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Joint Subchannel Allocation and Power Control

in Licensed and Unlicensed Spectrum for
Multi-Cell UAV-Cellular Network

Amr S. Matar

Abstract—1In this paper, we investigate the resource and inter-
ference management problem in a novel scenario where multiple
unmanned aerial vehicle base stations (UAV-BSs) provide cellular
services to UAV users (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 both subchannel allocation and power control
of UAV-UEs over the licensed/unlicensed spectrum in order to
maximize the uplink sum-rate of the multi-cell UAV-cellular net-
work. Since the formulated problem is NP-hard, 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. Then, 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. An iterative algorithm is thereby developed to solve
the three sub-problems sequentially till reaching convergence.
Simulation results show that the proposed algorithm can improve
the network capacity by nearly two times than the Long Term
Evolution-Advanced (LTE-A).

Index Terms— UAYV, unlicensed spectrum, matching game with
externalities, interference management.

I. INTRODUCTION

ECENTLY, there is a significant increase in using
unmanned aerial vehicles (UAVs) for real-time
monitoring, surveillance, precision agriculture, logistics,
and enhancing wireless coverage, etc. [1]-[3]. In those

applications, a UAV is considered as aerial user equipment,
which requires appropriate techniques to ensure highly reliable
communication between UAVs and ground stations. As a new
type of cellular user, UAV users (UAV-UEs) could produce
severe degradation in the overall performance of the terrestrial
cellular system [4], [5]. In particular, higher co-channel
interference can be obtained due to the line-of-sight (LoS)
connection between the destination and interference ground
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base stations (BSs). Besides, due to the radiation nulls and the
down-tilt of the BS antennas [6], UAV-UEs are forced to asso-
ciate with far BSs if faced one of these nulls, which raises the
handover request rate and increase the possibility of handover
failure. Therefore, the existing cellular network designed
for terrestrial users is not able to 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 [7], [8]. According to [9], [10],
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.

A. Related Works and Motivations

Several works investigated the issues related to integrat-
ing the cellular-connected UAVs into the cellular system
as a new aerial cellular user equipment [11]-[20]. In [11],
an interference-aware path planning scheme was proposed
for cellular-connected UAVs which aims to strike a balance
between minimizing UAV interference with terrestrial sys-
tem and maximizing the UAV energy efficiency. In [12],
an interference-aware path planning scheme was proposed to
minimize the mission completion time of a UAV-UE while
maintaining the minimum quality-of-service (QoS) require-
ment with the ground BSs. The work in [13] jointly optimized
the trajectory, operation time, transmit power, and communi-
cation scheduling of the UAV-UE to maximize the throughput
subject to energy and QoS constraints. In [14], UAV-UEs
collaboratively built 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 [15]-[17]. In [16], the minimum
UAV-UE flying height along a predefined trajectory was
determined during a concurrent transmission with a ground
cellular user using non-orthogonal multiple access and with
a given QoS constraint. In [17], the ground BSs served the
cellular-connected UAVs by using the coordinated multi-point
(CoMP) transmission. In particular, a framework to derive
the lower and upper bound of UAV coverage probability was
proposed to measure the effect of speed, altitude, and col-
laboration distance of the UAV on the achieved performance.
In [18], the power allocation and cell association of the UAV
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were jointly optimized to maximize a weighted sum-rate of
the UAV-UEs and the ground cellular users in the uplink.
In [19], a cooperative interference cancellation approach was
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 [20], a novel mechanism was 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.
However, the prior studies only focus on investigating the
trajectory and coverage probability of cellular-connected UAV
without involving the UAV-BS to serve the UAV-UEs for
reducing the impact of severe UAV-UE interference on the
ground cellular network.

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 [21]
proposed 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
of UAV-BS trajectory and resource allocation was proposed
in [22], [23] to maximize the network throughput while con-
sidering the ground cellular users’ fairness through using deep
reinforcement learning algorithms. In [24], the UAV-BS place-
ment, user association, and resource allocation were jointly
considered by designing an iterative algorithm to maximize the
ground cellular users’ throughput and achieve fairness among
them. In [25], a UAV-BS equipped with a millimetre-wave
(mmWave) multiple-input multiple-output (MIMO) antenna
was deployed to provide wireless access to IoT devices from
different clusters in the downlink transmission. The authors
jointly optimized transmit power, beam pattern, and 3D place-
ment of the UAV-BS to maximize the system’s downlink
sum-rate.

The use of LTE in the unlicensed spectrum, a.k.a LTE-U,
with UAV-BS was introduced in [26], [27]. In [26], the authors
formulated a problem that jointly optimizes user associa-
tion, 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 and WiFi access points in the unlicensed band was
proposed in [27] 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.

