAV-UE, as summarized in Table 1.1.
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Table 1.1: UAV-UE traffic performance requirements [1]

Traffic Data Rate latency

Command & Control Traffic 60 - 100 Kbps for UL/DL 50ms (one way)

Data Traffic up to 50 Mbps for UL similar to LTE UE

2. Uplink transmission interference: The cellular infrastructure performance assessment
has demonstrated that UAV-UEs experience interference issues in the uplink transmissions
as UAV-UE receives Line-of-Sight (LoS) transmissions from many BSs when it increases
its altitude [20]. Therefore, when UAV-UEs transmit data toward their serving cellular BS,
they generate substantial interference on the other ground BSs that cause critical issues
in the cellular network. The resulting interference can damage the uplink connection of
existing terrestrial cellular users, who are likely to have non-LoS uplink transmissions.

3. Downlink transmission interference: According to some field measurements, a UAV-UE
flying at an altitude of 100 meters can receive signals from BSs located 10 kilometres
apart [21]. In other words, UAV-UEs can experience significant interference from multiple
cellular BSs that transmit toward other terrestrial cellular users or UAV-UEs. Therefore,
downlink transmissions towards UAV-UEs commonly suffer from degradation in Signal to
Interference plus Noise Ratio (SINR) compared to ground cellular users.

4. Association and handover: Due to the down-tilt of cellular BSs antennas, UAV-UEs are
connected to the BS through the sidelobes of its directive antennas, as seen in Fig. 1.2.
Consequently, UAV-UEs are usually associated with BSs other than this physically adjacent
BS due to insufficient signal strength received from the latter. Therefore, UAV-UEs face
an increase in handover failure and outage probabilities compared to ground users due to
the antenna’s radiation pattern nulls and the high power of the interference signals [22].
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Figure 1.2: Challenges of cellular-connected UAV.

1.4 Research Motivations and Contributions

As we mentioned above, benefiting from advances in the UAV industry and wireless communi-
cation technologies, the cellular network has emerged as a critical enabler of cellular-connected
UAVs [23]. Therefore, integrating UAVs into the cellular network as new aerial users (UAV-UEs),
also known as cellular-connected UAVs, is a promising new solution which anticipates achieving
significant performance enhancement in terms of reliability, coverage, and throughput. Moreover,
allowing real-time information exchange between UAV-UEs and GCS would enhance UAV safety
and efficiency and support new UAV services and applications.

However, several challenges need to be solved to realize this integration efficiently [24].
Specifically, since Macro Base Station (MBS) antennas are typically downtilt, UAVs suffer
from sharp signal fluctuations since they are received only by the MBS antenna’s side lobes.
According to [25], UAVs flying at an altitude of 100 m suffer from a throughput reduction of
factor 10 and a coverage drop from 76% to 30% compared to ground cellular users. Moreover,
UAVs at that height could receive signals from MBSs located 10 kilometres apart [21], which
produce high uplink/downlink interference. Furthermore, with more and more UAV services and
applications, data and C&C traffic generated by UAV-UEs would increase, and the issue of the
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overloaded terrestrial cellular network would get worse [26]. Because of the limited spectrum
resources, promoting terrestrial cellular networking to support the emerged cellular-connected
UAVs’ services and applications, especially those requiring sensitive delay and diverse resources,
is challenging [27].

Several recent research works have tackled these issues through UAV trajectory optimization.
However, most existing schemes that aim to minimize the coverage outage probability only
consider one cellular-connected UAV with a predefined start and end point. The trajectories
computation of large numbers of UAV-UEs, defining the conflict between these trajectories,
and the impact on the terrestrial network have not been considered. Moreover, these studies
have shown the significant effect of UAV movement change on coverage probability [28, 29].
Furthermore, the vast predicted data rate demand of UAV-UEs would produce more pressure on
the overloaded terrestrial cellular network since UAV-UEs need to share the limited spectrum
available with ground cellular users. Therefore, an aerial network architecture which provides
seamless connectivity for cellular-connected UAVs is a promising solution that allows mobility
freedom for UAV-UEs without a trajectory restriction by providing broad coverage above the
actual coverage height of Macro BS.

In this thesis, we propose two novel aerial networks in which channel resource allocation,
power control, user association, and spectrum management are designed to increase the network
throughput considering the QoS of UAV-UE and different types of interference. Specifically, the
main contributions of this thesis are summarized as follows,

1. We propose a novel standalone aerial multi-cell network in which UAV-BSs are deployed
to provide uplink cellular services to UAV-UEs through reusing both licensed and unli-
censed spectrum. Considering the coexistence of the proposed network, terrestrial cellular
network, and WiFi system, we jointly optimize the subchannel allocation and the transmit
power of UAV-UEs to maximize the network uplink sum rate in the licensed and unlicensed
spectrum considering the QoS of UAV-UE and the inter-cell interference. The formulated
optimization problem, which we prove to be an NP-hard problem, is decomposed into three
subproblems. Afterwards, we propose an iterative algorithm which consists of convex
optimization, the Hungarian algorithm, a matching game with externalities and a coalition
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game, and a successive convex approximation technique to solve the formulated problem.
Simulations show that the proposed algorithms improve the cellular operator’s network
capacity by at least two-fold while ensuring coexistence with the existing terrestrial and
WiFi systems.

2. We propose a novel integrated aerial-terrestrial multi-operator network architecture in
which each operator deploys a number of UAV-BSs besides the terrestrialMacro BS (MBS),
where each BS reuses the operator’s licensed spectrum to provide downlink connectivity for
UAV-UEs. Moreover, the operators allow the UAV-UE, whose demand cannot be satisfied
by the licensed band, to compete with others to obtain bandwidth from the unlicensed
spectrum. Given the QoS requirements of UAV-UEs, we aim to maximize the proposed
network’s total sum rate by jointly optimizing user association, BSs transmit power, and
dynamic spectrum allocation considering inter-cell interference in the licensed spectrum
and inter-operator interference in the unlicensed spectrum. The formulated non-convex
mixed integer non-linear programming (MINLP) optimization problem is divided into two
sequential subproblems, which are explained as follows:

• First, we jointly optimize the user association and the transmit power of BSs to
maximize the network throughput in the licensed spectrum, considering the coupling
issue caused by the multi-cell scenario. To cope with the complexity of the non-
convex MINLP subproblem, we further decompose the optimization problem into
multiple subproblems to be solved in a distributed and parallel manner. Afterwards,
we propose a distributed iterative algorithm for efficient solving. Simulation results
demonstrate that the proposed architecture and algorithm allow operators to achieve
significantly higher network throughput in the licensed spectrum with low complexity
compared to other schemes and only use terrestrial networks.

• Second, we jointly optimize the user association and dynamic spectrum management
to maximize the network throughput in the unlicensed spectrum, considering the
QoS of UAV-UE and the inter-operator interference issue due to the multi-operator
scenario. We first use a matching game to associate UAV-UEs with UAV-BSs; then,
we design a three-layers auction framework to dynamically allocate the unlicensed
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spectrum band among the UAV-UEs of different operators. The simulation results
demonstrate the effectiveness of the proposed spectrum management approach in in-
creasing the network throughput and user satisfaction compared to other spectrum
management schemes. Moreover, the proposed architecture enables the cellular oper-
ators to significantly enhance the total network throughput by close to double through
reusing both licensed and unlicensed spectrum compared with using licensed band
only.

1.5 Thesis Outline

The remainder of the thesis is organized as follows: In Chapter 2, we provide a comprehensive
review of cellular-connected UAV’s state-of-the-art resource and interference management strate-
gies. In Chapter 3, we propose a joint subchannel allocation and power control to maximize the
network uplink throughput in the licensed and unlicensed spectrum for a novel standalone aerial
multi-cell network. In Chapter 4, we propose a novel integrated aerial-terrestrial multi-operator
network architecture, in which we design a user association, power control, and dynamic spec-
trum management to maximize the network downlink throughput. The proposed optimization
approach considers the QoS of UAV, inter-cell interference in the licensed spectrum, and inter-
operator interference in the unlicensed spectrum. Finally, we conclude the thesis and discuss
future research works in Chapter 5.
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Chapter 2

Background and Literature Survey

This chapter presents the background of the UAV-cellular network and the LTE-Unlicensed
(LTE-U) and surveys state-of-the-art resource and interferencemanagement strategies for cellular-
connected UAVs.

2.1 UAV-Cellular Network and LTE-Unlicensed

In this section, we intend to explain the background of the UAV-Cellular Network and the LTE-U.

2.1.1 UAV-Cellular Network

Supporting different multimedia service requirements while providing ubiquitous connectivity
for mobile users are key challenges in Beyond 5G networks [30]. Therefore, future Radio Access
Networks (RAN) need to support reliable and low-latency access to massive mobile devices with
a significant level of flexible deployment required [31]. However, deployment of current cellular
BS is according to long-term traffic behaviours with low flexibility to be re-distributed. Though
the dense distribution of BSs is one intuitive strategy to improve RAN coverage, this method is
unacceptable for cellular operators due to high expenditure and low efficiency [32]. Therefore,
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to enhance the capacity, coverage, and reliability of the existing cellular networks, the emerging
UAV as an aerial base station (UAV-BS) is a promising solution.

Latterly, there has been a significant effort to explore the potential of UAV-BS to enhance the
performance of the terrestrial cellular network. In [33], the authors demonstrate the capability
of UAV-BS as an aerial extension of cellular BS to improve the signal strength in coverage
holes through field experiments. In [34], authors study the spectrum sharing of UAV Small
Cells network modelled by the 3D Poisson point process. The optimal density of UAV-BSs
to maximize the network throughput while maintaining the cellular network efficiency under a
specific threshold. In [35], authors jointly optimize the UAV-BS trajectory and power control
along with the multi-user communication scheduling and association in order to maximize the
minimum downlink throughput over ground cellular users. Successive convex optimization and
block coordinate descent algorithms are introduced for solving the mixed-integer non-convex
optimization problem. In [36], in order to maximize the information collection gained from
ground Internet of Things (IoT) devices, Mozaffari et al. design a clustering approach to finding
the optimal locations and trajectories of UAV-BS.

Moreover, UAV can also operates as flying user (UAV-UE) [37]. Critical command and
control information must be exchanged in real-time when using UAVs in applications such as
surveillance, real-time monitoring, and precision agriculture [38]. Thus, a wireless technology
that can provide ubiquitous coverage, sufficient connectivity, high throughput, and low latency
between ground control stations and UAV-UEs is required [39]. Therefore, the current cellular
infrastructure considers a promising solution to provide scheduling, licensed spectrum, and
mobility management to UAV-UEs. However, based on [1], [25], UAVs as a new cellular user
type could produce severe degradation in the overall performance of the cellular system. Studies
that examined emerging issues from connecting UAV-UE to the cellular network are explained in
detail in the next section.

2.1.2 LTE-Unlicensed

The phenomenal growth of data rate demand from mobile devices has brought about increasing
scarcity in the available radio spectrum. Despite the many advanced technologies, the shortage
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of spectrum resources is still the main bottleneck for capacity enhancement. To address these
issues, LTE-Unlicensed, or LTE-U, is considered one of the latest groundbreaking innovations
to provide high performance and seamless user experience under a unified radio technology by
extending LTE to the readily available unlicensed spectrum [40]. This motivates cellular network
operators to exploit the available unlicensed spectrum by allowing subscribers to adaptively use
either licensed LTE spectrum or unlicensed WiFi spectrum to provide multimedia services.

LTE-U extends 3GPP LTE to the unlicensed spectrum and aggregates the unlicensed spectrum
with the licensed spectrum leveraging the existing Carrier Aggregation (CA) technology. It can
provide better coverage and larger capacity than cellular/WiFi inter-working while allowing seam-
less data flow between licensed and unlicensed spectrum through a single Evolved Packet Core
(EPC) network [40]. For operators, LTE-Umeans synchronized integrated network management,
the same authentication procedures, more efficient resource utilization, and thus lower operational
costs. For wireless users, LTE-U means enhanced user experience, higher data rates, seamless
service continuity between licensed and unlicensed bands, ubiquitous mobility, and improved
reliability). LTE-U has been standardized in the 3GPP Releases 13, 14, and beyond [41].

Despite the many advantages of LTE-U, it also faces two critical technical challenges for prac-
tical deployment [42]. The first one is the coexistence with theWiFi networks. LTE is designed as
an exclusive system to avoid uncontrolled interference on the same frequency band. In contrast,
WiFi systems competitively manage unlicensed spectrum resources via distributed coordination
function (DCF). Therefore, LTE-U will cause significant performance degradation on WiFi users
without efficient coexistence mechanisms. The second challenge is resource management for
LTE-U systems, which plays an essential role in determining system performance. The addition
of unlicensed spectrum makes the current results of traditional LTE systems inappropriate for
LTE-U systems. Specifically, several new research issues, such as the balance between the LTE-U
and WiFi networks, and the spectrum sharing among operators on unlicensed spectrum, should
be carefully considered.
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2.2 Channel Resource and Interference Management

Channel resource and interference management are the keys to exploiting the full potential of
UAV applications in the UAV-cellular networks. In this section, we survey existing Interference
and resource management schemes for licensed and unlicensed spectrum.

2.2.1 Licensed Spectrum Resources

In what follows, we summarize the existing resource and interference management schemes from
cellular-connected UAV and UAV-BS perspectives.

From UAV-UE perspective: Several studies investigate the interference and channel alloca-
tion issues related to integrating the cellular-connected UAVs into the cellular system while using
the operator’s licensed spectrum. In [43], a joint channel allocation and trajectory design scheme
is proposed to achieve a balance between the uplink sum rate and the latency of sensing tasks
for a multi-UAV-aided single cell network. The authors in [44] present a new 3D system model
for the uplink/downlink transmission between the UAV-UE and the ground BS, where the UAV
3D coverage analysis for both uplink and downlink is proposed. In [45], an interference-aware
path planning scheme is proposed for cellular-connected UAVs, which aims to strike a balance
between minimizing UAV interference with terrestrial systems and maximizing the UAV energy
efficiency. In [46], an interference-aware path planning scheme is proposed to minimize the
mission completion time of a UAV-UE while maintaining the minimum QoS requirement with
the ground BSs. The work in [47] jointly optimizes the trajectory, operation time, transmit power,
and communication scheduling of the UAV-UE to maximize the throughput subject to the energy
and QoS constraints. In [48], UAV-UEs collaboratively build a global outage probability model
in the environment using Federated Learning (FL) to optimize the UAVs’ paths for minimizing
the UAV travel time. The UAV coverage probability analysis in the uplink transmission has been
introduced in [28,49]. In [49], the minimum UAV-UE flying height along a predefined trajectory
is determined during a concurrent transmission with a ground cellular user using Non-Orthogonal
Multiple Access (NOMA) and with a given QoS constraint. In [28], the authors propose a frame-
work to derive the lower and upper bound coverage probability of UAV-UE served by ground BSs
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using the Coordinated Multi-Point (CoMP) transmission to measure the UAV’s speed, altitude,
and collaboration distance on the achieved performance. In [50], a cooperative interference can-
cellation approach is introduced for a multi-beam UAV to maximize the uplink sum rate of the
connected BS and, in the meanwhile, mitigate the UAV’s uplink interference at each of the other
ground BSs. In [51], a novel mechanism is proposed to dynamically tune the down-tilt angles of
all the ground BSs for providing efficient mobility support to the UAVs moving in the sky through
maximizing the received signal power while also maintaining good throughput performance of
the ground users.

