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Abstract

In this paper, the flexibility of unmanned aerial vehicles (UAVs), as well as the benefits
of coordinated multi-point (CoMP) transmission, are utilized for mitigating the interfer-
ence in cellular networks. Specifically, the joint problem of CoMP clusters and UAVs'tra-
jectories is addressed for downlink transmission in a UAV-assisted cellular system. The
problem is presented as a non-convex optimization problem that aims to maximize
the sum rate of the ground users by taking into account the clustering, UAV mobil-

ity and backhaul capacity constraints. Since the formulated problem is known to be
NP-hard, we partition it into two sub-problems. Particularly, by using coalitional game
theory, the CoMP clusters are obtained with a given UAVS'trajectories. Then, UAVs'tra-
jectories are optimized with given CoMP clusters using successive convex approxima-
tion technique. Based on the block coordinate descent method, the two sub-problems
are solved alternatively until convergence. Numerical results are conducted and dem-
onstrated the effectiveness of the proposed algorithm.

Keywords: Unmanned aerial vehicles (UAVs), Coordinated multi-point (CoMP), Game
theory, Coalitional games, Trajectory optimization

1 Introduction

Owning to the mobility and flexibility of unmanned aerial vehicles (UAVs), UAV-assisted
cellular systems have been attracting comprehensive interest from both industry and
academia. Different from the traditional cellular networks, UAVs can offer line-of-sight
(LoS) channels with terrestrial users [1]. However, LoS channels may cause severe co-
channel interference toward terrestrial users. To address this challenge, coordinated
multi-point (CoMP) transmission can be used to mitigate the co-channel interference
and improve the rate performance of the system [2]. To limit the processing time delay
and overhead, the scale of CoMP is limited by clustering the entire network. However,
users at the edge of each cluster may suffer from inter-cluster interference [3]. Therefore,
a proper deployment for UAVs needs to be considered simultaneously with the CoMP
design to limit the inter-cluster interference problem. Consequently, the UAVS’ trajecto-
ries should be optimized jointly with the CoMP clusters, which is a challenging problem
and has not been explored in earlier works.
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There have been some interesting works focused on optimizing the UAV trajectory
in UAV-assisted terrestrial wireless communication systems. In [4], the traveling sales-
man problem is considered in free space optic-based wireless communication systems to
determine the order of the ground terminals that the UAVs go through while maximiz-
ing the service time. The joint optimization problem of communication mode, resource
allocation, and trajectory is studied in [5] in a single-cell orthogonal frequency division
multiple access UAV relay network to maximize the network throughput. In [6], the tra-
jectories of the UAV relays are optimized jointly with the transmit power to maximize
the system throughput in cooperative UAV-enabled relaying systems. Joint UAV trajec-
tory and resource allocation optimization problem is considered in [7] to maximize the
energy efficiency in non-orthogonal multiple access-based UAV wireless networks. In
[8], the flight and collection trajectory are jointly optimized to minimize the mission
completion time under energy constraints in UAV-enabled wireless sensor networks.

Trajectories of multi-UAVs are designed in [9] to minimize the mission time with
constraints of maximum speed and acceleration of UAVs, the anti-collision, and com-
munication interference between UAVs in multi-UAV internet of things (IoT) network.
Joint vehicle communication scheduling, UAV trajectory, and UAV power allocation
optimization problem are considered in [10] to maximize the system throughput under
anti-collision and communication interference between UAVs constraints in multi-UAV-
enabled mobile internet of vehicles model. In [11], three-dimensional (3D) UAV trajec-
tory is optimized in a UAV-assisted 10T system to maximize the data collected from IoT
nodes under power and flight time limitations. The system’s average outage probability
minimization problem is studied in [12] to optimize the 3D trajectory of the UAV under
the constraints of velocity and on-board energy. In [13], the UAV trajectory and resource
allocation are jointly optimized to maximize the average throughput with constraints of
co-channel interference and completion time in time-constrained UAV-enabled cogni-
tive radio networks.