Recently, a few articles investigated the performance of
using the UAV-BS to provide cellular service to the UAV-
UEs. The authors in [9] proposed a 3D placement algo-
rithm for a UAV-BS equipped with a directional antenna
to maximize the number of covered UAV-UEs subject to a
given spectrum sharing policy with the terrestrial network.
In [28], UAV-to-UAV (U2U) pairs sharing the same uplink
band of ground cellular users are assumed, where the coverage
probability and rate are evaluated under two spectrum sharing
mechanisms through an analytical framework that considers
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channel models, antenna patterns, and practical power control
schemes. For the Underlay mechanism, results 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. A novel
3D fully-fledged UAV-cellular network was introduced in [10],
where a framework was proposed to solve the two essential
problems of 3D cell association and network planning.

However, none of these previous works [9]-[28] studied
the joint resource and interference management for multi-cell
UAV-cellular network which reuses both licensed and unli-
censed band.

B. Research Contributions

The main contribution of this paper is that we propose a
novel UAV cellular network allowing UAV-BSs to effectively
serve UAV-UEs in uplink transmission through both licensed
and unlicensed spectrum. We propose a joint resource and
interference management scheme over the licensed/unlicensed
bands to guarantee the coexistence of the cellular/WiFi sys-
tems, respectively. In particular, interference threshold pro-
tection for both cellular and WiFi networks, as well as the
inter-cell interference (ICI) between UAV-BSs in the unli-
censed band, are considered. To our best knowledge, this is
the first work that considers using LTE in both licensed and
unlicensed spectrum for multi-cell UAV-cellular network under
the joint coexistence guarantee with both cellular and WiFi
networks, respectively. Our key research contributions include:

o This work investigates reusing both licensed and unli-
censed spectrum besides considering the multi-cell case
for a UAV-cellular network. We formulate a joint sub-
channel allocation and power control optimization prob-
lem in licensed/unlicensed band aiming to maximize
the uplink sum-rate of the system subject to the QoS
constraint of UAV-UEs and the inter-cell interference.

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

e We decompose the formulated NP-hard optimization
problem into three sub-problems. First, we use the
convex optimization and Hungarian algorithm to get
the global optimum power and subchannel allocations
in the licensed spectrum, respectively. By using the
obtained results from the previous sub-problem, secondly,
the Nash-stable subchannel allocations in the unlicensed
spectrum are reached using a matching game with exter-
nalities 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.

o« We compare the proposed algorithm with three various
schemes in the simulation. The results show that the
proposed algorithm outperforms the greedy algorithm by
about 15.7% in terms of the network uplink sum-rate.
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Fig. 1. LTE-U UAV-Cellualr network system model.

Moreover, the proposed algorithm can improve the
system capacity to more than double the LTE-A scheme.

The remainder of this paper is organized as follows. The
UAV-cellular network system model is presented in Section II.
In Section III, we formulate and jointly solve the resource allo-
cation and power control optimization problem. In Section IV,
we analyze the computational complexity of the proposed
algorithm. Simulation results are presented and analyzed in
Section V. Finally, conclusions are summarized in Section VI.

II. SYSTEM MODEL
A. Scenario Description

Consider a 3D UAV-Cellular network as shown in Fig.1,
which is composed of M UAV-BSs, denoted by the set M,
N 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 j € M serves
a set of J\/j UAV-UEs in the uplink transmission. Therefore,
the set of the total number of UAV-UEs are N = |J; (N
We also consider a single cell cellular network that consists
of a BS located at (0,0, Hgg) and a number of ground
cellular users (CUs). In addition, we assume that there are
W non-overlapping WiFi Access Points (WAPs).

We assume that an orthogonal set of finite licensed subchan-
nels CjL with uniform bandwidth B, has been allocated to
UAV-BS j. Hence, UAV-BS j € M assigns enough resources
from the licensed band for each UAV-UE i € N to retain a
predefined uplink data rate of RL;CQ"SSd For reliable control
signal transmission from UAV-UE to UAV-BS, each UAV-UE
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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 rein-
force the uplink data rate through operating in the unlicensed
radio spectrum in order to support a minimum transmission
data rate of QoS; ;,Vi € N,Vj € M. The bandwidth B, of
the unlicensed channel c is divided by the UAV-cellular system
into a set of finite subchannels CV with uniform bandwidth
By for efficient resource management. 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 j € 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 M —1 UAV-BSs
and one WAP, whereas one WAP experiences interference
from M UAV-BSs.