FromUAV-BS perspective: As an extension of the cellular network to serve terrestrial users,
the deployment and trajectory design of UAV-BSs have attracted high attention recently. The
authors in [52] propose a multi-agent reinforcement learning framework to optimize the resource
allocation, such that each UAV-BS can adjust its resource, power, and associated users separately
without exchanging information among them. The joint design ofUAV-BS trajectory and resource
allocation is proposed in [53, 54] to maximize the network throughput while considering the
ground cellular users’ fairness through using deep reinforcement learning algorithms. In [55], the
UAV-BS placement, user association, and resource allocation are jointly considered by designing
an iterative algorithm to maximize the ground cellular users’ throughput and achieve fairness
among them. In [56], a UAV-BS equipped with a millimetre-Wave (mmWave) Multiple-Input
Multiple-Output (MIMO) antenna is deployed to provide wireless access to IoT devices from
different clusters in the downlink transmission. The authors jointly optimize the transmit power,
beam pattern, and 3D placement of the UAV-BS to maximize the system’s downlink sum rate.

Recently, a few articles investigated the performance of using the UAV-BS to provide cellular
service to the UAV-UEs. The authors in [57] proposed a 3D placement algorithm for a UAV-BS
equipped with a directional antenna to maximize the number of covered UAV-UEs subject to
spectrum sharing policy with the terrestrial network. In [29], UAV-to-UAV (U2U) pairs sharing
uplink band of ground cellular users are assumed, where the coverage probability and rate are
evaluated under two spectrum sharingmechanisms through an analytical framework that considers
channel models, antenna patterns, and practical power control schemes. The underlay mechanism
showed that U2U communications might have a limited harmful effect on the ground user uplink
performance since BSs receive the UAV power signals through their antenna sidelobes.
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2.2.2 Unlicensed Spectrum Resources

The use of LTE in the unlicensed spectrum, a.k.a LTE-U, with UAV-BS was introduced in [58],
[59]. In [58], the authors formulated a problem that jointly optimizes user association, content
caching, and spectrum allocation of a UAV-BS that serves ground cellular users over the LTE
licensed and unlicensed spectrum. A game for load balancing between UAV-BSs andWiFi access
points in the unlicensed band was proposed in [59] to verify a sufficient throughput for all users.
However, providing LTE service for cellular-connected UAVs in the unlicensed spectrum to fulfil
their high demand data rate has not been considered yet.

2.3 Spectrum Management for Multiple Cellular Operators

The unlicensed spectrum is a promising candidate for cellular networks to seek more fruitful
radio spectra to address the rigorous challenge of increasing network capacity due to the shortage
of spectrum resources. However, since using unlicensed spectrum in UAV-cellular networks is
a new scenario, no previous work considers the existence of multiple aerial network operators
over the same unlicensed band. However, some research works have examined the inter-operator
interference issue for heterogeneous cellular networks, but these works have some drawbacks, as
explained below. In [60], the joint unlicensed subchannel allocation andWiFi coexistence problem
is studied, aiming to maximize network sum-rate while ensuring user QoS constraint. The authors
introduce an iterative algorithm in which a one-sided matching game solve the resource allocation
subproblem, while the coexistence issue with WiFi access point is solved through a cooperative
Nash bargaining game. In [61], authors formulate a coordinated hierarchical game to model
the spectrum sharing between different operators in LTE-U small cells system. A Stackelberg
multi-leader multi-follower game framework is introduced to examine the interaction between
multiple small cell operators and users in the unlicensed spectrum. In this case, the operators
profit from operating on unlicensed resources while the users choose which unlicensed bands to
transmit based on the interference penalty price. Besides, the adopted game strategies ensure
the interference to the WiFi system is kept under an acceptable level. In [62], authors formulate
a sum-rate optimization problem under the constraints of achieving user QoS and coexistence

16



betweenLTE-U andWiFiAccess Point (WAP)with consideringmultiple Small BSs fromdifferent
operators. They use a Nash Bargaining Game (NBG) to find the optimum time sharing problem
between the LTE-U system andWAP; and a heuristic algorithm for the LTE-U resource allocation
problem. In [63], NBG is also used for the time-sharing problem and a Bankruptcy game for
the resource allocation problem. A machine learning based optimization method is proposed
in [64]. The authors introduced a Long Short-Term Memory (LSTM) cells based deep learning
algorithm to develop a proactive spectrum reuse scheme for allocating the resources in an LTE-U
network over a fixed time window. Based on the above, the main drawback in previous works is
considered fixed spectrum sharing; that is, the unlicensed spectrum is partitioned into the fixed-
length partition for each small cell network operator. Therefore, the dynamic traffic requirement
of each operator has not been considered, which reduces the spectrum efficiency. In addition, in
the previous works, only 2D small cells were considered, which is different from the 3D nature
of the UAV-cellular network.

Spectrum sharing in licensed spectrum also received much attention recently as a promising
technique to improve spectrum efficiency and increase operator profit [65]. The spectrum sharing
method is based on the that each operator could lease a part of their licensed spectrum band to
another operator. In [66],a spectrum sharing framework between two mobile network operators
(MNOs) using MIMO techniques to enable licensed spectrum sharing is proposed. The authors
develop an algorithm to determine resource allocation and user scheduling through fractional
programming and block coordinate descent. In [67], the authors propose a blockchain trust
framework for the licensed spectrum sharing in multiple operator networks, in which a smart
contract is designed to implement the spectrum trading among multiple operators without the
need for a trustless spectrum broker. However, there are critical differences in spectrum sharing
strategies among multiple operators between the licensed and unlicensed spectrum. First, opera-
tors own their band in the licensed spectrum and lease a fraction of this band to other operators
when the traffic demand is low to maximize the profit. In contrast, operators have no control over
the unlicensed spectrum and who accesses it. Moreover, the licensed spectrum is not shared with
other systems, unlike the unlicensed spectrum, which is shared with other networks such as WiFi
systems.
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2.4 User Association and Interference Management in Inte-
grated Networks

Integrating the aerial network with the terrestrial network to serve the cellular-connected UAV
has not been considered before; however, some research works investigated this integration for
ground cellular users. The authors in [68] propose a service-oriented network slicing approach
for an air-ground integrated Vehicular network. According to the paper, the ground roadside
units (RSUs) provide on-demand unicast services to vehicles, while the High-Altitude Platforms
(HAPs) broadcast contents proactively in a large area. In [69], the authors jointly optimize the
coupled effects of UAV-BS’s longitudinal mobility, air-to-ground communication, and computa-
tion dynamics to maximize the overall energy efficiency of UAV for an air-ground cooperative
networking scenario. In [70], the authors propose a UAV-assisted cooperative transmission
network, in which UAV location, UAV-user association, BS resource allocation, and the load
allocation between the two systems were jointly optimized to maximize the energy efficiency of
the network. In [71], the power allocation and cell association of the UAV are jointly optimized
to maximize a weighted sum-rate of the UAV-UEs and the ground cellular users in the uplink
transmission. A novel 3D fully-fledged UAV-cellular network is introduced in [72], where a
framework was proposed to solve the two essential problems of 3D cell association and network
planning. An integrated satellite-aerial-terrestrial network that supports smart vehicles on the
ground is introduced in [73], where the user association, BS/UAV transmission power, and UAV
trajectory are jointly optimized to maximize the average users’ throughput, which is solved us-
ing an alternating iterative algorithm based on the block descent method. In [74], the authors
analytically obtain the coverage probability (CP) and average rate expressions for an integrated
aerial-terrestrial network by employing an optimal combination of mmWave and microwave ra-
dio access technology based on the proposed association strategy. In [75], the authors discuss
the essential features of Non-terrestrial networks’ integration into terrestrial networks and the
synergies by delving into the new range of services and use cases. Moreover, they review the
challenges and the new approaches being adopted to develop efficient integrated ground-air-space
networks.
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2.5 Summary and Discussions

In this chapter, we have surveyed the existing literature for resource and interference manage-
ment for cellular-connected UAVs. Also, approaches applied for user association and spectrum
management schemes for LET-U systems and integrated networks are summarized. Through this
literature review, we identify the limitations of current studies, which we summarize as follows.

First, none of the previous works investigated leveraging aerial networks to provide cellular
services for cellular-connected UAVs and reusing licensed and unlicensed spectrum to overcome
the cellular operator challenge of increasing network capacity with spectrum resources deficiency.
Moreover, the previous works that consider extending cellular service to unlicensed spectrum for
heterogeneous small-cell networks focused only on time-sharing techniques with WiFi systems;
none of them explored the interference threshold protection method as a promising solution for
the co-existence with WiFi system. Furthermore, none of the previous works considered the
coupling issue in resource allocation strategy due to the multi-cell scenario.

Second, even though some schemes for the small-cell networks explored the inter-operator
interference issue in the unlicensed spectrum formultiple operators; however, they only considered
the fixed assignment spectrum management, and none of them studied the dynamic spectrum
management based on the cellular operators’ traffic load demands, which reduces the spectrum
efficiency. Moreover, these studies considered only small-cell networks to serve ground cellular
users, not aerial networks.

Third, no previous works on user association and interference management schemes in the
integrated aerial-terrestrial network investigated the multi-cell and multi-operator scenarios. In
addition, they only considered ground cellular users, not cellular-connected UAVs.
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Chapter 3

Subchannel Allocation and Power Control
in Licensed and Unlicensed Spectrum for a
Standalone Aerial Multi-Cell Network

In this chapter, we propose a novel standalone aerial multi-cell network in which resource and
interference management strategies are developed. In the considered network, multiple UAV-
BSs provide cellular services to UAV-UEs by reusing both licensed and unlicensed spectrum.
Considering the co-existence of terrestrial cellular, WiFi and UAV-BSs, a joint optimization
problem is formulated for subchannel allocation and power control of UAV-UEs over the licensed
and unlicensed spectrum to maximize the network uplink sum rate while considering the QoS of
UAV-UE and the inter-cell interference. Since the formulated problem is an NP-hard problem,
which we prove in this chapter, we decompose it into three sub-problems. Specifically, we first
use the convex optimization and the Hungarian algorithm to obtain the global optimal of power
and subchannel allocations in the licensed spectrum, respectively. Afterwards, we propose a
matching game with externalities and coalition game algorithms to obtain the Nash stable of the
subchannel allocation in the unlicensed band. Local optimal power assignment in the unlicensed
spectrum is obtained using the successive convex approximation (SCA) method. Finally, we
develop an iterative algorithm to solve the three subproblems sequentially until convergence is
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reached. Simulation results show that the proposed network and algorithm can improve the
network capacity nearly two times more than the Long Term Evolution-Advanced (LTE-A).

3.1 Background and Motivation

There is a significant increase in using unmanned aerial vehicles (UAVs) for real-timemonitoring,
surveillance, precision agriculture, logistics, enhancing wireless coverage, etc. [76–78]. In those
applications, a UAV is considered aerial user equipment, requiring appropriate techniques to
ensure highly reliable communication between UAVs and ground control stations. As a new
type of cellular user, UAV-UEs could produce severe degradation in the overall performance of
the terrestrial cellular system [79], [80]. In particular, UAVs suffer from higher downlink/uplink
interference due to the line-of-sight (LoS) connection with ground base stations (BSs). Besides,
due to the radiation nulls and the down-tilt of the BS antennas [81], UAV-UEs are forced to
associate with far BSs if they face one of these nulls, which raises the handover request rate and
increases the possibility of handover failure. Therefore, the existing cellular network designed
for terrestrial users cannot readily serve UAV-UEs. Meanwhile, a UAV can also work as a
base station (UAV-BS) for providing broadband wireless connectivity during disasters due to its
flexible deployment [82, 83]. According to [57, 72], UAV-BSs can be a promising solution to
provide reliable wireless connectivity for UAV-UEs. Therefore, the need for a three-dimension
(3D) cellular network consisting of both UAV-BSs and UAV-UEs has become essential.

The main contribution of this chapter is that we propose a novel standalone aerial multi-cell
network allowing UAV-BSs to effectively serve UAV-UEs in uplink transmission through both
licensed and unlicensed spectrum. A joint resource and interference management scheme is
developed over the licensed and unlicensed bands to maximize the network uplink sum rate while
considering the QoS of UAV-UE and the multi-cell scenario. Furthermore, interference threshold
protection guarantees coexistence with the terrestrial cellular and WiFi systems is considered. To
our best knowledge, this is the first work on a standalone aerial multi-cell network that reuses
both licensed and unlicensed spectrum to maximize network uplink sum rate, considering the
QoS of UAV-UE, multi-cell scenario, and the coexistence guarantee with both cellular and WiFi
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networks. The main contributions of this work are as follows:

• We propose a novel aerial multi-cell network that reuses both licensed and unlicensed
spectrum, in which we investigate subchannel allocation and power control to maximize
the uplink sum rate of the system subject to the QoS constraint of UAV-UEs and the
inter-cell interference.

• We consider mutual interference threshold protection constraints in the licensed/unlicensed
band to ensure the harmonious coexistence of our proposed system concurrently with the
cellular/WiFi networks, respectively.

• The formulated NP-hard optimization problem is decomposed into three subproblems.
First, we use the convex optimization and Hungarian algorithm to get the global optimum
power and subchannel allocations in the licensed spectrum. Second, the Nash-stable
subchannel allocations in the unlicensed spectrum are reached using a matching game
with externalities and coalition game algorithms. Third, we use the successive convex
approximation technique to obtain the local optimum power values in the unlicensed band.
Finally, an iterative algorithm is proposed to solve the optimization problem iteratively till
it converges.

• Simulation results show that the proposed algorithm outperforms the greedy algorithm by
about 15.7% in terms of the network uplink sum rate. Moreover, the proposed algorithm
can improve the system capacity to double the LTE-A scheme.

The remainder of this chapter is organized as follows. The aerial multi-cell network system
model is presented in Section 3.2. In section 3.3, we formulate and jointly solve the optimization
problem of resource allocation and power control. In Section 3.4, we analyze the computational
complexity of the proposed algorithm. Simulation results are presented and analyzed in Section
3.5. Finally, we provide our concluding remarks in Section 3.6.
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3.2 System Model

In this section, we present the system model of the considered problem.

3.2.1 Scenario Description

Consider a standalone aerial multi-cell network as shown in Fig.4.1, which is composed of "
UAV-BSs, denoted by the setM, # UAV-UEs, and a number of High Altitude Platform (HAP)
UAVs which provide the wireless backhaul connectivity for the UAV-BSs. In this system, each
UAV-BS 9 ∈ M serves a set ofN9 UAV-UEs in the uplink transmission. Therefore, the set of the
total number of UAV-UEs areN =

⋃
9∈M N9 . We also consider a single cell cellular network that

consists of a BS located at ( 0, 0, ��() and a number of ground cellular users (CUs). In addition,
we assume that there are, non-overlapping WiFi Access Points (WAPs).