On the other hand, different CoMP cluster schemes are presented in the literature.
Optimal clustering and beamforming matrices are obtained in [14] using the weighted
minimum mean square error-based algorithm in a user-centric multiple-input-multiple-
output network to maximize the system throughput. A user-centric clustering scheme
is presented in [3] for the CoMP clusters problem in cloud radio access network, where
Nash Bargaining Solution is presented to attain the fairness between users in terms of
the achievable rates. However, when deploying UAV-assisted terrestrial wireless com-
munication systems, the works [4—-6, 8—12] focus on orthogonal transmission systems.
In addition, previous studies did not consider the co-channel interference toward terres-
trial users caused by the presence of ground base stations (GBSs) alongside the deployed
UAVs. Furthermore, the works cited above that investigated the CoMP clusters problem
[3, 14] employ a user-centric clustering scheme, which results in significant processing
overhead in the system.

In this paper, downlink transmission in a UAV-assisted cellular system is consid-
ered, where multiple UAVs and GBSs are cooperatively serving multiple ground users
using the joint transmission as the CoMP technique. In a joint transmission scheme,
each user’s data symbol will be transmitted from all UAVs and GBSs in the CoMP
cluster of this user. There is no need for all transmission nodes in the entire network
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to jointly serve each user. This is due to the channel conditions and the limited capac-
ity backhaul links for the transmission nodes. Moreover, increasing the cooperation
range will lead to long time delay and a high required processing overhead for the
user’s data. Therefore, the disjoint clustering approach is considered in this paper,
where the whole network is split into non-overlapped clusters and the UAVs and
GBSs in each cluster will jointly serve the users located within the range of them. To
design the CoMP disjoint clusters and address the inter-cluster interference problem,
an optimization problem is formulated, where the UAVS’ trajectories are optimized
jointly with the CoMP clusters to maximize the sum rate of the ground users while
ensuring clustering, UAV mobility, and backhaul capacity constraints.

The formulated problem is a mixed-integer nonlinear programming (MINLP) prob-
lem, which is challenging to be solved directly. To deal with this non-convex problem,
we partition it into two sub-problems: CoMP clusters and UAVs’ trajectories optimi-
zation. In the first sub-problem, while fixing the UAVs’ trajectories, the CoMP clus-
ters problem is reformulated as a coalitional formation game and solved by the merge
and split method. Meanwhile, in the second sub-problem, UAVs’ trajectories problem
is optimized with given CoMP clusters using successive convex approximation (SCA)
technique. Then, the two sub-problems are solved alternatively until convergence
using the block coordinate descent (BCD) method. Finally, numerical simulations are
conducted to show the performance of the proposed algorithm in comparison with
the other existing algorithms under a different number of users, different values of
backhaul link’s capacity, and different sizes of clusters. The following are the main
contributions of this article:

« This work focuses on a non-orthogonal transmission system using the joint trans-
mission CoMP technique in a UAV-assisted cellular system to mitigate the co-
channel interference caused by the offered LoS channels between UAVs and ter-
restrial users.

+ A novel framework that jointly optimizes the UAVs’ trajectories with the CoMP
disjoint clusters is proposed to address the inter-cluster interference problem. To
the best of our knowledge, joint consideration of UAVs’ trajectories and CoMP
clusters optimization in UAV-assisted cellular systems has not been substantially
investigated.

+ An approach is proposed to deal with the formulated MINLP problem. First, we
partition the problem into two sub-problems. Then, the first sub-problem that
obtains the CoMP clusters is reformulated as a coalitional formation game and
solved by the merge and split method. Meanwhile, the second sub-problem that
obtains the UAVS’ trajectories is solved using the SCA technique. Finally, the two
sub-problems are solved alternatively until convergence using the BCD method.

+ Numerical simulations show that the proposed algorithm achieves a higher sum
rate than other existing schemes, which use the orthogonal transmission system
and the user-centric clustering scheme.

The remainder of the paper is structured as follows: The system model, constraints,
and problem formulation are given in Sect. 2. The proposed approach for solving the
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CoMP clusters and UAVs’ trajectories optimization problem is presented in Sect. 3.

Section 4 illustrates the numerical results, and Sect. 5 concludes the paper.