As in [10], 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 of 14 faces with 6 square and 8 regular
hexagonal shapes. The 3D locations of these UAV-BSs can
be determined using:

Lape = [20, Y0, 20] + V2R[a + b — c,
—a+b+ca—b+c], (1)

where [xo, Yo, 2,] is the Cartesian coordinates of a given
reference location (e.g. the center of the 3D space), a, b, ¢ are
integers chosen from set {...,—2,—1,0,1,2,...}, and R 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, V4] in any time slot." 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 [11], [29].

The location of UAV-UE i € N in time slot ¢ is denoted as
(ak,yt, 2t), and the UAV-BS j € M is located at (x;,y;, ;)
which have been obtained from equation (1). Therefore,
in time slot ¢, the distance between UAV-UE ¢ and UAV-BS j
is calculated as

dly =/ (at=w)? + (gh=y)) 2+ (=2)% @)

B. Data Transmission Model

1) Data Rate in the Licensed Spectrum: When a UAV-BS
j € M assigns to UAV-UE i € N a subchannel k € C¥,
the achieved rate of that user in time slot ¢ is
1/lc,t kit kit

.5 " 4.J

b B g,,7.
TL]) 3)

Rchensed BL log2 ( +

where o2 is the noise power, g; jt is the free-space channel
gain between UAV-UE : and UAV-BS j over subchannel k,
and PZ’ 5 is the transmit power from UAV-UE 7 to UAV-BS j

n this paper, we add the superscript ¢ to some notations to distinguish the
fixed parameters from the time-varying parameters.
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over licensed subchannel k. The binary variable wff jt ={0,1}
represents the subchannel allocation of the licensed subchannel
k between UAV-UE ¢ and UAV-BS j. We define the licensed
subchannels allocation matrix as ¥ = [1/)5 jt] Ny xone Where

wkj = 1 means that subchannel k € CL is assigned to

UAV-UE i € N, and wkt = 0 otherwise. The ground CU
uplink interference on UAV BS j is negligible due to the high
elevation angle, fading, and shadowing.
2) Data Rate in the Unlicensed Spectrum: When a UAV-BS

j € M assigns to UAV-UE i € N/ a subchannel ¢ € CY from
the unlicensed spectrum, the achieved rate of that user in time
slot ¢ is

a0t pg;t _q,t
AEREEEIEE S

v ;To

Unlicensed,q __
1,J

= By 10g2( 1+
where the binary variable d)?”j = {0, 1} represents the sub-
channel allocation between UAV-UE ¢ and UAV-BS j over
subchannel ¢, such that qb = 1 means that the subchannel
q is assigned to UAV- UE z and w‘” 0 otherwise. qu]t
is the transmit power from UAV- UE 1 to UAV-BS j over
unlicensed subchannel gq. We define & =

and Py = [Pq’ }Nxch

transmission power allocation matrices, respectively. Igf,taxv j
is the inter-cell interference at UAV-BS j over subchannel ¢
during time slot ¢, which can be expressed as

SN ent prlgtt. (5)

yEM\y#j rENy

[477]
I I NXMxCU
v as unlicensed subchannels and

q,t _
IUAV,j—

where > oy y2j D sen, 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 j is
negligible due to the high elevation angle, the wall penetration
loss, and the low transmit power of WAP.

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

Unlicensed __
R
i, -

,t pUnli d,
Z qu 7Jn icense q (6)

gecv

3) UAV-UE QoS: A minimum data rate (QQ0S; ;) is required
by each UAV-UE for its applications. When R““”%d <
QoS; j, each UAV-BS j allows its UAV-UE ¢ to access
resources from the unlicensed spectrum to enhance UAV-
UE’s data rate. Thus, The QoS requirement for UAV-UE 1
is achieved through the following constraint:

Li d Unli d
Ri,j _ Ri;cense + Rz,]n icense, > QOSi,j~ (7)

C. Interference Threshold Protection

1) For Cellular System: We use the Air-to-Ground (A2G)
pathloss model between LAP UAV-UE and cellular BS which
has been proposed in [30], [31]. In time slot ¢, the average
A2G pathloss from UAV-UE ¢ and BS in dB can be expressed
as
fL

PL‘;’;g; = 20log( —=) + 20log(d} pg)

+ PLos,mLos + (1= Pl,5) INLos, (8)
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where fF is the carrier frequency of licensed band, c is the
speed of light, d} ;¢ is the distance between UAV-UE i and
the cellular BS, 71,5 and nyros are the average additional
losses for LoS and NLoS links, respectively, which depend on
environment, and Pf s,i 1s the LoS probability of A2G link
which can be denoted as

1

1+ aexp(—b(0! —a))’

where a and b are environmental dependent constants, and
0! = sin~( (2! — Hps) /d! ) is the elevation angle.