We assume that an orthogonal set of finite licensed subchannels �!
9
with uniform bandwidth

�! has been allocated to UAV-BS 9 . Hence, UAV-BS 9 ∈ M assigns enough resources from the
licensed band for each UAV-UE 8 ∈ N9 to retain a predefined uplink data rate of '!824=B43

8, 9
. For

reliable control signal transmission from UAV-UE to UAV-BS, each UAV-UE is only allowed to
access one licensed subchannel, and each licensed subchannel is assigned to at most one UAV-UE
at each UAV-BS. In addition, the UAV-BSs and UAV-UEs can reinforce the uplink data rate
through operating in the unlicensed radio spectrum in order to support a minimum transmission
data rate of &>(8, 9 ,∀8 ∈ N ,∀ 9 ∈ M. The bandwidth �2 of the unlicensed channel 2 is divided
by the UAV-cellular system into a set of finite subchannels �* with uniform bandwidth �* for
efficient resourcemanagement. To obtain the highest spectrum efficiency, a frequency reuse factor
equal to one in the unlicensed spectrum has been considered. In other words, We assume each
UAV-BS 9 ∈ M can use all the unlicensed band to serve its UAV-UEs in the uplink transmission.
Thus, each UAV-BS is affected by interference from " − 1 UAV-BSs and one WAP, whereas one
WAP experiences interference from " UAV-BSs.

As in [72], a 3D space can be filled completely using an arrangement of truncated octahedron
structure cells where at the center of each cell, a UAV-BS has been placed. Each structure consists
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Figure 3.1: A Standalone Aerial Multi-cell Network System Model.
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of 14 faces with 6 square and 8 regular hexagonal shapes. The 3D locations of these UAV-BSs
can be determined using :

!0,1,2 = [ G0, H0, I>] +
√

2'[ 0 + 1 − 2,−0 + 1 + 2, 0 − 1 + 2] , (3.1)

where [ G0, H0, I>] is the Cartesian coordinates of a given reference location (e.g. the center
of the 3D space), a, b, c are integers chosen from set {· · · ,−2,−1, 0, 1, 2, · · · }, and ' is the
edge length of the considered truncated octahedron. After the locations of UAV-BSs have been
obtained, these locations will not change within a time slot. In contrast, the UAV-UE can move
freely with a speed of [0, h<0G] in any time slot 1. The time slot is chosen to be sufficiently small
such that the UAV-UEs’ locations can be assumed to be approximately constant within each time
slot duration even at maximum UAV-UE’s speed as commonly done in the literature [43, 45].

The location of UAV-UE 8 ∈ N in time slot C is denoted as ( GC
8
, HC
8
, IC
8
) , and the UAV-BS

9 ∈ M is located at ( G 9 , H 9 , I 9 ) which have been obtained from equation (3.1). Therefore, in
time slot C, the distance between UAV-UE 8 and UAV-BS 9 is calculated as

3C8, 9 =

√
( GC

8
−G 9 ) 2 + ( HC

8
−H 9 ) 2 + ( IC

8
−I 9 ) 2, (3.2)

3.2.2 Data Transmission Model

Data Rate in the Licensed Spectrum

When a UAV-BS 9 ∈ M assigns to UAV-UE 8 ∈ N9 a subchannel : ∈ �!9 , the achieved rate of
that user in time slot C is

'!824=B438, 9 = �! log2( 1 +
k
:,C
8, 9
%
:,C
8, 9
6
:,C
8, 9

f2 ) . (3.3)

where f2 is the noise power, 6:,C
8, 9

is the free-space channel gain between UAV-UE 8 and UAV-BS
9 over subchannel : , and %:,C

8, 9
is the transmit power from UAV-UE 8 to UAV-BS 9 over licensed

subchannel : . The binary variable k:,C
8, 9

= {0, 1} represents the subchannel allocation of the

1We add the superscript C to some notations to distinguish the fixed parameters from the time-varying parameters.
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licensed subchannel : between UAV-UE 8 and UAV-BS 9 . We define the licensed subchannels
allocationmatrix asΨ =

[
k
:,C
8, 9

]
#×"×�!

9

,wherek:,C
8, 9
= 1means that subchannel : ∈ �!

9
is assigned

to UAV-UE 8 ∈ N9 , and k:,C8, 9 = 0 otherwise. The ground CU uplink interference on UAV-BS 9 is
negligible due to the high elevation angle, fading, and shadowing.

Data Rate in the Unlicensed Spectrum

When a UAV-BS 9 ∈ M assigns to UAV-UE 8 ∈ N9 a subchannel @ ∈ �* from the unlicensed
spectrum, the achieved rate of that user in time slot C is

'
*=;824=B43,@

8, 9
= �* log2( 1 +

q
@,C

8, 9
%
@,C

8, 9
6
@,C

8, 9

�
@,C

*�+, 9
+ f2
) , (3.4)

where the binary variable q@,C
8, 9
= {0, 1} represents the subchannel allocation between UAV-UE 8

and UAV-BS 9 over subchannel @, such that q@,C
8, 9
= 1 means that the subchannel @ is assigned to

UAV-UE 8, and k@,C
8, 9
= 0 otherwise. %@,C

8, 9
is the transmit power from UAV-UE 8 to UAV-BS 9 over

unlicensed subchannel @. We define Φ =
[
q
@,C

8, 9

]
#×"×�* and %* =

[
%
@,C

8, 9

]
#×"×�* as unlicensed

subchannels and transmission power allocation matrices, respectively. �
@,C

*�+, 9
is the inter-cell

interference at UAV-BS 9 over subchannel @ during time slot C, which can be expressed as

�
@,C

*�+, 9
=

∑
H∈"\H≠ 9

∑
G∈NH

q
@,C
G,H%

@,C
G,H6

@,C

G, 9
. (3.5)

where
∑
H∈"\H≠ 9

∑
G∈NH means the sum of the interference from all UAV-UEs that use subchannel

@ in all the interfering UAV-BSs. The WAP co-channel interference on UAV-BS 9 is negligible
due to the high elevation angle, the wall penetration loss, and the low transmit power of WAP.

If UAV-BS 9 assigns more than one subchannel to UAV-UE 8, then the total achieved rate of
that user from the unlicensed band in time slot C is

'*=;824=B438, 9 =
∑
@∈�*

q
@,C

8, 9
'
*=;824=B43,@

8, 9
. (3.6)
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UAV-UE QoS

Aminimum data rate (&>(8, 9 ) is required by each UAV-UE for its applications. When '!824=B43
8, 9

≤
&>(8, 9 , each UAV-BS 9 allows its UAV-UE 8 to access resources from the unlicensed spectrum
to enhance UAV-UE’s data rate. Thus, The QoS requirement for UAV-UE 8 is achieved through
the following constraint:

'8, 9 = '
!824=B43
8, 9 + '*=;824=B438, 9 ≥ &>(8, 9 . (3.7)

3.2.3 Interference Threshold Protection

For Cellular System

We use the Air-to-Ground (A2G) pathloss model between LAP UAV-UE and cellular BS which
has been proposed in [84, 85]. In time slot C, the average A2G pathloss from UAV-UE 8 and BS
in dB can be expressed as

%!
0E6,C

8,�(
= 20 log(

4c 5 !2
2
) + 20 log( 3C8,�() + %C!>(,8[!>( + ( 1 − %C!>(,8) [#!>(, (3.8)

where 5 !2 is the carrier frequency of licensed band, 2 is the speed of light, 3C
8,�(

is the distance
between UAV-UE 8 and the cellular BS, [!>( and [#!>( are the average additional losses for LoS
and NLoS links, respectively, which depend on environment, and %C

!>(,8
is the LoS probability of

A2G link which can be denoted as

%C!>(,8 =
1

1 + 0 exp( −1( \C
8
− 0) ) , (3.9)

where 0 and 1 are environmental dependent constants, and \C
8
= B8=−1( ( IC

8
− ��() /3C8,�() is the

elevation angle.

In our systemmodel, reusing the same licensed spectrum leads to mutual interference between
theUAV-cellular network and the terrestrial network. Therefore, in order to ensure the coexistence
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between the two systems, it is assumed that the total interference introduced from UAV-UEs to
the cellular BS on subchannel : ∈ �!

9
does not exceed a given threshold � Cℎ,:

!824=B43
, i.e.,

∑
8∈N9

k
:,C
8, 9

%
:,C
8, 9

10%!
0E6,C

8,�(
/10
≤ � Cℎ,:

!824=B43
,∀ 9 ∈ M,∀: ∈ �!9 . (3.10)

For WiFi System

The A2G pathloss model [84] is also considered, where the average pathloss from UAV-UE 8 to
WAP in time slot C can be expressed as

%!
0E6,C

8,,�%
= 20 log(

4c 5*2
2
) + 20 log( 3C8,,�%) + %

C
!>(,8[!>( + ( 1 − %

C
!>(,8) [#!>( + d, (3.11)

where 5*2 is the carrier frequency of unlicensed band, 3C
8,,�%

is the distance between UAV-UE
8 and the WAP, d is the wall penetration loss, and the other parameters can be derived from
equations (3.8)-(3.9).

The non-orthogonality between LTE and WAP respective transmitted signals leads to mutual
interference due to the coexistence on the same unlicensed spectrum. Based on [86] and [87],
the interference at WAP introduced by the transmission of UAV-UE 8 ∈ N9 on subchannel @ can
be determined as

�
@

8,,�%
=

∫ 3@+�2/2

3@−/�2/2

%
@,C

8, 9

10%!
0E6,C

8,, �%
/10
)B

(
B8= c 5 )B

c 5)B

)2
35 , (3.12)

where 3@ represents the spectral distance between subchannel @ and WAP occupied band �2, and
)B is the OFDM symbol duration.

We assume that the UAV-cellular network can utilize the unlicensed band 2 as long as the
total interference initiated from all UAV-UEs to the WAP does not exceed � Cℎ,�2

*=;824=B43∑
9∈M

∑
8∈N9

∑
@∈C*

q
@,C

8, 9
%
@,C

8, 9
$
@,C

8, 9
≤ � Cℎ,�2

*=;824=B43
, (3.13)

where

$
@,C

8, 9
=

1

10%!
0E6,C

8,, �%
/10

∫ 3@+�2/2

3@−�2/2
)B

(
B8= c 5 )B

c 5)B

)2
35 . (3.14)
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3.3 Joint Subchannel Allocation and Power Control

In this section, first, we formulate the joint subchannel allocation and power control optimization
problem. Then, we propose an iterative solution for the problem after decomposing it into three
sub-problems and solve each of them with the appropriate approach.

3.3.1 Problem Formulation

Since the UAV-cellular network is uplink dominant, the uplink sum-rate of this network is one
key metric to evaluate the performance of this network. We aim to maximize the uplink sum-rate
of the UAV-UEs for the multi-cell UAV-cellular network by jointly optimizing the subchannel
allocation and power control variables for each time slot in both licensed and unlicensed spectrum
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(Ψ, %! ,Φ, 0=3 %*). We formulate the optimization problem as follows:

max
(Ψ,%! ,Φ,%* )

∑
9∈M

∑
8∈N9

'8, 9 ,

s.t.,

�1 : '8, 9 ≥ &>(8, 9 ,∀ 9 ∈ M,∀8 ∈ N9

�2 :
∑
8∈N9

k
:,C
8, 9

%
:,C
8, 9

10%!
0E6,C

8,�(
/10
≤ � Cℎ,:

!824=B43
,∀ 9 ∈ M,∀: ∈ �!9

�3 :
∑
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∑
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∑
@∈C*

q
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8, 9
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@,C

8, 9
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@,C

8, 9
≤ � Cℎ,�2

*=;824=B43
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:∈�!
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:,C
8, 9
≤ �!9 ,∀ 9 ∈ M

�5 :
∑
8∈N9

k
:,C
8, 9
≤ 1,∀ 9 ∈ M,∀: ∈ �!9

�6 :
∑
:∈�!

9

k
:,C
8, 9
≤ 1,∀ 9 ∈ M,∀8 ∈ N9

�7 :
∑
8∈N9

∑
@∈�*

q
@,C

8, 9
≤ �* ,∀ 9 ∈ M

�8 :
∑
8∈N9

q
@,C

8, 9
≤ 1,∀ 9 ∈ M,∀@ ∈ �*

�9 : k:,C
8, 9
= {0, 1},∀ 9 ∈ M,∀8 ∈ N9 ,∀: ∈ �!9

�10 : q@,C
8, 9
= {0, 1},∀ 9 ∈ M,∀8 ∈ N9 ,∀@ ∈ �*

�11 : %:,C
8, 9
≤ %:<0G ,∀ 9 ∈ M,∀8 ∈ N9 ,∀: ∈ �!9

�12 : %@,C
8, 9
≤ %@<0G ,∀ 9 ∈ M,∀8 ∈ N9 ,∀@ ∈ �*

(3.15)

The minimum QoS rate requirement for UAV-UEs is achieved through constraint (�1). The
coexistence with both terrestrial cellular and WiFi systems are secured through constraints (�2)
and (�3), respectively. Constraints (�5) and (�8) guarantee that each licensed and unlicensed
subchannel are allocated to at most one UAV-UE per UAV-BS, while constraint (�6) ensures
that each UAV-UE can be assigned to at most one licensed subchannel. The limitation of total
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licensed/unlicensed subchannels perUAV-BS is represented by constraints (�4)/(�7), respectively.
The transmit power of each UAV-UE on both licensed and unlicensed subchannels must be within
the permitted range of the total transmitted power on each subchannel as shown in constraints
(�11) and (�12), respectively.

The optimization problem in (3.15) is a non-convex Mixed Integer Non-Linear Programming
(MINLP) optimization problem which is NP-hard to solve in general. The non-convexity is
imputed for two reasons. The first one is the combinatorial nature of licensed and unlicensed
subchannel allocation binary variables (Ψ,Φ). The second one is due to the ICI equation in both
objective function and constraint (�1). In the following theorem, we prove that the optimization
problem (3.15) is NP-hard.

Theorem 1. Problem (3.15) is NP-hard.

Proof. Weprove that optimization problem (3.15) isNP-hard evenwhenwe do not consider the
licensed band. We construct a simple case of problem (3.15) where there are only twoUAV-BSs in
which each unlicensed subchannel can serve one UAV-UE from each cell simultaneously. letN1,
N2, and C be three disjoint sets of UAV-UEs per cell one, UAV-UEs per cell two, and unlicensed
subchannels, respectively, with |N1 | = |N2 | = |C|. Set N1, N2, and C satisfy N1 ∩ N2 = ∅,
N1 ∩ C = ∅, and N2 ∩ C = ∅. Let P be a collection of ordered triples P ⊆ N1 × N2 × C, where
each element in P consists a UAV-UE from cell 1, a UAV-UE from cell 2, and an unlicensed
subchannel. There exists % ⊆ P that for any two distinct triples (N1,8,N2,8, C8) ∈ % and
(N1, 9 ,N2, 9 , C9 ) ∈ %, we have 8 ≠ 9 . Therefore, % is a three-dimension matching (3-DM) which
has been proved to be NP-complete [88]. Moreover, optimization problem (3.15) is (M + 1)-
dimension matching which is more complicated than the 3-DM problem. Therefore, the problem
in (3.15) is NP-hard [43]. �

3.3.2 Sub-Optimal Problem Decomposition

Since problem (3.15) is NP-hard, to solve this problem efficiently, we decompose it into three
sub-problems, i.e. licensed subchannel allocation and power control, unlicensed subchannel
allocation, and power control over unlicensed band sub-problems. First, the licensed resource

31



Figure 3.2: Solution process of the problem (3.15)

allocation and power control sub-problem can be expressed as follow:

max
(Ψ,%!)

∑
9∈M

∑
8∈N9

'!824=B438, 9

s.t. �2, �4, �5, �6, �9, �11.