2 System model and problem formulation

2.1 System model

Consider a downlink transmission in a UAV-assisted cellular system that consists of
U UAVs and G GBSs, in which all UAVs and GBSs are connected to a ground central
processor through limited capacity backhaul links. The ground central processor is
responsible for most of the intensive system computational operations, including base-
band signal processing, beamforming vector calculation, resource management, and
channel estimation, as well as users’ data sharing toward the coordinated transmis-
sion nodes (i.e., GBSs and UAVs). Therefore, it can facilitate the coordination between
all the transmission nodes and the implementation of the joint transmission CoMP
scheme. UAVs and GBSs cooperatively serve K ground users. The set of all transmis-
sion nodes is denoted by £ = {1,2,...,L}, where L = U + G. The horizontal position
of each GBS g€ G ={1,2,...,G} is Py = [ag, bg] T. We assume that all UAVs have
the same flight cycle T', where T is divided into N equal-duration slots. Suppose also
that all UAVs have the same flight height H. Without loss of generality, the duration of
each slot n € N = {1,2,..., N} is sufficiently small in which the location of each UAV
uecl ={1,2,...,U} can be considered fixed during the slot duration. Then, the hori-
zontal coordinate of each UAV u in slot # is denoted by p,[n] = [a,[#n], bu[n]]T and the
UAVs’ location matrix is given by P[n] = {pu [n],Yu el }

In this paper, a joint transmission scheme is considered as a downlink CoMP tech-
nique. In addition, the disjoint clustering approach is considered to limit the coop-
eration range of CoMP as well as reduce the time delay and the processing overhead.
The overall system model is illustrated in Fig. 1. Suppose that the network is divided
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Fig. 1 System model showing a downlink UAV-assisted cellular system with disjoint clusters: This figure
shows the overall system model, in which joint transmission scheme is considered as a downlink CoMP
technigue. In addition, the disjoint clustering approach is considered to limit the cooperation range of CoMP
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at each slot # into M[n] clusters such that the set of all transmission nodes in cluster m
e M[n] =1{1,2,...,M[n]} at slot nis denoted by L,,[n] ={1,2,...,Ly[n]}, where L,,[n]
is the number of transmission nodes in this cluster. Meanwhile, the set of users in cluster
m at slot n is represented by ICy,[n] = {1,2,...,Kyu[nl}, where K,,[n] is the number of
users in this cluster.

Let /4 ;1] be the channel gain between UAV u and user k in cluster m at slot n. As

such, i1,y ,,[1] can be given by ki (1] = 4/} uk m[n]huk 7], where hbk n1nland th 7]
are the large-scale and the small-scale channel coefficients from UAV u to user k in clus-

ter m at slot #, respectively. Specifically, /" uk.m(7] can be expressed as [15]

_ gUAV

B
ukm[n] _hO\/(Hpu[n] _pk,m“§+H2) ) (1)

where / is the channel power gain at a distance 1 m, py,, = |axm» bim] T is the hor-
izontal location of user k € K = {1,2,...,K} in cluster m and BYAV denotes the path
loss exponent related to the air-to-ground link. Furthermore, hik, »11]is modeled by the
Rician fading model [15] as follow:

ukm \/1+ ukm U ukm (2)

where 8 is the Rician factor, Euk,m [n] with Euk,m [n]’ = 1 represents the deterministic

channel component and Zuk’m[rz] ~ CN(0,1) denotes the scattered fading channel
parameter.

The ground channel gain between GBS g and user k in cluster m is denoted by fo 1,
where fo = \/Tm]fg( - Darticularly, g?( o~ CN(0,1) is the small-scale fading coeffi-

cient from GBS g to user k in cluster m and represents the large-scale channel gain

gk m
between GBS g and user & in cluster m, which can be expressed as [16]

B!
/SGS

e foHpg pka , (3)

where fj represents the channel power gain at a distance 1 m and GBS is the path loss
exponent related to the ground link.

Let x ,, be the unity power information signal destined to user k in cluster m. Thus,
the received signal at user k in cluster m1 at slot # can be written as

Zemln) = > \/Pucmlnlgh 1115k 1%k

l€Lonln]

+ Z Z \ Pll m[”]g[k m g]k m xz m

i#k,ieK,,[n] le Ly[n)

+ Z Z Z \/ Py [n l’km[n]gl’k m 1%y + ek ms

m £ m, Vekynllel,,
m' € M[n]
(4)
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where Py, [1], gl%(’ ,1nland gli, »11] are the transmit power, the large-scale channel gain,
and the small-scale channel coefficient from the transmission node / to user k in cluster
m at slot n, respectively. In (4), the first term is the desired signal of the user that received
from its own cluster, the second term represents the intra-cluster interference comes
from the signals transmitted to other users by the same cluster, the third term is the
inter-cluster interference resulting from the simultaneous transmission by other clus-
ters, and ey, ~ CN (0, 02) denotes the additive white Gaussian noise (AWGN) received
at user k in cluster m1. Then, the downlink achievable data rate Ry ,,[#] of user k in cluster
m at slot n can be expressed as

Rk,m [n] =W logy

Yl Loy ln] Vil 17185 1]

1+
2HY gk SieLmln) Hom MV Ly L Sverc i Sver i) Y0 ! P8 )
i€ Kmln) & M m &
(5)
s 2 s ol s 2
where Yikm[1] = P[] ‘glk,m (]| » Viim[n] = Py [n] ‘g[k,m[”] s Vuinmnl = Py n] gl/k,m[n]‘

and W denotes the wireless channel bandwidth.