In our system model, reusing the same licensed spectrum
leads to mutual interference between the UAV-cellular network
and the terrestrial network. Therefore, in order to ensure the
coexistence between the two systems, it is assumed that the
total interference introduced from UAV-UEs to the cellular
BS on subchannel £ € CL does not exceed a given threshold
Ith

©)

t _
PLoS,'L’ -

Licensed? le
k,t
th,k . I
Z w ’] PL””S/ ‘/10 < ILZcensed’ VJ S M, Vk € Cj .
1EN; 10

(10)

2) For WiFi System: The A2G pathloss model [30] is also
considered, where the average pathloss from UAV-UE i to
WAP in time slot ¢ can be expressed as

fU

) + 20 log(dz WaP)
+PLos,mLos +(1

PL;y 4p(t) = 201og(

- Pf;os,i)UNLos + p,
(11

where fU is the carrier frequency of unlicensed band, dﬁ,w AP
is the distance between UAV-UE ¢ and the WAP, p is the wall
penetration loss, and the other parameters can be derived from
equations (8)-(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 [32]
and [33], the interference at WAP introduced by the transmis-
sion of UAV-UE i € N on subchannel ¢ can be determined
as

dq+B./2
I;IWAP :/
’ dg—/Bc/2 1

Pq’t T sin 7fTs Qdf
OPL;”‘)/IQ/;‘;P/H) "\ 7wfT, ’

12)

where d, represents the spectral distance between subchannel
q and WAP occupied band B, and T is the OFDM symbol
duration.

We assume that the UAV-cellular network can utilize the
unlicensed band c as long as the total interference initiated
from all UAV-UEs to the WAP does not exceed I:"5e

Unlicensed

DD D PO S iensear  (13)
JEMieN; geclY
where
Ot 1 /quch/QT (szn 7rfTs>2df (14)
B oPLIWAR/10 Jg, B2 \ wfT, '
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III. 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 decom-
posing it into three sub-problems and solve each of them with
the appropriate approach.

A. 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 maxi-
mize 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 in both licensed and
unlicensed spectrum (U, P, ®, and Py). We formulate the
optimization problem as follows:

>, > Ry,
JEMIEN;
Cl : Rij > QOSZ']',

max
(v,Pr,®,Py)

VjeM, VieN,
kt
th,k
b Yy W e < T
(2] pLavy 10 Licensed’
en, 10 /

weM Vk e Cr

q,t qf qf th,B.
Z Z Z (b P Ozg —IUnlzcensed

JEMEN; qeClU

Citd Y wit<cl VYjeM

i€N; keCk

Cs: Y P <1, VjeM, VkeCr
€N

Co: Y <1, VjeM, VieN
keCJL

Cr: Y > ¢bi<CY VjeM

i€Nj geCU
DI TS
iEN;
Co w:{o 1}, VjeM, VieN;, Vke CF

VjieM, Vge ol

Cio: ¢77={0,1}, VjeM, VieN;, Vge CY
Ci Pfj_me, Vi €M, VieN;, VkeCk
Cip: PI/<Pl,.. VjeM,VieN;, vgeCl

15)

The minimum QoS rate requirement for UAV-UEs is
achieved through constraint (C7). The coexistence with both
terrestrial cellular and WiFi systems are secured through
constraints (C3) and (Cj), respectively. Constraints (C5) and
(Cs) guarantee that each licensed and unlicensed subchannel
are allocated to at most one UAV-UE per UAV-BS, while
constraint (Cg) ensures that each UAV-UE can be assigned
to at most one licensed subchannel. The limitation of total
licensed/unlicensed subchannels per UAV-BS is represented
by constraints (Cy)/(C7), respectively. The transmit power of
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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 (C11) and
(C12), respectively.

The optimization problem in (15) is a non-convex Mixed
Integer Non-Linear Programming (MINLP) optimization prob-
lem 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 (¥, ®). The second one is due to the ICI equation in
both objective function and constraint (C1). In the following
theorem, we prove that the optimization problem (15) is
NP-hard.

Theorem 1: Problem (15) is NP-hard.