(3.16)

Given the subchannelΨ and power %! allocation matrices in the licensed band (achieved data
rate from the licensed spectrum) obtained from (3.16), the subchannel allocation sub-problem
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and the power control sub-problem in the unlicensed band can be represented as follow:

max
Φ

∑
9∈M

∑
8∈N9

'*=;824=B438, 9

s.t. �1, �3, �7, �8, �10.

(3.17)

and

max
%*

∑
9∈M

∑
8∈N9

'*=;824=B438, 9

s.t. �1, �3, �12.

(3.18)

Sub-problems (3.17) and (3.18) have the same objective functionwith different constraints and
variables. The solution of sub-problem (3.17) can be used to solve the sub-problem (3.18), and
vice versa repeatedly until converge. We use a matching game with externalities and a coalition
formation game to solve sub-problem (3.17) and successive convex approximation (SCA) method
for sub-problem (3.18). This solution approach is shown in Fig. 3.2. The details of these
approaches are represented in the following subsections.

3.3.3 Subchannel Allocation and Power Control in the Licensed Band Sub-
problem

In this subsection, we give a detailed description of the sub-problem (3.16) solution. Since there
is no ICI among UAV-BSs in the licensed spectrum, we can decompose sub-problem (3.16) into
" distributed sub-problems in which each one is solved based on the solution below at each
UAV-BS independently. Each sub-problem is a combinatorial optimization problem concerning
Ψ for a fixed %! . Additionally, it is a concave function with respect to %:,C

8, 9
for a given Ψ. The

optimum subchannel allocation and power control in the licensed band can be found by solving
two sub-sub-problems iteratively as follows.

1. power control phase: For a given Ψ, each sub-problem is concave with respect to %! .
Therefore, the optimal power allocation can be determined based on the KKT conditions
[89].
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2. subchannel allocation phase: For a given %! , the sub-problem is combinatorial in the
variable Ψ, where the Hungarian method [90] is used to obtain the optimal subchannel
allocations.

3.3.4 Unlicensed Subchannel Allocation Sub-problem

In this subsection, we propose a solution for sub-problem (3.17) by using a many-to-one matching
game with externalities and a coalition formation game.

Matching Game

The unlicensed subchannel allocation sub-problem shown in (3.17) is still NP-hard and cannot
be efficiently solved. Therefore, we propose a matching game as introduced in Alg. 1 to solve
this sub-problem. The intuition of this matching game is to allocate the unlicensed subchannels
in such a way that maximize the uplink sum-rate of the UAV-cellular network while satisfying
the QoS requirements of UAV-UE. Thus, lines 3-5 are responsible for calculating the QoS gap for
UAV-UEs connected to UAV-BS 9 between the achieved data rate from the licensed subchannel
and the QoS requirement. Line 6 sorts UAV-UEs as the descending order based on their channel
gain, and line 7 reorder the elements of the QoS gap vector according to the sorted UAV-UE
list. After that, in lines 8-11, ICI is calculated on each unlicensed subchannel and then sort
subchannels in ascending order based on the ICI calculated. Finally, lines 12-23 are responsible
for allocating the unlicensed subchannels with the least ICI values based on the list obtained from
line 11 to the UAV-UE list obtained from line 6 while satisfying the QoS gap of each UAV-UE
according to the list given from line 7.

Due to the ICI, a subchannel selection by a UAV-UE is affected by the other UAV-UEs choices
for the same subchannel. This is known as the externalities, where traditional preference orders
cannot solve it. Therefore, we formulated a coalition matching game as follows to cope with these
externalities.
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Algorithm 1 Unlicensed Subchannel Allocation for UAV-BS 9
1: Input : &>(, '!824=B43 , %* , # 9 , Φ8=8C80;9

2: Output : Φ 9

3: for each 8 ∈ N9 do
4: Calculate QoS gap by &�8, 9 = [&>(8, 9 − '!824=B438, 9

]+

5: end for
6: Sort UAV-UEs from N9 according to channel gain on descending order
7: Reorder the elements of &� 9 according to N9

8: for each subchannel @ ∈ �* do
9: Calculate the ICI on each subchannel using eq. (3.5)
10: end for
11: Sort subchannels from �* according to ICI on each subchannel on ascending order
12: Set @ = 1
13: for each 8 ∈ N9 do
14: Set '@�, = &�8, 9

15: if '@�, ≠ 0 then
16: while '@�, > 0 do
17: Set q@

8, 9
= 1

18: Calculate '*=;824=B43,@
8, 9

using eq. (3.6)
19: Set '@�, = '@�, − '*=;824=B43,@

8, 9

20: Set @ = @ + 1
21: end while
22: end if
23: end for

Coalition Game

The unlicensed subchannel allocation problem is modeled as a coalitional game to acquire the
network utility in terms of the network uplink sum-rate. For each binary parameter q@

8, 9
= 1, there

is a formed access link between UAV-BS 9 ∈ M and UAV-UE 8 ∈ N on unlicensed subchannel
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@ ∈ �* . Therefore, for each unlicensed subchannel @ ∈ �* , there is a maximum " simultaneous
access link use this channel through the network since we considered the frequency reuse factor
is equal to one.

For the unlicensed subchannel allocation, the game players are the links. We have L links
where each link defined by 9 ∈ M, 8 ∈ N , @ ∈ �* . (@ is the coalition of the links occupying the
same subchannel @ ∈ �* . Since there are �* unlicensed subchannels in the network, the links
can be divided into �* coalitions at most with the following restrictions:

L = (1 ∪ (2 ∪ ... ∪ (�* ,
(@ ∩ (: = ∅,∀@, : ∈ �*0=3 @ ≠ :.

(3.19)

The coalition utility function * ((@) is defined as the sum rate of all links in coalition (@,
which given by

* ((@) =
∑
9∈M

∑
8∈N9

'
*=;824=B43,@

8, 9
. (3.20)

Since the utility is proportional to the network sum-rate, links tend to form coalitions of
different subchannels to maximize the coalitional game utility. Therefore, the game formation
definitions are defined based on the content above as follows:

• Players: The set of access links is denoted as L.

• Coalition: The set of players L is divided into |�* | coalitions, according to restrictions
given in (4.17).

• Utility: * ((@) is the uplink sum-rate value for each coalition * ((@) ⊆ L, which is a
transferable utility for members in (@.

• Strategy: Players decide to enter or depart a coalition according to the results of the utility
comparison between original and new coalition.

Definition 1: (The coalition partition) A coalitional partition is defined as the set Θ ={
(1, ..., (?

}
(1 ≤ ? ≤ |�* |), which partitions the players set L, i.e., ∀?, (2 ⊆ L are disjoint

coalitions such that
⋃?

2=1 (2 = L.
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In order to maximize the network throughput, preference relation for players to decide whether
to join or leave a coalition should be well defined. Instead of initial partition Θ = {(1, ..., (?}, a
group of players prefers to adopt the utilitarian order to organize themselves into a collection of
coalitions Θ̃ = {(̃1, ..., (̃?}, which is proposed in [91], [92]. Then the utility relationship between
two different partitions can be expressed as

?̃∑
8=1
* ((̃8) >

?∑
8=1
* ((8) (3.21)

Definition 2: (Total utility of coalitions) For a partition Θ = {(1, ..., (?}(1 ≤ ? ≤ |�* |), of
the set L, the total utility can be calculated as:

* (Θ) =
?∑
8=1
* ((8). (3.22)

If * (Θ̃) > * (Θ), the partition Θ̃ has a better performance on total utility. Every coalition in
Θ̃ is the coalition of links which share the same sub-channel. The total utility here is total uplink
sum throughput of the network over unlicensed spectrum.

Definition 3: (Preference relation �;) For any player ;, a preference relation �; is defined as
a complete, reflexive, and transitive binary relation over the set of all coalitions that player ; may
form.

Switch rule 1: for any players ;, ;′ ∈ L, ; ∈ (?, ;′ ∈ (@, (? ≠ (@, 8′ ≠ 8, 9 ′ = 9 , players ; and ;′

strictly prefer to switch their coalition with each other ((@ �; (? and (? �; ′ (@) when preference
relation satisfies

* (
{
{(? \ ;} ∪ ;′

}
) +* (

{
{(@ \ ;′} ∪ ;

}
) > * ((?) +* ((@), (?, (@ ⊆ L, (? ≠ (@, (3.23)

then the partition Θ is modified into a new partition as follows

Θ = (Θ \ {(?, (@}) ∪
{
{(? \ ;} ∪ ;′

}
∪

{
{(@ \ ;′} ∪ ;

}
. (3.24)
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Switch rule 2: for any players ; ∈ L, ; ∈ (?, player ; strictly prefers to switch its coalition
from (? to coalition (@ ((@ �; (?), (@ ≠ (?,∀;′ ∈ (@, �8′ = 8, � 9 ′ = 9 , where preference relation
can be defined as follows

* ({(? \ ;}) +* ({(@ ∪ ;}) > * ((?) +* ((@), (?, (@ ⊆ L, (? ≠ (@ . (3.25)

then the partition Θ is modified into a new partition as follows

Θ = (Θ \ {(?, (@}) ∪ {(? \ ;} ∪ {(@ ∪ ;}. (3.26)

Based on these definitions and switching rules, the coalition formation game pseudo code is
shown in Algorithm 2. As shown in line 3-23, the coalition formation algorithm performs the
judgment to determine whether to perform a switch operation based on definition (3). In line
10-17, when there is a link ;′ inside the selected coalition ((@) for the same UAV-BS but different
UAV-UE, the first coalition switch operation judgment shown in switch rule 1 is examined. If
the switch operation satisfies switch rule 1, the switch operation is performed, and the algorithm
ends this round of loops and repeats the above operations. If the first switch operation judgment
does not meet the switch rule 1, it selects a different coalition (@ and continues examining switch
rules. Similarly, in lines 18-22, if there is no any link inside coalition (@ for the same UAV-BS,
it examines switch rule 2, and if switch rule 2 is satisfied, it performs the switch operation.

Theorem 2. The final partition Θ 5 8=0; in coalition formation game algorithm is Nash-stable.

Proof. We prove that the final partition Θ 5 8=0; in the coalition game algorithm is Nash-stable.
If the final partition Θ 5 8=0; is not Nash-stable. Thus, there must exist:

• Two players ; ∈ (?, ;′ ∈ (@, (? ≠ (@ ((?, (@ ⊆ Θ 5 8=0;) such that (@ �; (? and (? �; ′ (@. or

• A player ; ∈ (? ( (? ⊆ Θ 5 8=0;) and another coalition (@ ∈ Θ 5 8=0; such that (@ �; (?.

Based on our proposed algorithm, for any of the two cases, player ; will perform a switch operation
with the other player ;′ or to the available coalition forming a new partition, which conflicts with
the fact that Θ 5 8=0; is the final partition. Therefore, the hypothesis that the final partition Θ 5 8=0;

is Nash-stable has been proved. �
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Algorithm 2 Coalition Formation Algorithm for Unlicensed Subchannel Allocation
1: Input : The partition Θ from the previous algorithm
2: Output : Final Nash-stable partition Θ 5 8=0;

3: while Nash-stable partition is not achieved do
4: Randomly choose a link ; ∈ L, and denote its current coalition as (? ∈ Θ;
5: Randomly choose another coalition (@ ∈ Θ, (@ ≠ (?;
6: if (@ has a link ;′ ∈ L, 8′ = 8, 9 ′ = 9 then
7: Set (@ = (@;
8: Randomly choose another coalition (@ ∈ Θ,

(@ ≠ (@, (@ ≠ (?;
9: Go back to line 6;
10: else if (@ has a link ;′ ∈ L, 8′ ≠ 8, 9 ′ = 9 then
11: if rule satisfies ((@ �; (? and (? �; ′ (@) then
12: Θ = (Θ \ {(?, (@}) ∪

{
{(? \ ;} ∪ ;′

}
∪{

{(@ \ ;′} ∪ ;
}
;

13: else
14: Set (@ = (@;
15: Randomly choose another coalition (@ ∈ Θ,

(@ ≠ (@, (@ ≠ (?;
16: Go back to line 6;
17: end if
18: else
19: if rule satisfies ((@ �; (?) then
20: Θ = (Θ \ {(?, (@}) ∪ {(? \ ;} ∪ {(@ ∪ ;};
21: end if
22: end if
23: end while
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3.3.5 Unlicensed Power Control Sub-problem

The power control sub-problem (3.18) in the unlicensed spectrum is still a non-convex problem
owing to the ICI coupling between cells. To solve this sub-problem, we use the successive
convex approximation (SCA) approach. SCAmethod can obtain a solution that satisfies the KKT
conditions of the original non-convex problem through approximating it by a series of convex
approximations [93]. Thus, we solve the convex approximation problem starting from the initial
point and then using the output solution as an initial point for the new convex problem till it
converges to a solution that satisfies the KKT conditions of the original non-convex problem.
The SCA algorithm is guaranteed to converge after multiple iterations [94].

We first introduce the auxiliary variable %@,C
8, 9
= 4

%
@,C

8, 9 . Therefore, the sub-problem (3.18) can
be reduced to the following:

max
%*

∑
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q
@,C

8, 9
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) ≥
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where the intermediate variable is given by the following:
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The objective function and the first constraint are still non-convex. However, from [95]
the lower bound of 5 (G) = log ( 1 + G) is given by 5̂ (G) = b log G + h, where b = G

1+G and
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h = log ( 1 + G) − G
1+G log ( G) . This lower bound satisfies the following conditions:

5̂ (G) < 5 (G),
5̂ (G0) = 5 (G0),

m 5̂ (G)
G
|G0 =

m 5 (G)
G
|G0 .

(3.29)

Therefore, the sub-problem (3.27) is reformulated to the following:
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(3.30)

Theorem 3. Problem (3.30) is a convex optimization problem.

Proof. We examine the convexity of objective function and the first constraint. Since
log2( W
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) can be rearranged as follow:
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From above equation, log2( W
@,C

8, 9
) is concave because the log-sum-exponential function is

convex [89]. The objective function and the first constraint are combination of concave functions.
Therefore, the power control sub-problem in the unlicensed spectrum is a convex optimization
problem. �
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3.3.6 IterativeLicensed/Unlicensed SubchannelAllocation andPowerCon-
trol Algorithm

In this subsection, we introduce an iterative algorithm to solve the optimization problem (3.15),
where the three sub-problems are solved iteratively until convergence. The process of the iterative
algorithm is summarized in Algorithm 3.

Algorithm 3 Iterative Licensed/Unlicensed Subchannel Allocation and Power Control Algorithm
1: Initialization: N ,M, �!

9
, �* , &>(

2: Step 1: solve sub-problem (3.16) in order to get the global optimum of licensed subchannel
Ψ and power %! allocations, and calculate the global optimum '!824=B43 .

3: Step 2: use algorithm 1 to allocate unlicensed subchannel to UAV-UEs based on the QoS
requirement.

4: repeat
5: Step 3: Coalition Game: use algorithm 2 to reach Nash-stable unlicensed subchannel

allocation.
6: Step 4: Successive Convex Approximation: solve sub-problem (3.30) until conver-

gence.

7: until Convergence
8: Output: Ψ, %! ,Φ, %*

Theorem 4. Algorithm 3 is guaranteed to converge.