2.2 System constraints
The presented system model is subject to some requirements, which will be provided in this
sub-section.

2.2.1 Clustering constraints

The formed clusters are subject to some constraints, that is, the transmission nodes and
users in each cluster do not overlap with the members of other clusters; the union of all
clusters does not exceed the set of all transmission nodes and the set of users; and the
maximum number of the transmission nodes in each cluster m is limited by L].**. To this

end, the clustering constraints are given by

Lm0 Lyy[n] =0, UL,[n] = L,Ym, m' € M[n],m # m',Nn e N, (6)
Km[n] N K n] = 0,UK 0] = K,Ym,m' € M[n],m # m',Yn e N, (7)
Li[n] < L™, Vm € M[n],Vn e N. (8)

2.2.2 UAV motbility constraints

Suppose that the maximum distance that each UAV u can move between any two suc-
cessive slots is d™®, which is affected by the maximum speed of UAVs. Assume also
that the minimum distance between any two UAVs is d™" to guarantee that no collision
exists. In addition, the initial and final locations of each UAV u are overlapped at the
same position p'P. Therefore, the trajectory of each UAV u is subject to the following
constraints,

|puln+1] = p,lnl||, < d™Vu e U,Yn € N, ©)



Abdelhakam et al. J Wireless Com Network ~ (2023) 2023:93 Page 7 of 19

|puln] — py ()|, = d™" Vu,u' € U,u # u/,¥n € N\{1,N}, (10)

p,1] =P p,IN] = pi,Yu e U. (11)

2.2.3 Backhaul capacity constraints

The maximum capacity of the backhaul link varies based on the physical medium uti-
lized (e.g., copper, optical fiber, or microwave connections). Based on [17, 18], the back-
haul capacity consumption for the transmission node / can be considered as the sum of
the achievable rates of the users in cluster m where the transmission node / is located
at each slot n. Then, backhaul capacity constraints are defined by limiting the backhaul
capacity consumption to the maximum capacity of the backhaul link CIBH. Therefore,
backhaul capacity constraints can be given by

Zkenm[n] Rimln] < CEH VI € L,,[n],Ym € M[n],Vn e N. (12)

2.3 Problem formulation

It is noted that the achievable data rate at each user depends on the selected CoMP clus-
ter of this user and the channel gain parameters (or the UAVs’ locations). Therefore, the
optimization problem to jointly optimize CoMP clusters and UAVSs’ trajectories to maxi-
mize the sum rate of the users while guaranteeing clustering, UAV mobility, and back-
haul capacity constraints is formulated as follows:

max Z Z Z Rim(n]
L[n], K (1], p, [l neN meM(n] kek,,(n)
VYme M[n,ueU,n e N

st (6) — (12).

(13)

The optimization problem in (13) is combinatorial due to CoMP cluster variables, and
non-convex due to the non-concave objective function and the non-convex constraints
(10) and (12). Therefore, problem (13) is a NP-hard MINLP problem, which cannot be
solved directly. The main variables used in the problem formulation and their meaning
are summarized in Table 1.

3 Proposed approach

In this section, problem (13) is partitioned into two sub-problems, where the CoMP
clusters and UAVS’ trajectories are optimized separately while fixing other variables. Par-
ticularly, for the first sub-problem, CoMP clusters are optimized with given UAVs’ tra-
jectories by using coalitional game theory [19]. Meanwhile, for the second sub-problem,
UAVS’ trajectories are optimized with given CoMP clusters by means of SCA technique
[20]. Then, BCD method [21] is used to alternatively solve these two sub-problems until
convergence. The following sub-sections show the details of the proposed solution.