Proof: See Appendix A. |

B. Sub-Optimal Problem Decomposition

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

Z Z Rchensed

JEMIEN;
s.t. Co, 04, Cs, Cg, Cy, Cy1.

max
( ‘IlvpL)

(16)

Given the subchannel ¥ and power Py, allocation matrices
in the licensed band (achieved data rate from the licensed
spectrum) obtained from (16), the subchannel allocation
sub-problem and the power control sub-problem in the unli-
censed band can be represented as follow:

maX § : § RUnlzcenGed

JEMIEN;

s.t. C1,Cs, Cy, Cg, Cyp. (17)
and
maX Z Z RUnlzcenGed
JEMIEN;
s.t. 01,03,012. (18)

Sub-problems (17) and (18) have the same objective func-
tion with different constraints and variables. The solution of
sub-problem (17) can be used to solve the sub-problem (18),
and vice versa repeatedly until converge. We use a match-
ing game with externalities and a coalition formation game
to solve sub-problem (17) and successive convex approxi-
mation (SCA) method for sub-problem (18). This solution
approach is shown in Fig. 2. The details of these approaches
are represented in the following subsections.

C. Subchannel Allocation and Power Control in the
Licensed Band Sub-Problem

In this subsection, we give a detailed description of the sub-
problem (16) solution. Since there is no ICI among UAV-BSs
in the licensed spectrum, we can decompose sub-problem (16)

Authorized licensed use limited to: University of Waterloo. Downloaded on December 12,2021 at 00:12:16 UTC from IEEE Xplore. Restrictions apply.



MATAR AND SHEN: JOINT SUBCHANNEL ALLOCATION AND POWER CONTROL

Optimization
Problem (15)

| Decomposition of (15) |

Licensed Subchannel and Power
Allocation Sub-problem (16)

1

Solve (16) by Convex optimization
(PL) and Hungarian algorithm (W)

Unlicensed Power v p W p Unlicensed Subchannel
Control Sub-problem > “— Allocation Sub-problem
(18)
. Step 1: use Many-to-
Reformulate (18) into .
Sub-problem (30) One M?&Tglfi)g Game
Solve (30) by Iy Py . L.
Successive Convex Ste%;nu:?A(I:oa;;uon
Approximation scheme No &

Output

Fig. 2. Solution process of the problem (15).

into M 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 ¥ for a fixed Pr. Additionally, it is a concave
function with respect to Pff for a given V. 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 W, each sub-problem
is concave with respect to Pr. Therefore, the optimal
power allocation can be determined based on the KKT
conditions [34].

2) subchannel allocation phase: For a given Pp,
the sub-problem is combinatorial in the variable
W, where the Hungarian method [35] is used to obtain
the optimal subchannel allocations.

D. Unlicensed Subchannel Allocation Sub-Problem

In this subsection, we propose a solution for sub-
problem (17) by using a many-to-one matching game with
externalities and a coalition formation game.

1) Matching Game: The unlicensed subchannel allocation
sub-problem shown in (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 j between the
achieved data rate from the licensed subchannel and the QoS
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Algorithm 1 Unlicensed Subchannel Allocation for
UAV-BS j

1: Illpllt . QOS, RLicensed, PUy Nj, @énitial

2: Output : P,

3: for each i € NV do

4:  Calculate QoS gap by QG; ; = [Q0S; ; — R%censedﬁ
5: end for

6: Sort UAV-UEs from J\/'] according to channel gain on

descending order
: Reorder the elements of QG; according to N
8: for each subchannel ¢ € CY do
9:  Calculate the ICI on each subchannel using eq. (5)
10: end for
11: Sort subchannels from CU according to ICI on each
subchannel on ascending order
12: Set g =1
13: for each i € N; do
14: Set RgBW = QG%]‘
15:  if RqBW # 0 then

~

16: while R¢gBW > 0 do

17: Set (;5;17j =

18: Calculate Rg;mcensed’q using eq. (6)
19: Set RgBW = RqBW — R{eenseda
20: Setq=q+1

21: end while

22:  end if

23: end for

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 sub-
channel. 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.

2) 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 qbg’j = 1, there is a formed access
link between UAV-BS j; € M and UAV-UE i € N on
unlicensed subchannel g € C' U. Therefore, for each unlicensed
subchannel ¢ € CU, there is a maximum M 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 £ links where each link defined by j €
M,i € N,qge CY. S, is the coalition of the links occupying
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the same subchannel ¢ € CY. Since there are CV unlicensed
subchannels in the network, the links can be divided into C'V
coalitions at most with the following restrictions:

SqﬂSkz(ZJ,
xVq, ke CY and q # k.

L=5USyU...USecu,
(19)

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

U(Sq) — Z Z jonlicensed,q.