Proof. Algorithm 3 first calculates the optimal global allocations of both subchannels and
power in the licensed spectrum. After that, each iteration of Algorithm 3 comprises two sub-
problems, the coalition game sub-problem and the SCA sub-problem. In Theorem 2, we argued
that the coalition game would reach a Nash-stable partition. In addition, the SCA algorithm
guarantees to converge to a local optimum solution that is very close to the global optimum [93].
Since the network uplink sum-rate is improved in each iteration and there is an upper bound for
the uplink sum-rate, Algorithm 3 is guaranteed to converge in a limited number of iterations. �
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3.4 Computational Complexity Analysis

In the proposed algorithm, the sub-problem (3.16) is solved first to find the global optimum of
power and subchannel in the licensed spectrum. An iterative method has been introduced in
which the power assignment sub-problem is solved directly with convex problem solutions, and
the subchannel allocation sub-problem is solved efficiently by the Hungarian algorithm. Since
the computation of the sub-problem (3.16) is distributed to each UAV-BS, the computational
complexity for step 1 of Algorithm 3 is O( 1× (N<�!<)3) [90], where  1 is a constant equivalent
to the number of iteration which is very small due to the convexity and the linear programming
nature of the power and subchannel allocation sub-problems, respectively.

For the subchannel allocation sub-problem in the unlicensed spectrum, Algorithm 1 (a many-
to-one matching game) is used at each UAV-BS to provide UAV-UE with initial subchannel
allocations. the complexity of this algorithm is O(N< · �*) [96]. In Algorithm 2, a coalition
game is used to solve the matching game’s externalities due to the unlicensed spectrum reuse,
where the selection of a subchannel in a cell affects the data rate of all the UAV-UEs in the
other cells that use the same subchannel. According to the coalition game, the maximum
number of links is |M|·|�* |. By considering the worst-case scenario, each link is examined with
|�* − 1| coalitions. Therefore, the complexity of Algorithm 2 is O(M(�*)2). The exhaustive
search algorithm can also be used to obtain the optimal subchannel allocation in the unlicensed
band. However, the computation complexity of the optimal algorithm is O(N |M|·|�

* |
< ), which is

significantly higher than that of the proposed algorithm.

Finally, the power allocation sub-problem in (3.30) is a convex optimization problem that
CVX can efficiently solve. SCA is iteratively solved (3.30) by updating the points of interest
up to convergence. The SCA algorithm will be run at most O(N) times [93]. Therefore, the
computational complexity for the proposed algorithm is O( 1 × (N<�!<)3 + (N<�*) +  2 ×
(M(�*)2 +N)), where  2 is a constant for the number of times the coalition game and the SCA
algorithm will run up to convergence which is finite.
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Table 3.1: Parameters Values

Parameter Description Value

M Number of LAP UAV-BSs 9

' Truncated octahedron edge length 400 m

��( Height of ground cellular BS 50 m

�!
9

Number of licensed subchannels 10

�* Number of unlicensed subchannels 50

&>( UAV-UE minimum data rate 4 Mbps

5 !2 Carrier frequency of licensed band 2 GHz

5*2 Carrier frequency of unlicensed band 5 GHz

%:<0G Transmit power on licensed subch. 0.5 Watt

%
@
<0G Transmit power on unlicensed subch. 0.5 Watt

�2 Bandwidth of unlicensed channel 2 20 MHz

�! Licensed subchannel bandwidth 180 KHz

�* Unlicensed subchannel bandwidth 180 KHz

f2 Noise variance -114 dBm

[!>( A2G channel parameter 1 dB

[#;>( A2G channel parameter 20 dB

0 A2G channel parameter 12

1 A2G channel parameter 0.135

d Wall penetration loss 10 dB

�
Cℎ,:

!824=B43
Interference threshold at cellular BS -75 dBm

�
Cℎ,�2
*=;824=B43

Interference threshold at WAP -75 dBm
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3.5 Simulation Results

In the simulation, we consider a 3D space of size 2.5km× 2.5km× 2.5km, inwhich the locations of
the UAV-UEs are uniformly distributed. The centre point of the 3D space is located 1.4km above
the surface ground. The simulation parameters are listed in Table I. We compare our proposed
algorithm with three other algorithms: greedy, random allocation, and LTE-A. We calculate the
global optimum licensed subchannel and power allocation for the first two algorithms by solving
sub-problem one. Then, for the greedy algorithm, we utilize Algorithm 1 in which the unlicensed
subchannel allocation uses a greedy algorithm, that UAV-UE always selects subchannels in its
preference list with the highest utility. For the random allocation algorithm, the unlicensed
subchannel allocation is chosen randomly. The last one is the classical LTE-A scheme, where the
UAV-BS serves the UAV-UEs in the licensed spectrum only.

Fig. 3.3 shows the total uplink sum-rate of the network achieved by different schemes as a
function of the number of UAV-UEs per cell. We can note that the overall sum-rate increases
as the number of UAV-UEs increases. Fig. 3.3 shows that when the number of UAV-UEs per
cell (=) is between two and three, both the proposed and the greedy algorithms have the same
performance, which is slightly better than the LTE-A scheme. The reason for that is, with the
low value of = and the availability of the unlicensed spectrum, the two schemes can distribute the
unlicensed subchannels among UAV-UEs while maintaining the value of the ICI approximating
to zero. However, when the value of = increases from 4 to 10, the ICI turns to be significant;
our proposed algorithm achieves nearly 15.7% and 8% improvement in the performance over the
other schemes for the low and high level of interference environment, respectively. We also can
see that as interference increases, the greedy and random allocation algorithms approximately
give the same performance. Moreover, from Fig. 3.3, we can see that the LTE-A can serve only
up to five UAV-UEs per cell, while our proposed algorithm can effectively increase the capacity
of the network up to ten UAV-UEs per cell.
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Figure 3.3: Total uplink sum-rate as the number of UAV-UEs per cell varies.

Fig. 3.4 shows the performance of average throughput per UAV-UE for different algorithms.
When the value of = is low, the average throughput per UAV-UE for the proposed algorithm is
slightly better due to sufficient unlicensed spectrum and ICI absence. Nevertheless, when the
value of = equals 5, the LTE-A gives a better performance than the others. In other words,
the average throughput achieved using the other schemes decreases as the number of UAV-UEs
increases. The reason for that is because as the number of UAV-UEs increases, the ICI value
also increases, causing a decrease in the achieved average throughput. However, our proposed
algorithm achieves significantly higher performance than the other algorithms. Moreover, the
proposed algorithm can double the cell capacity compared to LTE-A while guaranteeing the QoS
requirements of the UAV-UEs.
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Figure 3.4: Average throughput per UAV-UE for different schemes vs. = (number of UAV-UEs
per cell).

Fig. 3.5 shows the UAV-cellular network’s interference level on the cellular BS for different
numbers of UAV-UEs at two different distances between the cellular BS and the lower level of
the 3D UAV-cellular network coverage. Since the greedy and random allocation algorithms use
the optimum global allocations in the licensed spectrum, which give the same performance as
our proposed algorithm in the licensed spectrum, we compare only the proposed algorithm with
the LTE-A. As shown in the figure, the proposed algorithm’s interference level on cellular BS for
the two different distances is significantly lower than the interference level from LTE-A. Besides,
the interference level for the two schemes is much less than the interference threshold level. This
is because of the orthogonal distribution of the licensed spectrum among the UAV-BSs, making
the UAV-UEs produce low interference per subchannel at the cellular BS.
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Figure 3.5: Interference value at cellular BS in licensed spectrum vs. = (number of UAV-UEs per
cell).

Fig. 3.6 compares the interference level at a WAP for the proposed, greedy, and random
allocation algorithms at two different distances between the WAP and the lower level of the 3D
UAV-cellular network coverage. The figure shows that the interference level at theWAP increases
as the number of UAV-UEs increases since the WAP is affected by all the system’s cells, which
reuse the entire unlicensed band. The greedy and random allocation schemes produce the same
interference levels at the unlicensed band for the different distances since they do not use power
control. Again, the proposed algorithm produces significantly lower interference levels over the
other schemes for all the different distances. The interference level in the unlicensed spectrum
is much less than the threshold level because of the high elevation angle between WAP and
UAV-UEs and the wall penetration factor.

Fig. 3.7 shows the convergence of Algorithm 3 that is used to find the local optimal subchannel
and power allocation in both licensed and unlicensed spectrum by iteratively solving (3.15). As
seen in the figure, Algorithm 3 converges after a finite number of iterations.
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Figure 3.6: Interference value at WAP in unlicensed spectrum vs. number of UAV-UEs per cell.

Figure 3.7: Convergence of Algorithm 3.
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Figure 3.8: Comparison with the Optimal Algorithm

In Fig. 3.8, we show that the matching game with externalities and coalition game proposed
in Algorithms 1 and 2 reach a Nash-stable solution. Therefore, we use the brute force algorithm
to find the optimal subchannel allocation for given power allocation and compare it with the
result of the proposed algorithm. Due to the large searching space, we test it for a small network
(M = 3, �* = 6 ';824=B43 = 0). Fig. 3.8 shows that Algorithms 1 and 2 give the same optimal
uplink sum-rate value as the optimal algorithm.

3.6 Summary

In this chapter, we have proposed channel resource allocation and interference management
strategies to enhance resource utilization and improve system capacity for a novel aerial multi-
cell network. Considering the co-channel interference with terrestrial cellular and WiFi systems,
we have jointly optimized channel resource allocation and transmit power of UAV-UEs in the
licensed and unlicensed spectrum to maximize the uplink sum rate while considering the QoS
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of UAV-UE and the inter-cell interference. In order to solve this NP-hard problem, we first
decompose it into three subproblems and then propose an iterative algorithm consisting of
convex optimization, the Hungarian algorithm, a matching game with externalities and a coalition
game, and SCA techniques to jointly solve them. Based on the simulation results, the proposed
network and algorithm significantly improve the system performance in terms of the network
capacity and the overall uplink sum rate compared to other schemes. In the next chapter, we will
integrate the terrestrial cellular network with the aerial network and investigate the association,
interference, and dynamic spectrum management strategies considering multi-cell and multi-
operator scenarios.
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Chapter 4

Joint User Association, Power Control, and
Dynamic Spectrum Sharing for Integrated
Aerial-Terrestrial Multi-Operator Network

In this chapter, we propose a novel integrated aerial-terrestrial multi-operator network. In the
proposed network, each operator deploys a number of Unmanned Aerial Vehicle-Base Stations
(UAV-BSs) besides the terrestrial Macro Base Station (MBS), where each BS reuses the opera-
tor’s licensed band to provide downlink connectivity for UAV-Users (UAV-UEs). In addition, the
operators allow the UAV-UE, whose demand cannot be satisfied by the licensed band, to compete
with others to obtain bandwidth resources from the unlicensed spectrum. Considering inter-cell
and inter-operator interference in the licensed and unlicensed spectrum, the user association,
power allocation, and dynamic spectrum sharing are jointly optimized to maximize the network
throughput while ensuring the UAV-UEs’ data rate requirements. The formulated optimization
problem is divided into two sequential subproblems: user association and power control in the
licensed spectrum; and dynamic spectrum allocation and user association in the unlicensed spec-
trum. We propose a distributed iterative algorithm consisting of a matching game, coalition game,
and successive convex approximation to solve the former subproblem efficiently. Afterwards, in
the latter subproblem, we use a matching game to associate UAV-UEs with the UAV-BSs for
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each operator in the unlicensed spectrum. Then, we propose a three-layer auction algorithm to
allocate the unlicensed spectrum dynamically between operators. Simulation results show that,
in the licensed spectrum, the proposed network and algorithm significantly improve network
throughput per operator than using the conventional terrestrial network alone. Moreover, the
achieved system throughput of the proposed algorithms with the additional use of the unlicensed
spectrum is 86.8% higher than using the licensed spectrum only.

4.1 Background and Motivation

The next-generation cellular network needs to satisfy the high expected demand from cellular-
connected UAVs as new users to the cellular network [97]. The applications of UAVs are expected
to overgrow during the next decade [98,99]. However, this exponential growth in theUAVnetwork
comes with another pressure on the already congested terrestrial cellular network [100]. More
specifically, the high uplink/downlink interference and base station antennas down-tilt produce
a challenge for the terrestrial network to provide seamless connectivity to UAV-UE [3, 101].
In addition, sharing the limited spectrum of the terrestrial network with ground cellular users
(CUs) could impact the network performance due to interference and decrease the operators’
profit [102].

To overcome these challenges, the aerial network, which considers an essential part of the
next-generation cellular network, can be leveraged to provide cellular connectivity to UAV-UEs.
However, integrating the aerial network with the terrestrial network needs to overcome several
challenges the newnetwork faces, such as user association, interference and resourcemanagement,
and spectrum management [103]. In addition, when multi-operators extend their cellular service
to the unlicensed spectrum, the issue of how to share the bandwithmultiple operators to overcome
the inter-operator interference arises.

This chapter’s main contribution is a novel integrated aerial-terrestrial multi-cell multi-
operator network. We formulate a joint user association, power control, and dynamic spectrum
allocation optimization problem to maximize the system sum rate, considering the UAV-UE
data rate requirements and the inter-cell and inter-operator interference in the licensed and unli-
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censed spectrums. To the best of our knowledge, this is the first work to consider an integrated
aerial-terrestrial network that considers multi-cell and multi-operator scenarios in licensed and
unlicensed spectrums, respectively. The main contributions of this paper are as follows:

• We propose a novel integrated aerial-terrestrial multi-operator network in which each BS
provides cellular connectivity to UAV-UEs by reusing the complete licensed spectrum
(multi-cell scenario). In addition, network operators allow UAV-UE, whose achieved data
rate from the licensed spectrum has not fulfilled its demand, to compete with others to
obtain bandwidth from the unlicensed spectrum.

• Considering multi-cell and multi-operator scenarios in licensed and unlicensed spectrum,
an optimization problem is formulated to maximize the network throughput by jointly
optimizing the user association, power control, and dynamic spectrum management while
ensuring the UAV-UE data rate requirement.

• To solve the coupling issue that arises due to considering themulti-cell scenario, we propose
a distributed iterative algorithm based on a matching game, coalition game and successive
convex approximation to solve the joint user association and power control subproblem in
the licensed spectrum.

• To design dynamic spectrum management that solves the inter-operator interference issue
in the unlicensed spectrum and overcomes the aerial network high dynamics, we propose a
three-layer auction algorithm to allocate the unlicensed spectrum band dynamically among
operators.

• Simulation results show that the proposed network and algorithms can significantly improve
the operator’s network throughput in the licensed band by 22% comparedwith the terrestrial
network. In addition, the total network sum rate from licensed and unlicensed bands is
86.8% higher than using cellular service in licensed spectrum only.

The rest of this chapter is organized as follows. Section 4.2 introduces the system model
of the integrated aerial-terrestrial network. We provide the optimization problem formulation
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and decomposition in Section 4.3. Section 4.4 describes the solution algorithm of the joint user
association and power control subproblem in the licensed spectrum. Section 4.5 illustrates the
solution algorithm of the user association and dynamic spectrum allocation subproblem in the
unlicensed spectrum. Simulation results are presented in Section 4.6. Section 4.7 states the
conclusion.

4.2 System Model

In this section, we first describe the network model of the integrated aerial-terrestrial network
architecture and then present the channel pathloss models and data rate calculations in the licensed
and unlicensed spectrum.