3.1 CoMP clusters optimization
With fixed UAVS’ trajectories, problem (13) can be reformed into
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Variable Meaning Variable Meaning
K Set of ground users K Number of ground users
u Set of UAVs U Number of UAVs
g Set of GBSs G Number of GBSs
L Set of all transmission nodes L Number of all transmission nodes
Lnln] Set of transmission nodes in cluster m at Lm[n] Number of transmission nodes in cluster m
slotn atslotn
N Set of time slots N Number of time slots
Min Set of clusters at slot n M[n] Number of clusters at slot n
Kmlnl Set of users in cluster mat slotn Kmlnl Number of users in cluster mat slot n
Q/Lkm[”] Large-scale channel gain from the transmis- gim[’ﬂ Small-scale channel coefficient from the
' sion node [ to user k in cluster mat slot n ' transmission node / to user k in cluster m
atslotn
Pim[nl  Transmit power from the transmission node Ry m[n] Downlink achievable data rate of user k in
| to user k in cluster mat slotn clustermat slotn
Py Horizontal position of each GBS g puln] Horizontal coordinate of each UAV uin slotn
Pim Horizontal location of user k in cluster m P[n] UAVS'location matrix in slotn
p" Initial and final locations of each UAV u w Wireless channel bandwidth
B Rician factor T Flight cycle of each UAV
Lex Maximum number of the transmission C/BH Maximum capacity of the backhaul link at
nodes in each cluster m the transmission node /
gmax Maximum distance that each UAV u can gmin Minimum distance between any two UAVs
move between any two successive slots
max Z Z Z Ric (1]
(Lm (1], Kin[n]lm € M(n],n € N) neN me Mn) kek,[n] (14)
s.t.  (6) —(8),(12).

Although UAVS’ trajectories are fixed, problem (14) is still difficult to solve in its
current form. To deal with this issue, the CoMP clusters problem is reformulated as a

coalitional formation game, which can be used to provide efficient disjoint clustering.

Particularly, the transmission nodes set L is treated as a set of players, which will negoti-

ate with each other to form clusters. To avoid forming a grand coalition, the utility func-

tion for each cluster 7 can be defined as follows:

otherwise.

U (Ly[n]) :{
Vm e M[n],Vn e N,

R(L[n)), if(CP — R(Lpy[n]) =

0),Vl € Ly[n],
(15)

where R(L,,[n]) = ZkelCm[n] R[] is the benefit for cluster 7. Due to cost existence

in the utility function, which is represented by the backhaul capacity limitation, the for-

mulated (£, U) coalitional formation game is non-superadditive with an empty core [22].

Thus, the merge and split method is used to deal will this problem, where two main rules

are used for forming and breaking clusters as follows:

Definition 1
whenever the utility function

{L1[n], Lo[n), ..., Lyn]} — ;":/1 Lj[n].

(Merge Rule) Merge any set of Coalitions {L1[n], £2[ﬂ]
satisfies

Ly [n]}
(L [n]) < LI(U L[ n]), thus
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Definition 2 (Split Rule) Split any coalition UIW’ZN1 Lj[n]whenever the utility function satis-
fies LI(U;"ZH1 Lj[n]) < ijzﬁl L[(Ej [n]), therefore U;"ZH1 Lj[n] — {L1[n], La[n], ..., Lyr[n]}.

The proposed clustering algorithm is presented in Algorithm 1. The candidate clusters
are chosen in merge operation such that the maximum cluster size L);** satisfies. The
stability of the proposed algorithm is shown in the following proposition.

Proposition 1 The obtained result from Algorithm 1 converges to IDy,-stable clusters,
which means that no players in £ are interested to form another cluster sets as proved in
[22].

3.2 UAVS' trajectories optimization
With fixed CoMP clusters, UAVS’ trajectories optimization problem can be given by

max Ry u[n]
(pulnlluc UneN) nez;/mg,;[n] ke%:[n] : (16)

st. (9 —(12).

Algorithm 1: Proposed Algorithm for Solving the CoMP Clusters Optimization Problem

Initialization:
All L transmission nodes are divided into M[n] = L disjoint clusters £ [n], L,[n], ..., Ly [n].
Repeat: For each cluster £,,,[n],m = 1,2, ..., M[n],L,[n] # @
1) Choose candidate clusters Ly[n], £,([n], ..., £, [n], where Lj[n] < L3™ — Ly, [n],j =
1,2,..,m'.
2) Merge operation: If U(L,,[n]) + U(Lj[n]) < U(Lm[n] U Lj[n]),j =1,2,..,m/, then
L[] = {Ln[n] U L;[n]}, £;[n] = 0.
3) Choose candidate subsets £ [n], £,[n], ..., £, [n] for L., [n].
4) Split operation: If U(Ly[nl/L;[n]) + U(L[n]) > U(Lplnl),j = 1,2,...,m", then
L,[n] = {Lm [n]/L; [n]} and find an empty cluster L;mpty [n] = {Lj [n]}A

Until Merge and split iterations converge.