JEMIEN;

(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:

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

o Coalition: The set of players £ is divided into |CY|

coalitions, according to restrictions given in (19).

e Utility: U(S,) is the uplink sum-rate value for each
coalition U(S,) C L, which is a transferable utility for
members in 5.

o 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 © = {S1,...,5,} (1 < p < |CY)),
which partitions the players set L, i.e., Vp, S, C L are disjoint
coalitions such that (J/_, S, = L.

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
© = {S1,...,5,}. a group of players prefers to adopt the
utilitarian order to organize themselves into a collection of
coalitions © = {5’1, e §p}, which is proposed in [36], [37].
Then the utility relationship between two different partitions
can be expressed as
P ~ P

U(Si) > U(S:) 1)
i=1 i=1
Definition 2 (Total utility of coalitions): For a partition © =

{S1,...,8,}(1 < p < |CY)), of the set L, the total utility can
be calculated as:
P
U®©)=>_U(s) (22)
i=1

If U(©) > U(O), the partition © has a better performance
on total utility. Every coalition in O 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 [,I’ € L,l € Sp,l' €
SqsSp # Sq,i" # 4,7 = j, players [ and I’ strictly prefer
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Algorithm 2 Coalition Formation Algorithm for Unlicensed

Subchannel Allocation

1: Input : The partition © from the previous algorithm

2: Output : Final Nash-stable partition © ipq

3: while Nash-stable partition is not achieved do

4:  Randomly choose a link [ € L, and denote its
current coalition as .S, € O;

5:  Randomly choose another coalition S, € ©, S, # Sp;
6. if S, hasalink I’ € £, =i,j = j then
7: Set Sg = Sq;
8 Randomly choose another coalition S, € ©,
Sq # Sg, 5S¢ # Sp;
9: Go back to 1ine 0;
10:  else if S, has alink I’ € L.’ # i, 7’ = j then
11: if rule satisfies (S, ~; S, and S, =1 S;) then
12: 0= (0\{5,,5}) u{{s,\i}ul'}u
{{s;\ ik
13: else
14: Set S5 = S¢;
15: Randomly choose another coalition S, € O,
S(I 7é S_a S, 7é Sps
16: Go back to line 6;
17: end if
18:  else
19: if rule satisfies (S, ~; S,) then
20: O = (O\ {5, 5}) U{Sp \ [} U{S,Ul};
21: end if
22:  end if

23: end while

to switch their coalition with each other (S, >; S, and
Sp =11 Sq) when preference relation satisfies

U{{Sp \[JUl'}) +U({{S,\ '} Ul})

>U(Sp) +U(Sq), Sp, Sq T L, Sp#Sy, (23)

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

O =(0\{5,,5}) U{{Sp \[FUl'}U{{S,\I'}Ul}.
(24

Switch rule 2: for any players [ € L,l € S,, player [
strictly prefers to switch its coalition from .S, to coalition S,
(Sq =1 Sp)y Sq # Sp,VI' € Sy, P’ = i,#j’ = j, where
preference relation can be defined as follows

U({Sp\1}) + U({Sq U1}) > U(Sp) + U(Sy);

X Sp, Sy C LS, # S, (25

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

O = (O\ {5, 5}) U{Sp \[Ju{S,ul}.  (26)

Based on these definitions and switching rules, the coali-
tion 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 (S,) for the
same UAV-BS but different UAV-UE, the first coalition switch
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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 S, and continues examining switch rules. Similarly,
in lines 18-22, if there is no any link inside coalition S, 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 © f;y,4; in coalition formation
game algorithm is Nash-stable.

Proof. See Appendix B. |

E. Unlicensed Power Control Sub-Problem

The power control sub-problem (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. SCA
method can obtain a solution that satisfies the KKT conditions
of the original non-convex problem through approximating it
by a series of convex approximations [38]. 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 [39].

qu _ Pq !

i,
the sub-problem (18) can be reduced to the

We first introduce the auxiliary variable
Therefore,
following:

max » Y Y ¢!