4.2.1 Network Model

In the system model shown in Fig. 4.1, we consider an integrated ariel-terrestrial multi-operator
network in the downlink transmission. Each operator deploys multiple UAV-BSs, besides the
terrestrial Macro BS (MBS), to provide efficient cellular services for UAV-UEs. Consider a set
S of ( operators, in which the operator B ∈ S serves a set N B = {1, 2, · · · , # B} of # B UAV-UEs
and a setMB = {0, 1, 2, · · · , " B} of " B BSs, where the MBS is indexed by 0 and the UAV-BSs
are indexed by (1, 2, · · · , " B). We assume that for operator B, the location of MBS is {0, 0, I�(}
and location of UAV-BS < ∈ MB/{0} is {G<, H<, I<}.

We assume each operator has its licensed spectrum, which is reused by all the BSs of the
operator to fulfill the spectrum efficiency of next-generation networks. As a result, for operator
B, the UAV-UE = ∈ N B associate with the BS < ∈ MB is suffered from inter-cell interference
(ICI) from all the other " B cells. Due to the high demand data rate required by some applications
(e.g. virtual reality, augmented reality, etc.) [104], the data rate over the licensed spectrum (';,B= )
could not attain the requested data rate (';,B= < '

'4@.
= ). Therefore, we assume that operators can

compete to extend the service by reusing a total of �*
C>C0;

bandwidth from the unlicensed spectrum.
In order to ensure the proposed architecture has a low impact on the existing WiFi system in the
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Figure 4.1: Integrated aerial-terrestrial multi-operator network model.

unlicensed spectrum, we assume that only the UAV-BSs can serve the UAV-UEs in the unlicensed
spectrum [105]. In other words, the MBS can not operate in the unlicensed band due to its high

56



transmit power and its antenna’s down-tilt. Nevertheless, allowing multiple operators to access
the unlicensed spectrum without management could severely degrade the performance due to
the severe inter-operator interference among the operators. Since the operators need to compete
to obtain the limited unlicensed spectrum for their potential UAV-UEs, a controller is needed to
control the dynamic auction operation (DAO) to achieve efficient on-demand spectrum allocation.
This controller could be a ground or an air unit based on the operators’ methodology to provide
backhaul connectivity to the aerial network. Since The aerial network could obtain the backhaul
connectivity from either MBS or HAP, we set a HAP to provide the backhaul connectivity for the
aerial network, where an auction controller (HAP-AC).

4.2.2 Channel Model

In our proposed network, we consider two different types of channel models as follows: (1) Air-to-
Air (A2A) channelmodel (betweenUAV-BS and either HAP orUAV-UEs); and (2) Ground-to-Air
(G2A) channel model (between MBS and UAV-UEs).

A2A Channel Model

The channels among UAV-BSs, HAP, and UAV-UEs are typically dominated by LoS links. Based
on 3GPP TR 36.777, the path loss from UAV-BS < ∈ MB \ {0} to UAV-UE = ∈ N B during time
slot C is given by:

%!E,B<= (C) = 30.9 + (22.25 − 0.5 log10 |I= (C) − I< |) · log10 3
B
<= (C) + 20 log10 5

E
2 , (4.1)

where E ∈ {;, D} refers to licensed or unlicensed spectrum; 3B<= (C) is the 3D distance between
UAV-BS < and UAV-UE = located at {G= (C), H= (C), I= (C)} within the operator B during time slot
C, which calculated as 3B<= (C) =

√
(G<−G= (C))2 + (H<−H= (C))2 + (I<−I= (C))2; I< is the UAV-BS

< height; and 5 E2 is the carrier frequency of licensed or unlicensed spectrum.
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G2A Channel Model

According to [106], the downlink path loss between the MBS < = {0} ⊂ MB and UAV-UE
= ∈ N B during time slot C can be calculated as:

%!E,B<= (C) = %!>(%!!>(<= (C) +
(
1 − %!>(

)
%!#!>(<= (C), (4.2)

where the path loss in line-of-sight (LoS) and non-LoS (NLoS) case can be calculated by:

%!!>(<= (C) = 28.0 + 22 log10
(
3B<= (C)

)
+ 20 log10

(
5 E2

)
, (4.3)

%!#!>(<= (C) = −17.5 +
(
46 − 7 log10( I= (C))

)
· log10(3B<= (C)) + 20 log10( 40c 5 E2 /3) , (4.4)

and the LoS probability is given by:

%!>( =
31

323
<=

+ exp
(
−
323
<=

?1

) (
1 − 31

323
<=

)
, (4.5)

where 31 and ?1 are altitude-dependent parameters with 31 = max( 460 log10(I= (C)), 18) and
?1 = 4300 log10(I= (C)) − 3800; and 323

<= is the 2D distance between MBS and UAV-UE =.

4.2.3 Data Rate

For Licensed Spectrum

We assume that the spectrum efficiency per UAV-UE = ∈ N B associated with BS < ∈ MB of
operator B in time slot C is as follows:

A ;,B<= (C) = log2( 1 +
%
;,B
< (C)6;,B<= (C)∑

<′∈MB\{<}%
;,B
<′ (C)6

;,B
<′= (C) + #0

) , (4.6)

where %;,B< (C) is the transmit power spectral density (PSD) at the BS < in the licensed band.
Define the channel gain between UAV-UE = and BS < as 6;,B<= (C) = 10−%!

;,B
<= (C)/10, which can be

derived from equation (2)-(5) for< = {0} and from equation (1) for< ∈ MB \ {0}. #0 is the PSD
of the noise, and

∑
<′∈MB\{<}%

;,B
<′ (C)6

;,B
<′= (C) is the amount of inter-cell interference at UAV-UE =.
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Let �;,B be the amount of licensed spectrum allocated for operator B ∈ S. Then, the achievable
transmission rate of UAV-UE = associated with BS < from the licensed spectrum during time
slot C can be expressed as:

';,B<= (C) = _;,B<= ·
�;,B∑

=∈N B _
;,B
<=

· A ;,B<= (C), (4.7)

where _;,B is the user association index of operator B in the licensed spectrum, in which _;,B<= = 1
when UAV-UE = is associated with BS < of operator B, and _;,B<= = 0 otherwise; and

∑
=∈N B _

;,B
<=

is the number of UAV-UEs associated with BS <.

For Unlicensed Spectrum

we assume that the spectrum efficiency per UAV-UE = ∈ N B under UAV-BS < ∈ MB \ {0} of
operator B ∈ S during time slot C is as following:

AD,B<= (C) = log2( 1 +
%
D,B
< 6

D,B
<= (C)
#0

) , (4.8)

where %D,B< is the transmit PSD at the UAV-BS < of operator B in the unlicensed band, which is
fixed. Define the channel gain between UAV-UE = and UAV-BS < in the unlicensed spectrum
during time slot C as 6D,B<= (C) = 10−%!

D,B
<= (C)/10, which can be derived from equation (1).

Thus, the UAV-UE = associated with UAV-BS < could achieve a data rate in the unlicensed
spectrum during time slot C as expressed below:

'D,B<= (C) = _D,B<= · �D,B= (C) · AD,B<= (C), (4.9)

where _D,B<= is the association index between UAV-UE = ∈ N B and UAV-BS < ∈ MB \ {0} in
the unlicensed spectrum; and �D,B= (C) is the assigned unlicensed bandwidth for UAV-UE = during
time slot C.

Finally, the achievable sum data rate of UAV-UE = over the licensed and unlicensed spectrum
bands during time slot C is:

RB= (C) =
∑
<∈MB

';,B<= (C) +
∑

<∈MB\{0}
'D,B<= (C). (4.10)

59



4.3 Problem formulation and decomposition

Given the systemmodel in the previous section, our goal is tomaximize the total downlink sum rate
of the network by jointly optimizing power allocation and user association in the licensed spectrum
and dynamic spectrum allocation and user association in the unlicensed spectrum. In addition,
two types of interference are considered in the formulated problem: inter-cell interference in the
licensed band and inter-operator interference in the unlicensed spectrum. Thus, the optimization
problem is formulated as follows:

max
( _! ,%! ,_* ,�* )

∑
B∈S

∑
=∈N B
RB= (C),

s.t.,

�1 : RB= (C) ≥ '
'4@.
= ,∀B ∈ S,∀= ∈ N B,

�2 :
∑
<∈MB

_;,B<= = 1,∀B ∈ S,∀= ∈ N B,

�3 : 0 ≤
∑
B∈S

∑
=∈N B

�D,B= (C) ≤ �*C>C0; ,

�4 :
∑

<∈MB\{0}
_D,B<= ≤ 1,∀B ∈ S,∀= ∈ N B,

�5 : _;,B<= ∈ {0, 1},∀B ∈ S,∀= ∈ N B,∀< ∈ MB,

�6 : _D,B<= ∈ {0, 1},∀B ∈ S,∀= ∈ N B,∀< ∈ MB \ {0},
�7 : 0 ≤ %;,B< (C) ≤ %;,<0G< ,∀B ∈ S,∀< ∈ MB,

(4.11)

where constraint �1 denotes that the achieved data rate through the licensed and unlicensed
spectrum of each UAV-UE should meet the requested data rate; constraint �2 ensures that each
UAV-UE is associated with exactly one BS in the licensed spectrum; constraint �3 guarantees
that the total assigned unlicensed bandwidth resources must be less than or equal to the total
available spectrum in the unlicensed band; constraint �4 ensures that each UAV-UE is associated
at most with one UAV-BS in the unlicensed spectrum; constraints �5 and �6 show that the user
association coefficients in the licensed and unlicensed spectrum are binary; and %;,<0G< is the
maximum transmit PSD of BS < in the licensed spectrum.
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The formulated problem is a non-convex mixed-integer non-linear programming (MINLP)
optimization problem [107], which is generally NP-hard. Therefore, to solve this problem
efficiently, we decouple the optimization problem into two sequence subproblems: the user
association and power control in the licensed spectrum; and the user association and dynamic
spectrum allocation in the unlicensed spectrum.

4.3.1 Stage One: Joint User Association and Power Control Subproblem
Formulation in the Licensed Spectrum

The joint user association and power control subproblem in the licensed spectrum is written as:

max
( _! ,%!)

∑
B∈S

∑
=∈N B

∑
<∈MB

';,B<= (C),

s.t.,

�2, �5, 0=3 �7.

(4.12)

Since each operator has a licensed spectrum band, we decompose subproblem (4.12) into (
subproblems to decrease the computational complexity of the system. Each subproblem aims
to independently maximize the operator’s sum rate in the licensed spectrum. The optimization
subproblem of operator B ∈ S is expressed as follows:

max
( _! ,%!)

∑
=∈N B

∑
<∈MB

_;,B<= ·
�;,B∑

=∈N B _
;,B
<=

· A ;,B<= (C),

s.t.,

�
′

2 :
∑
<∈MB

_;,B<= = 1,∀= ∈ N B,

�
′

5 : _;,B<= ∈ {0, 1},∀= ∈ N B,∀< ∈ MB,

�
′

7 : 0 ≤ %;,B< (C) ≤ %;,<0G< ,∀< ∈ MB,

(4.13)

where constraint (� ′2) emphasizes that each UAV-UE = ∈ N B is associated with exactly one BS.
Constraint (� ′5) indicates that the user association coefficient in the licensed spectrum _

;,B
<= can be

only 0 or 1. Constraint (� ′7) ensures that the BS transmit PSD in the licensed spectrum remains
in the required range.
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4.3.2 Stage Two: Joint UserAssociation andDynamic SpectrumAllocation
Subproblem Formulation in the Unlicensed Band

In this phase, we aim to maximize the network sum rate achieved from the unlicensed spectrum.
After solving the previous subproblem, operators allow the UAV-UEs, which achieved data rate
from the licensed band less than the requested data rate

(
'
;,B
= < '

'4@
=

)
, to extend their cellular

service to the unlicensed spectrum. As mentioned before, the MBS is not within the set of BSs
that extend service to the unlicensed band to prevent the impact of coexistence interference on
the WiFi system. However, the inter-operator interference issue in the unlicensed spectrum due
to the multi-operator case will severely degrade the network performance if not managed. Due to
the aerial network’s high dynamics, a dynamic spectrum sharing mechanism is essential to ensure
satisfactory system performance. Therefore, this subproblem aims to maximize the total sum
rate in the unlicensed spectrum by optimizing the user association and dynamically allocating the
unlicensed band between the operators, which is written as:

max
(_* ,�* )

∑
B∈S

∑
=∈N B

∑
<∈MB\{0}

_D,B<= · �D,B= (C) · AD,B<= (C),

s.t.,

�1 :
∑

<∈MB\{0}
_D,B<= · �D,B= (C) · AD,B<= (C) ≥

[
'
'4@.
= − ';,B=

]+
,∀B ∈ S,∀= ∈ N B,

�3 : 0 ≤
∑
B∈S

∑
=∈N B

�D,B= (C) ≤ �*C>C0; ,

�4 :
∑

<∈MB\{0}
_D,B<= = 1,∀B ∈ S,∀= ∈ N B

�6 : _D,B<= ∈ {0, 1},∀B ∈ S,∀= ∈ N B,∀< ∈ MB \ {0}.

(4.14)

4.4 User Association and Power Control in the Licensed Band

For operator B ∈ S, the optimization subproblem (4.13) is still a non-convexMINLP optimization
problem. Therefore, we decouple it into two sub-subproblems: user association sub-subproblem

62



and power control sub-subproblem, which are respectively written below as:

max
_!

∑
=∈N B

∑
<∈MB

_;,B<= ·
�;,B∑

=∈N B _
;,B
<=

· A ;,B<= (C),

s.t., C
′

2 and C
′

5,

(4.15)

and
max
%!

∑
=∈N B

∑
<∈MB

_;,B<= ·
�;,B∑

=∈N B _
;,B
<=

· A ;,B<= (C),

s.t., C
′

7 .

(4.16)

In this section, we propose an efficient algorithm to obtain a sub-optimal solution to sub-
problem (4.13) by solving its two sub-subproblems (4.15) and (4.16) iteratively. A traditional
matching game cannot solve the user association sub-subproblem (4.15) due to externalities, in
which the choice of a UAV-UE by a BS is affected by the selection of the other UAV-UEs for that
specific BS. Therefore, a matching and coalition game are proposed to cope with these externali-
ties and solve this sub-subproblem efficiently. Then, a successive convex approximation method
is utilized to solve the non-convex power control sub-subproblem (4.16). In the following, the
two sub-subproblems solution methods are discussed first, then we provide the iterative algorithm
and discuss its convergence and complexity.

4.4.1 User Association

Matching Game

For operators B ∈ S, we consider two disjoint finite sets of players, MB and N B. A matching
game is defined as a function of Ω :MB → N B, such that:

• Ω(=) = < ⇐⇒ Ω(<) = =,∀= ∈ N B,∀< ∈ MB .

• |Ω(=) | = 1,∀= ∈ N B .
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The first item shows that if UAV-UE = is matched to BS<, then BS< is also matched to UAV-UE
=. The second item implies that each UAV-UE is matched to one BS only.

Each UAV-UE of the set N B ranks the BSs of the set MB by preference relation �. The
notation k=<1 �= k

=
<2 means that UAV-UE = prefers the BS <1 over <2 if k=<1 > k

=
<2 , where the

utility (k=<) of UAV-UE = for BS < is calculated using equation (4.6).

Next, we propose a coalition game, along with UAV-UE transfer, to overcome the externalities
of the matching game.

Coalition Game

For each operator B ∈ S, we denote c8 as the coalition of the BS 8 ∈ MB which is a set of
UAV-UEs associated with this BS. The utility of UAV-UE = in the coalition c8 is calculated using
equation (4.7). Since there are " B + 1 BSs in the operator B network, the set of UAV-UEs N B,
who are the players, is divided among the |" B + 1| coalitions. The formation of coalitions should
satisfy the following constraints:

N B = c0 ∪ c1 ∪ ... ∪ c"B ,

c< ∩ c 9 = ∅,∀<, 9 ∈ MB0=3 < ≠ 9 ,
(4.17)

where* (c<) is the utility of coalition < that is written as:

* (c<) =
∑
=∈c<

';,B<=, (4.18)

which represents the sum data rate in the licensed bands of all the UAV-UEs associated with the
BS <.

Definition 1: (A coalition set total utility) The total utility of a coalitional set Θ, where
Θ = {c0, ..., c"B }, is calculated as:

* (Θ) =
"B∑
<=0

* (c<), (4.19)

which represents the sum data rate in the licensed spectrum band of all the UAV-UEs by the
association defined by Θ.
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The preference relation for UAV-UEs to choose whether to leave or join a coalition must
be determined to maximize the operator’s sum rate in the licensed spectrum. Instead of initial
coalition set Θ = {c0, ..., c"B } , a group of UAV-UEs choose to depart or enter a coalition, which
forms a new coalition set Θ̃ = {c̃0, ..., c̃"B }, based on the utility comparison results between the
initial and current coalition set [91], [92]. The utility relationship between the new and current
coalition sets is defined as:

"B∑
<=0

* (c̃<) >
"B∑
<=0

* (c<), (4.20)

Thus,* (Θ̃) > * (Θ) means that the coalition set Θ̃ achieves a superior total utility than Θ.

Switching rule: for any UAV-UE = ∈ N B and = ∈ c<, UAV-UE = strictly prefers to switch
its coalition from c< to coalition c 9 (c 9 �= c<), if and only if:

* ({c< \ =}) + * ({c 9 ∪ =}) > * (c<) + * (c 9 ), c<, c 9 ⊆ N B, c< ≠ c 9 , (4.21)

Therefore, the coalition set Θ is adjusted into a new coalition set as follows

Θ = (Θ \ {c<, c 9 }) ∪ {c< \ =} ∪ {c 9 ∪ =}. (4.22)

Theorem 5. The coalition game’s final coalition set Θ 5 8=0; is stable.

Proof. If the final coalition set Θ 5 8=0; is not stable, then there must exist a UAV-UE = ∈
c? ( c? ⊆ Θ 5 8=0;) and another coalition c@ ⊆ Θ 5 8=0; such that c@ �; c?. However, in this case,
UAV-UE = will perform a switch operation to the available coalition forming a new coalition set
based on the coalition game formulation [108]. Therefore, the final coalition set Θ 5 8=0; is stable.
�

4.4.2 Power Control

The power control sub-subproblem (4.16) is still a non-convex optimization problem due to the
ICI coupling betweenBSs. Therefore, we use the successive convex approximation (SCA)method
to solve this sub-subproblem efficiently [93]. Based on [94], the SCA approach is guaranteed to
converge in a finite number of iterations.
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Algorithm 4 Iterative User Association and Power control Algorithm in the Licensed Spectrum
for Operator B

1: Initialization: N B,MB, %!,<0G<

Step 1: Matching Game
2: Input: N B,MB.
3: Output: Initial user association _!

8=8
.

4: for each UAV-UE = ∈ N B do
5: Calculate A ;,B<= with the help of (4.6);
6: Sort BSs according to A ;,B<= in descending order;
7: Match UAV-UE with the most preferred BS in its list.
8: end for
9: repeat

Step 2: Coalition Game
10: Input: Initial coalition set Θ8=8 from previous step
11: Output: Coalition set Θ 5 8=0; (user association _!)
12: while stable coalition set is not achieved do
13: Choose a UAV-UE = ∈ N B randomly and refer to its current coalition as c< ∈ Θ;
14: Choose randomly another coalition c 9 ∈ Θ, c 9 ≠ c<;
15: if Switch rule (c 9 �= c<) is fulfilled then
16: Θ = (Θ \ {c<, c 9 }) ∪ {c< \ =} ∪ {c 9 ∪ =}
17: end if
18: end while

Step 3: Successive Convex Approximation
19: Solve sub-subproblem (4.23) until convergence.
20: until Convergence
21: Output: _! , %!

We first use the auxiliary variable %;,B< (C) = 4@
;,B
< (C) . Then, according to [95], 5̂ (G) = b log G+h

is the lower bound of 5 (G) = log (1 + G), where b = G
1+G and h = log (1 + G) − G

1+G log (G).
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Therefore, we can reformulate the sub-subproblem (4.16) as:

max
@!

∑
=∈N B

∑
<∈MB

_;,B<=
�;,B∑

=∈N B _
;,B
<=

[ b ;,B<= log2( W;,B<=) + h;,B<=]

s.t.,

@;,B< (C) ≤ ln ( %!,<0G< ) ,∀< ∈ MB,

(4.23)

where W!<= is the signal-to-interference-plus-noise ratio (SINR) in the licensed spectrum, which
is given by the following:

W;,B<= =
4@

;,B
< (C)6;,B<= (C)∑

<′∈MB\{<}4
@
;,B

<′ (C)6;,B
<′= (C) + #0

. (4.24)

Theorem 6. Problem (4.23) is a convex optimization problem.

Proof. In order to check the convexity of the optimization sub-subproblem (4.23), we rearrange
log2( W

@,C

8, 9
) to be as follow:

log2(W;,B<=) =
ln (W;,B<=)

ln(2) =
1

ln(2)

(
ln(6;,B<= (C)) + @;,B< (C) − ln(

∑
<′∈MB\{<}

4@
;,B

<′ (C)6;,B
<′= (C) + f

2)
)
.

(4.25)

Based on [89], the above function is concave since the log-sum-exponential function is
convex. Therefore, since the objective function of (4.23) is a combination of concave functions,
the optimization sub-subproblem is convex. �

4.4.3 Iterative User Association and Power Control Algorithm

Theorem 7. The convergence of Algorithm 4 is guaranteed.

Proof. Algorithm 4 determines near-optimal user association and power allocation in the
licensed band, where each iteration includes a coalition game and SCA approach. Based on [93],
the SCA approach guarantees the convergence to local optimum close to the global optimum.
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Besides, as proofed in Theorem 5, the coalition gamewould reach a stable coalition set. Therefore,
the convergence of Algorithm 4 is guaranteed in a finite number of iterations since the operator’s
sum rate in the licensed spectrum has an upper bound and is improved in each iteration. �

4.4.4 Computational Complexity Analysis

In this subsection, we analyze the computational complexity of the proposed Algorithm 4. For the
user association sub-subproblem of operator B, we first use a matching game to initially associate
UAV-UEs with BSs, with a complexity of (MB · N B) [96]. Afterwards, we introduce a coalition
game to solve the externalities of the previous matching game. Based on the coalition game
formulation, in the worst case, each UAV-UE needs to examine |MB | of coalitions. Thus, the
complexity of the coalition game is O(MB · N B). The optimal user association sub-subproblem
could also be solved using the exhaustive search algorithm. However, the optimal algorithm has a
computational complexity equal to O((N B) |MB |), which is exceptionally high. The power control
sub-subproblem is solved efficiently using the CVX package since the problem is convex. Based
on [93], the SCA method solves the optimization problem iteratively by updating the points of
interest till convergence, which iterate for at most O(MB) times. Therefore, the computational
complexity for the proposed algorithm 4 is O((MB · N B) +  × (MB · N B + MB)), where  
denotes the number of iterations that the SCA method and coalition game would iterate before
convergence, which is a finite constant.

4.5 Dynamic Unlicensed Spectrum Allocation and User Asso-
ciation

To solve the subproblem (4.14) of user association and dynamic spectrum allocation in the
unlicensed band, we decouple it into two sub-subproblems: user association sub-subproblem and
dynamic spectrum allocation sub-subproblem; which are respectively written below as:
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max
_*

∑
B∈S

∑
=∈N B

∑
<∈MB\{0}

_D,B<= · �D,B= (C) · AD,B<= (C),

s.t., C4 and C6,

(4.26)

and
max
�*

∑
B∈S

∑
=∈N B

∑
<∈MB\{0}

_D,B<= · �D,B= (C) · AD,B<= (C),

s.t., C1 and C3.

(4.27)

In order to decrease the computational complexity of the system, the user association sub-
subproblem is divided into |S| sub-subproblems; thus, each operator independently uses a match-
ing game to associate the UAV-UEs with UAV-BS. For the dynamic spectrum allocation sub-
subproblem, UAV-UEs need to compete with each other to strive for the limited unlicensed
spectrum, which is hard to fulfill all the bandwidth requirements of UAV-UEs. Thus, we pro-
pose a three-layers auction framework to dynamically allocate the unlicensed spectrum among
operators to prevent inter-operator interference.

4.5.1 Matching Game

Similar to the matching game used in the licensed spectrum, two disjoint finite sets of players,
MB \ {0} andN B, are considered. We define the matching game as a function ofΩ :MB \ {0} →
N B, such that:

• Ω(=) = < ⇐⇒ Ω(<) = =,∀= ∈ N B,∀< ∈ MB \ {0}.

• |Ω(=) | = 1,∀= ∈ N B .

Each UAV-UE of the setN B ranks the UAV-BSs of the setMB \ {0} by preference relation �,
in which the utility k=< of UAV-UE = for UAV-BS < is calculated using equation (4.8).
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4.5.2 Dynamic Auction Operation

This subsection proposes a three-layers dynamic auction operation (DAO) to solve the dynamic
spectrum allocation sub-subproblem in the unlicensed spectrum (4.27). The three layers are the
UAV-UEs layer, Operators layer, and HAP-AC layer. The dynamic auction operation coordinates
competition relations between operators for the supply-demand of unlicensed bandwidth.

In the auction process, each UAV-UE = ∈ N B associated with UAV-BS< ∈ MB \{0}, ∀B ∈ S,
calculates 3B= (C), which denotes the bandwidth demand from the unlicensed spectrum based on

3B= (C) =
[
'
'4@
= − ';=

]+
A
D,B
<= (C)

(4.28)

Afterwards, the UAV-UE submits its demand priority pair (0B=, 3B=), where 0B= is a predeter-
mined value that indicates the maximum acceptable price of UAV-UE = under operator B and is
related to (4.8). We use 0B= to determine the demand priority degree, in which as the 0B= increase,
the bandwidth demand priority degree is higher.

We define the dynamic bidding matrix as �(C) = {1B (C), B = 1, 2, ..., (}, where 1B (C) ∈
[0, �*

C>C0;
]. 1B (C) > 0 means operator B ∈ S can help UAV-UEs bid for the unlicensed bandwidth

of HAP-AC, otherwise 1B (C) = 0. The dynamic bidding matrix values are expressed as

1B (C) ∈ [0, �*C>C0;],∀B ∈ S, (4.29)

(∑
B=1

1B (C) ≤ �*C>C0; . (4.30)

Define @B= as the UAV-UE layer’s received unlicensed bandwidth resources, where @B= ∈
[0, �*

C>C0;
]. @B= > 0 means UAV-UE = ∈ N B actually obtained unlicensed bandwidth, while @B= = 0

means the bid is failed. We define the operators layer’s unlicensed spectrum allocation matrix as
&(C) = {@>?B , B = 1, 2, ..., (}, where @>?B =

∑
=∈N B @

B
=. The unlicensed spectrum allocation matrix

is defined as:
@
>?
B ∈ [0, �*C>C0;],∀B ∈ S, (4.31)

(∑
B=1

@
>?
B ≤ �*C>C0; . (4.32)
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We design the operator USB (C) and HAP-AC U� (C) layers’ utility functions to ensure com-
petition in the DAO. When operator B assists UAV-UE = to bid, the operator-UAV link utility
function is expressed as *B

= = 0B= − %�, where %� implies the current price of the DAO. We
consider that only N B

=4F UAV-UEs with ';,B= < '
'4@
= and 0B= > %� are qualified to engage in this

auction. Thus, we can update the current bandwidth demand of operator B to be

1B (C) =
∑

=∈N B=4F

3B= (C). (4.33)

Therefore, the operator layer utility function is defined as

USB (C) =
∑

=∈N B=4F

*B
= · 3B= (C) =

∑
=∈N B=4F

( 0B= − %�) · 3B= (C), (4.34)

and the HAP-AC side utility function can be expressed as

U� (C) =
(∑
B=1
( %� − %10B4,B) · 1B (C), (4.35)

where %10B4,B represents the cost of the operator B to provide the unlicensed bandwidth resource
unit for UAV-UE. Thus, we consider %10B4,B as the minimum price of the operator B bidding. We
can observe that 0B= > %10B4,B is guaranteed for each UAV-UE = ∈ N B

=4F in the bidding procedures.

Therefore, the dynamic spectrum allocation sub-subproblem optimal solution refers to the
solution of spectrum band allocation that maximizes the social welfare, which is formulated as a
linear programming optimization problem as:

max
@B=

∑
B∈S

∑
=∈N B
( 0B= − %10B4,B) · @B=,

s.t.,

�1 : @B= ≥ 3B= (C),∀B ∈ S,∀= ∈ N B,

�2 :
∑
B∈S

∑
=∈N B

@B= ≤ �*C>C0; ,

(4.36)
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Algorithm 5 Dynamic Spectrum Allocation and User Association in the Unlicensed Spectrum

1: Initialization: S, N B,MB \ {0}, ';,B= , ''4@.= .
Stage I: Matching Game

2: for each operator B ∈ S do
3: for each UAV-UE = ∈ N B do
4: Calculate AD,B<= with the help of (4.8);
5: Sort UAV-BSs according to AD,B<= in descending order;
6: Match UAV-UE with the most preferred UAV-BS in the preference list.
7: end for
8: end for

Stage II: Dynamic Auction Operation (DAO)
9: for each operator B ∈ S do
10: for each UAV-UE = ∈ N B do
11: Calculate 3B= (C) by using (4.28),
12: Submit the demand priority pair (0B=, 3B=) to the operator B.
13: end for
14: Operator B computes the initial bidding value based on (4.33), and sent it to HAP-AC.
15: end for
16: Set iteration counter (i) equals 1;
17: while [∑(

B=1 1B (C) − �*C>C0;]8 ≥ Δ do
18: if [∑(

B=1 1B (C) − �*C>C0;]8 · [
∑(
B=1 1B (C) − �*C>C0;]8−1 > 0 then

19: Set %� = %� + Y;
20: Update �(C) andUSB (C) based on (4.34).
21: else
22: Set Y = −0.5Y;
23: Set %� = %� + Y;
24: Update �(C) andUSB (C) based on (4.34).
25: end if
26: i = i + 1;
27: end while
28: &(C) = �(C), and the HAP-AC allocates the unlicensed spectrum among the operators.
29: Output: _* , �* 72



Instead of submitting the complete bidding information of all UAV-UEs to HAP-AC, which
has high complexity, we propose a DAO with low complexity, where the HAP-AC only receives
the bidding requests from the operators. The main idea is that the operators assist their UAV-
UEs in getting the unlicensed spectrum resources from the HAP-AC. First, UAV-UEs submit the
demand priority pairs (0B=, 3B=) to their operators. Afterwards, each operator updates its current
bandwidth demand 1B (C) and utility functionUSB (C) according to the current auction price using
(4.33) and (4.34), respectively.