Pujem i€EN; geCU
o Y ¢T Bulogy (1448
qgeCv

> QoS — REC™)" 5 i
I ¢q’tePqu’
JEMEN; qeClY
PE < In(PL,,),

max

Hloga(1+777),

Ith B.
Unlicensed’

Vje M, VieNj, Vgeol.
(27

where the intermediate variable is given by the following:

Pet gt
V) P
€ 9

vy = (28)

& pat gt ’
Zyel\l\y;ﬁj er,}\fy g,yep'”"’g%j + 0?2
The objective function and the first constraint are still non-
convex. However, from [40] the lower bound of f(z) =
log (14 x) is given by f( ) = {logx + v, where § = i
and v = log (1 + z) — 1 log () . This lower bound satisfies

the following conditions:

fla) < f@),
 Flao) = flao),
ofr) | _ 0@ | 09)
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Therefore, the sub-problem (27) is reformulated to the
following:

S SH OB

Pujem iEN; qeCU

> el

"Hloga (1) + vl
qgeCv

> [QOS"]‘ _ RLz:censed}Jr’
q;t P,“ q;t th,B.
Z Z Z d) i€ Oz] = ‘I'Unlzcen@ed7
JEMEN; gecY
PEE < In(PY

max )

i loga (YE) +vf],

Vj e M, VieN;, VqgeOl.
(30)

Theorem 3: Problem (30) is a convex optimization problem.

Proof: We examine the convexity of objective function and
the first constraint. Since logs( 'yZ jt) can be rearranged as
follow:

n(y/) o
m2) () () + P

—In( > e

yeEM\y#£j rENy

logy (7) =
eP*q"’;ggig- + 02))
(3D

From above equation, logg(vz’]-t) is concave because the
log-sum-exponential function is convex [34]. 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. |

FE. Iterative Licensed/Unlicensed Subchannel Allocation and
Power Control Algorithm

In this subsection, we introduce an iterative algorithm
to solve the optimization problem (15), where the three
sub-problems are solved iteratively wuntil convergence.
The process of the iterative algorithm is summarized in
Algorithm 3.

Theorem 4: Algorithm 3 is guaranteed to converge.

Algorithm 3 Iterative Licensed/Unlicensed Subchannel Allo-

cation and Power Control Algorithm

1: Initialization: N, M, CjL, CY, QoS

2: Step 1: solve sub-problem (16) in order to get the global
optimum of licensed subchannel ¥ and power P, allo-
cations, and calculate the global optimum RIicensed,

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 (30) until convergence.

7: until Convergence
8: Output: ¥, Pr, @, Py
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Proof: Algorithm 3 first calculates the optimal global alloca-
tions 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 [38]. 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. W

IV. COMPUTATIONAL COMPLEXITY ANALYSIS

In the proposed algorithm, the sub-problem (16) is solved
first to find the global optimum of power and subchannel in
the licensed spectrum. An iterative method has been intro-
duced 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 (16) is
distributed to each UAV-BS, the computational complexity for
step 1 of Algorithm 3 is O(K; x (N, CL)3) [35], where K4
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 subchan-
nel allocations. the complexity of this algorithm is O(N,, -
CY) [41]. 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-UE:s in the other cells that use the same
subchannel. According to the coalition game, the maximum
number of links is |M||CY|. By considering the worst-case
scenario, each link is examined with |[CY — 1] coalitions.
Therefore, the complexity of Algorithm 2 is O(M(CY)?).
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(J\/Jyf\/ll'lcU‘), which is significantly higher than that of the
proposed algorithm.

Finally, the power allocation sub-problem in (30) is a convex
optimization problem that CVX can efficiently solve. SCA is
iteratively solved (30) by updating the points of interest up to
convergence. The SCA algorithm will be run at most O(N)
times [38]. Therefore, the computational complexity for the
proposed algorithm is O(K; x (N, CE)3 + (N;,,CY) + Ko x
(M(CY)2 + N)), where K» is a constant for the number of
times the coalition game and the SCA algorithm will run up
to convergence which is finite.

V. SIMULATION RESULTS

In the simulation, we consider a 3D space of size
2.5km x 2.5km x 2.5km, in which the locations of the
UAV-UEs are uniformly distributed. The centre point of the
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TABLE I
PARAMETERS VALUES

Parameter Description Value
M Number of LAP UAV-BSs 9
R Truncated octahedron edge length 400 m
Hps Height of ground cellular BS 50 m
CJ.L Number of licensed subchannels 10
cv Number of unlicensed subchannels 50
QoS UAV-UE minimum data rate 4 Mbps
£k Carrier frequency of licensed band 2 GHz
jAd Carrier frequency of unlicensed band 5 GHz
Pk .. Transmit power on licensed subch. 0.5 Watt
Pl Transmit power on unlicensed subch. 0.5 Watt
B¢ Bandwidth of unlicensed channel ¢ 20 MHz
By, Licensed subchannel bandwidth 180 KHz
By Unlicensed subchannel bandwidth 180 KHz
o? Noise variance -114 dBm
MLoS A2G channel parameter 1dB
NINIoS A2G channel parameter 20 dB
a A2G channel parameter 12
b A2G channel parameter 0.135
P Wall penetration loss 10 dB
Zf;kense d Interference threshold at cellular BS -75 dBm
lt]hn’ﬁg ensed Interference threshold at WAP -75 dBm

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, ran-
dom 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 high-
est 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-UE:s in the licensed spectrum only.