The deal price %∗
�
is determined until [∑(

B=1 1B (C) − �*C>C0;] < Δ, where Δ = max{3B= (C)}. The
residue of the unlicensed band is distributed uniformly among operators. Lastly, the bandwidth
allocation matrix indicates the final bidding matrix. A fast-slow combination technique is pro-
posed to modify the step size value dynamically in order to find the auction deal price efficiently.
Stage II in Algorithm 5 shows the mathematical description of the DAO. If the complete unli-
censed spectrum has not been demanded in full at the DAO beginning, we set %� = %10B4,B for
each operator.

4.6 Performance Evaluation

In this section, we evaluate and compare the performances of our proposed approaches in both
licensed and unlicensed spectrum under different system conditions and with other approaches.

4.6.1 Simulation Setup

In the simulations, we consider three different operators where each operator has 6 BSs (one
MBS and 5 UAV-BSs), and each operator has 20 MHz licensed bandwidth. In addition, a total of
20 MHz unlicensed spectrum are shared between the operators. We consider a cube of 2 Km ×
2 Km × 1 Km, in which both UAV-BSs and UAV-UEs are uniformly distributed within this area.
Unless stated otherwise, parameter settings are presented in Table 4.1.

73



Table 4.1: Value of the Simulation Parameters

Parameter Description Value

S Number of operators 3

MB Number of BSs per operator B 6

%!
"�(

Macro BS PSD in licensed band -24 dBm/Hz

%!< UAV-BS PSD in licensed band -22 dBm/Hz

%*< UAV-BS PSD in unlicensed band -22 dBm/Hz

#0 Noise PSD -170 dBm/Hz

5 ;2 Carrier frequency of licensed band 2 GHz

5 D2 Carrier frequency of unlicensed band 5 GHz

'
'4@
= UAV-UE average requested data rate 1 Mbps

�!B Per operator B licensed bandwidth 20 MHz

�* Total unlicensed bandwidth 20 MHz

First, we evaluate our proposed algorithm 4, which maximizes the per operator sum rate in
the licensed spectrum, with two well-known user association algorithms (MAX-SINR algorithm
and Random algorithm). In addition, the performance of using a terrestrial network of two MBS,
without using UAV-BSs, has been examined in this comparison.

4.6.2 Algorithm 4 Results for Joint User Association and Power Control in
the Licensed Band

Figure 4.2 represents the average achievable data rate per UAV-UE for different numbers of
UAV-UEs per operator in the licensed spectrum. The figure shows that the proposed algorithm
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4 achieves a higher average data rate than other schemes, even when the number of UAV-UEs is
high and the inter-cell interference is severe. It also shows that the average data rate per UAV-UE
decreases as the number of UAV-UEs increases because the total achieved sum rate per operator
has a maximum limit.

Figure 4.2: The comparison of average achieved rate per user among UAV-UEs per operator.

In Figure 4.3, we represent the total achieved per-operator sum rate in the licensed spectrum
for all the comparing algorithms. It shows that our proposed algorithm has better results than all
the other algorithms. Specifically, our proposed algorithm can achieve around 9 percent and 22
percent higher total sum rate per operator than the Max-SINR algorithm and the terrestrial net-
work, respectively. The reason is that interference management through power control decreases
inter-cell interference’s impact significantly when the number of BSs increases. In addition,
considering the coupling issue when associating UAV-UEs with BSs prevents a BS from being
more congested than other BSs.
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Figure 4.3: The comparison of total sum rate among UAV-UEs per operator.

Figure 4.4 shows the impact of the number of BSs on the total achieved sum rate per operator
in the licensed spectrum. As can be seen, when the number of BSs increases, the total achieved
sum rate also increases. Furthermore, again, our algorithm achieves higher performance than the
Max-SINR algorithm. In contrast, for the Random association algorithm, as the number of BSs
increases, the sum rate decreases due to the high impact of the inter-cell interference.

Figure 4.5 shows that the convergence of the proposed Algorithm 4 is guaranteed in a limited
number of iterations.

Next, we compare the performance of the Algorithm 5 in the unlicensed spectrum with the
existing spectrum management algorithms.
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Figure 4.4: The comparison of total sum rate among BSs per operator.

Figure 4.5: Convergence of Algorithm 4.
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4.6.3 Algorithm 5 Results of User Association and Dynamic Spectrum
Management in the Unlicensed Band

The output of Algorithm 4 is used as a baseline for the achieved data rate from the licensed
spectrum before extending the service to the unlicensed band of all compared algorithms. We
compare the proposed Algorithm 5 with two different spectrum management algorithms. The
first algorithm is fixed assignment or uniform spectrum distribution, where all operators will be
assigned with the same amount of unlicensed spectrum without considering their load demand.
The second algorithm is the game-theoretic approach developed in [60], where each operator
sends a bandwidth request to a coordinator, who then distributes the unlicensed spectrum among
the operators as a ratio based on their load demand. Afterwards, each operator distributes the
assigned bandwidth over the users using the game theory.

We consider that each of the three operators owns 5 UAV-BSs that can extend the cellular
service to the unlicensed band. We consider three scenarioswhile simulating the above algorithms
in the unlicensed spectrum. The considered scenarios are as follows:

• In Scenario 1, the number of UAV-UEs subscribing with operator one is 100, operator two
is 200 and operator three is 300.

• In Scenario 2, we consider a uniform distribution where each operator serves 250UAV-UEs
through their network.

• In Scenario 3, the number of UAV-UEs served by operator one is 400, by operator two is
550, and by operator three is 700.

To measure the satisfaction level of UAV-UEs about their achieved data rate, we use the
average proportion of satisfied UAV-UEs (|Ñ B

(0C.
|) per operator over all the operators [60], which

is represented as follows:

'0C4 (0C8B 5 02C8>= =

∑
B∈S

|Ñ B
(0C.
|

|Ñ B |

|S| . (4.37)
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Figure 4.6: Total system throughput vs. different scenarios.

Figure 4.6 shows the total system throughput achieved for each algorithm under different
scenarios. Our proposed system model can achieve about 87% gain in system throughput by
extending the service to the unlicensed spectrum compared to using the licensed band only.
Moreover, the proposed algorithm 5 achieves higher performance than the other two spectrum
management schemes, especially in scenario 1, where it can be observed that the fixed assignment
algorithm performs poorly when there is a load difference among operators. In addition, although
the game-theoretic approach performs similarly to the proposed algorithm 5 in scenario 1, the
actual performance could be much less. The reason is the lack of incentive for operators to
honestly inform about their actual load demand. Therefore, in this case, if all the operators
falsely demand the complete unlicensed spectrum, the game-theoretic approach will achieve a
performance close to the fixed-assignment algorithm. In contrast, in proposed algorithm 5, if
the operator requests higher unlicensed bandwidth than his actual demand, this would lead to a
higher current auction price.
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Figure 4.7: Rate satisfaction vs. different scenarios.

Figure 4.7 shows the average percentage of satisfied users who successfully achieved at
least their minimum request data rate under different scenarios. As can be seen, the proposed
algorithms 4 & 5 achieve an average percentage of rate satisfaction around four and six folds the
proposed algorithm 4 alone in scenarios 1 and 2, respectively. Moreover, the proposed algorithm
5 achieves a higher data rate satisfaction percentage among UAV-UEs compared to the other two
spectrum management schemes under all scenarios.

In Figures 4.8, 4.9, and 4.10, we show the total achieved system throughput against different
unlicensed spectrum bandwidths. Figure 4.8 shows that our proposed algorithm achieves a
significantly higher total system throughput than Fixed-assignment algorithmswhen there is a load
difference between operators. Again, even though the game-theoretic approach has comparable
performance to the proposed algorithm 5, the lack of incentive for operators to honestly demand
unlicensed bandwidth would end up in a performance similar to the fixed-assignment algorithm.
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Figure 4.8: System throughput against different unlicensed spectrum bandwidth for Scenario 1.

Figure 4.9 shows that the fixed-assignment and game-theoretic approaches have the same
performance under equal load distribution among operators. However, the proposed algorithm
still performs better than the other two schemes. Figure 4.10 also shows that our proposed
algorithm works much better than the other schemes in cases where there is a severely crowded
network scenario with different load distributions among operators.

Figure 4.11 shows the rate satisfaction percentage against different unlicensed spectrum
bandwidths for all three scenarios. As can be seen, the proposed algorithm achieves a significantly
higher satisfaction rate from the user’s point of view over the other algorithms in all scenarios.
In scenario 2, the average percentage of the rate satisfied UAV-UEs is around 8% higher in the
proposed algorithm compared to the other two schemes, which perform similarly.

81



Figure 4.9: System throughput against different unlicensed spectrum bandwidth for Scenario 2.

Figure 4.10: System throughput against different unlicensed spectrum bandwidth for Scenario 3.
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Figure 4.11: Rate satisfaction vs. different unlicensed spectrum bandwidth.

Figures 4.12 and 4.13 show the convergence speed performance for different initial auction
prices. As shown in Figure 4.12, current auction price stabilizes and converges to the final
theoretical analysis price. Figure 4.13 shows the changes in the total unlicensed bandwidth
demand of the operators under the current auction price. Regardless of the initial auction price,
the dynamic auction operation converges speedily to the theoretical analysis optimal value, which
is represented in a black dashed line.
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Figure 4.12: Variation of auction price.

Figure 4.13: Variation of total unlicensed bandwidth bidding.
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4.7 Summary

We have proposed a novel integrated aerial-terrestrial multi-operator network, considering inter-
cell and inter-operator interference in licensed and unlicensed spectrum. Two algorithms have
been presented to solve the joint user association and power control subproblem in licensed
spectrum and the dynamic spectrum allocation and user association subproblem in unlicensed
spectrum, respectively. Simulation results have demonstrated that with the proposed algorithms
and integrating the aerial network with the terrestrial network, each operator can achieve a
significantly higher network sum rate from the licensed spectrum than the terrestrial network
alone. Moreover, the overall network throughput from licensed and unlicensed spectrum are
nearly doubled than that from the licensed spectrum alone.
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Chapter 5

Conclusion and Future Work

In this chapter, we summarize the main results and contributions of this thesis and present our
future research directions.

5.1 Main Research Contributions

In this thesis, we have investigated channel resource allocation, user association, power control,
and dynamic spectrum management for cellular-connected UAVs in 6G. Specifically, three re-
source and interference management strategies have been proposed for two new aerial networks.
First, we have proposed a novel standalone aerial multi-cell network enabling the UAV-BSs to
provide cellular service to the UAV-UEs by reusing the licensed and unlicensed spectrum. Under
the proposed network, a joint subchannel allocation and power control framework to maximize
the uplink network throughput has developed, considering a realistic multi-cell case scenario,
the QoS of UAV-UE, and the coexistence with terrestrial cellular and WiFi systems. Second,
we have proposed a novel integrated aerial-terrestrial network in which a joint user association
and power control algorithm has developed. Third, a dynamic spectrum management strategy
has been designed to overcome the inter-operator interference in the unlicensed spectrum for an
aerial multi-operator network. The main contributions of this thesis are summarized as follows.
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1. A joint subchannel allocation and power control strategy have been proposed over licensed
and unlicensed spectrum in a novel aerial multi-cell network. The proposed approach
considers the QoS of UAV-UE, the coexistence with terrestrial cellular and WiFi systems,
and the inter-cell interference to improve the overall uplink network throughput. We have
proposed an iterative algorithm consisting of convex optimization, a Hungarian algorithm,
a matching game with externalities and a coalition game, and an SCA technique to ef-
ficiently solve the NP-hard optimization problem. The proposed algorithm provides an
optimal resource allocation and interference management framework with low computa-
tional complexity for complex interference environments. The work allows the cellular
network operators to duplicate the network throughput and capacity and enhance the spec-
trum efficiency.

2. A novel integrated aerial-terrestrial multi-operator network has been proposed, in which
each BS (UAV-BSs and MBS) reuses the operator’s licensed spectrum to provide downlink
connectivity for UAV-UEs. Moreover, the operators allow the UAV-UEs to compete with
others to obtain unlicensed bandwidth from the unlicensed spectrum to fulfill the QoS of
UAV-UEs. Under the proposed network, a joint user association and power control scheme
in the licensed spectrum and a dynamic spectrum management strategy in the unlicensed
spectrum have been proposed to maximize the total network throughput, considering the
inter-cell and inter-operator interference in the licensed and unlicensed spectrum, respec-
tively. The main contributions of the proposed strategies are as follows.

(a) A distributed iterative algorithm that jointly optimizes the user association and the
BS transmit power has been developed to maximize the operator network throughput
in the licensed spectrum. The proposed scheme significantly improves the operator
sum rate and enhances spectrum utilization efficiency in the complex interference
multi-cell environment.

(b) A three-layers auction framework has been proposed to dynamically allocate the
unlicensed spectrum bandwidth between the competitive UAV-UEs from different
operators while ensuring the prevention of inter-operator interference. The proposed
architecture and framework allow cellular operators to overcome the rigorous chal-
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lenge of increasing network capacity with the spectrum resources shortage by reusing
the unlicensed spectrum.

In summary, this thesis has investigated resource and interference management in the licensed
and unlicensed spectrum for a novel integrated aerial-terrestrial multi-operator network in three
aspects: optimizingUAV-UEs subchannels and power allocations, optimizing the user association
and BSs transmit power, and dynamically allocating unlicensed spectrum bandwidth. Moreover,
different types of interference have been considered, including inter-cell interference, co-channel
interference with existing terrestrial cellular and WiFi systems, and inter-operator interference.
The proposed architecture and approaches should provide valuable guidelines for future research
in designing resource and interference management schemes and spectrum utilization enhance-
ment for the complex interference environments of aerial networks in 6G.

5.2 Future Research Directions

For future research, I plan to investigate two novel aerial network architectures that support the
exponential growth of cellular-connected UAV applications.

1. Wireless Virtualization Architecture for Aerial Networks: Wireless virtualization in-
cludes the abstraction and sharing of physical resources of Infrastructure Providers (InPs)
with different parties such as Virtual Aerial Network Operators (VANOs). Specifically,
physical resources such as radio frequency and UAV-BSs are owned and managed by InPs,
while VANOs rent those physical resources from InPs and provide wireless services to
their subscribed UAV. This architecture aims to build network operators without owning
any physical telecommunication infrastructure to achieve optimal wireless infrastructure
use and revenue maximization for InPs. However, the resource allocation approach plays
a central role in enhancing spectrum efficiency, energy efficiency, data rate, and quality
of service (QoS) in aerial networks. We plan to propose a novel wireless virtualization
architecture for aerial networks and a dynamic pricing framework to ensure revenue maxi-
mization for InP and VANOs while ensuring the UAV-UEminimum data rate requirements.
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2. Blockchain-enable Spectrum Trading for Aerial Network Spectrum trading is envi-
sioned as a new paradigm for improving spectrum utilization efficiency. Operators desire
to share their licensed resources for effective resource management and increased profit.
Nonetheless, security and privacy challenges in the aerial network deter operators from
collaborating with one another for spectrum trading, such as the double spending attack
problem. Lately, blockchain technology has received overwhelming attention for secure
spectrum trading thanks to its security features. However, the following research gaps
remain to be addressed: (1) How fair, trusted, and secure is the centralized network broker
between buyers and sellers? (2) Beyond the economic aspect of resource trading, what
technical dynamic resource sharing procedures can be applied for efficient resource man-
agement of the limited network resource? (3) What network performance gains will enable
the joint integration of blockchain and aerial network to offer 6G? We plan to propose a
novel hierarchical framework for blockchain-based resource trading among aerial network
operators (ANOs) in aerial multi-operator networks.
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