Fig. 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
shows that when the number of UAV-UEs per cell (n) 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 n 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 n 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,
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Fig. 3. Total uplink sum-rate as the number of UAV-UEs per cell varies.
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Fig. 4. Average throughput per UAV-UE for different schemes vs. n (number
of UAV-UEs per cell).

respectively. We also can see that as interference increases,
the greedy and random allocation algorithms approximately
give the same performance. Moreover, from Fig. 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.

Fig. 4 shows the performance of average throughput per
UAV-UE for different algorithms. When the value of n is
low, the average throughput per UAV-UE for the proposed
algorithm is slightly better due to sufficient unlicensed spec-
trum and ICI absence. Nevertheless, when the value of n
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 algo-
rithm 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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Fig. 5. Interference value at the cellular BS for different schemes in the
licensed spectrum vs. n (number of UAV-UEs per cell).
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Fig. 6. Interference value at the WAP for different schemes in the unlicensed
spectrum vs. n (number of UAV-UEs per cell).

Fig. 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.

Fig. 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 the WAP increases as the number
of UAV-UEs increases since the WAP is affected by all the
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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 pro-
posed 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. 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 (15).
As seen in the figure, Algorithm 3 converges after a finite
number of iterations.

In Fig. 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, CY = 6 Rjjcenseqa = 0). Fig. 8 shows
that Algorithms 1 and 2 give the same optimal uplink sum-rate
value as the optimal algorithm.
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VI. CONCLUSION

In this paper, we have presented the uplink sum-rate maxi-
mization problem for a novel multi-cell UAV-cellular network.
To solve this non-convex NP-hard problem, we proposed
an algorithm that solves three sub-problems iteratively. For
subchannel and power allocation sub-problem in the licensed
spectrum, we obtained the global optimum allocations through
using convex optimization and Hungarian algorithm. For the
subchannel allocation sub-problem in the unlicensed spec-
trum, we have proposed a matching game with externalities
and a coalition game to reach a Nash-stable solution while
considering the inter-cell interference. For the power con-
trol sub-problem in the unlicensed band, the success convex
approximation method was applied to obtain the local optimal
power allocation. In this complex interference network with
two different types of interference, our work can offer a signif-
icant improvement in the system performance in terms of the
network capacity and the overall uplink sum-rate. The problem
for multi-operator UAV-cellular networks in the unlicensed
spectrum, where inter-operator interference between operators
becomes dominant, is left for our future work.

APPENDIX A
PROOF OF THEOREM 1

Proof: In this appendix, we prove that optimization prob-
lem (15) is NP-hard even when we do not consider the licensed
band. We construct a simple case of problem (15) where there
are only two UAV-BSs in which each unlicensed subchannel
can serve one UAV-UE from each cell simultaneously. let
N1, Ns, and C be three disjoint sets of UAV-UEs per cell
one, UAV-UEs per cell two, and unlicensed subchannels,
respectively, with [N7] = [Na| = [C|. Set N, Na, and C
satisfy NN Ny =0, N\1NC =0, and NoNC = (). Let P be
a collection of ordered triples P C N7 x N3 x 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 C P
that for any two distinct triples (N7 ;,N24,C;) € P and
(M1,j,Na,;,C;) € P, we have i # j. Therefore, P is a
three-dimension matching (3-DM) which has been proved to
be NP-complete [42]. Moreover, optimization problem (15)
is (M + 1)-dimension matching which is more complicated
than the 3-DM problem. Therefore, the problem in (15) is
NP-hard [29]. |

APPENDIX B
PROOF OF THEOREM 2

Proof: In this appendix, we prove that the final partition
O tina in the coalition game algorithm is Nash-stable. If the
final partition O fjnq is not Nash-stable. Thus, there must
exist:

o Two players | € Sy, 1" € Sg,Sp # Sq(Sp, Sq € Otinar)

such that S, >=; S, and S, =1 S,. or

e A player I € S,(S, € ©fina) and another coalition

Sq S Gfinal such that Sq 1 Sp.
Based on our proposed algorithm, for any of the two cases,
player [ will perform a switch operation with the other
player I’ or to the available coalition forming a new partition,
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which conflicts with the fact that © f;,,4; is the final partition.
Therefore, the hypothesis that the final partition © f,4; is
Nash-stable has been proved. |
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