Output: L,,[n], K, [n].

However, problem (16) is still a non-convex optimization problem. To deal with such
non convexity, we first rewrite Ry ,,[#] as follows,

Ry ] = Ry pnln) — R ], 17)
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where

i?k,m[n] =W 10g2 62 + Z Z Z Yritm' [n]glL/k,m [}’l] ’
m' e M(n] i€ K lnl el (n]

Remlnl =Wlogy | o>+ > > vumbilginl+ D SN0 vewlnlgh |

i £k, leLy[n) w £ m, ek, n] I'el,, [n]

i€ Kpln] m' € M(n]

Then, we introduce the auxiliary variables g[n] = {of,,[1] > 0,¥k € K,u[n], Ym € M(n],Vn € N}
and ¢ = { Gl = 19, 17) — Pioull% Vit € U VK € Kuln), ¥ € Min, ¥ e N} Therefore, - problem

(16) can be reformed into

max Z Z Z Ok,m["]

Py 1), 0k,mn)s Cukmnl| N meMn) keKu[n
( uell ke Kylnl )”e el kekonll (18)

VYm e M[n],ne N

s.t. f?k,m [n] — f?k,m (n](¢[n]) > ok mn], Yk € Kpu[n],Vm € M[n],Vne N, (18a)

> (Remln @l = Rilil) < CPU VL€ Ll Y € MU Yn e N, qap)
keky[n]

Hpu[n] _pk,mHi > Cukomn), Yu € U,Vk € Kpy[n),Vm € M[n],¥n e N,

(18¢)
% —-Qan.

It can be observed that problem (18) is still non-convex due to the new non-convex con-
straints. However, the SCA technique can be utilized, where the functions are approxi-
mated to their bounds in each iteration around a local point.

We consider first the function IAQk,m [n], which is convex for ||p, (1] — py ||§. Around a
local point P[1]®, the lower-bound first-order Taylor expansion IA?}:’xer [1]® can be given as

Renl) = R 01O =Rigln) (PO ) + Bt} (P11
(et i, = st el "

where

0( 25 )1082(©) Ctesatn Sy 1 Sttty Peton 11| )| (] = pil; + H2)

O+ D e M) 2ot ey (1] Dot e Ly (n) YT (g ]

Stmln] =

Second, consider the function Ek,m [1], around a local point P[n]®, the upper-bound
first-order Taylor expansion EZ}ZEH [1]® can be obtained as
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Rinln) < REP () ® =Ry ) (P )
+ ikl (PO <Hpu[n]“> ~ P, [Pl —pk,m\|§>

+ Sy mlon) (PI) ) <,,

2
u’[n](t) _pk,mH2 - ”pu/[ﬂ] _pkva;)’
(20)

where

UAV A
2 2 -5
Wh0<ﬁ ; >1ogz(e)(z P2k Suctmln) Puim Sy (Hpu[n]—pk‘mHz-f—H2) ) )
ie Kmln)

81l =
m 2T ixk, TieLoln MmN T ek, ) 2L, n T gy, 7]
ieKmlnl o & M)

SZk,m (n]

UAV

UAV ) ) B

Who </3 2 )‘052(3) ( Z o #m, Zi/e)Cm/ [n] Eu/eumr [n] Pu/i’,m’[n]‘hz’k,m[n]‘ (le/ ] _I’k,mHZ +H2> )
m' e M[n]

Moreover, considering the constraints in (18c), around a local point p,,[#] @ the lower-
bound first-order Taylor expansion for the convex function on the left side is applied. Then,
(18c¢) can be written as follows:

[P ~ b+ 2 (210~ pi) (Bl = 2A®) 2 sl Vi < 1

€ Kulnl,Ym € M[n],Yn e N.
(21)

Similarly, the constraints in (10) can be converted as follows:

2 T
i = py ) +2(p, 1] = pe1®) (Bl = P + py1]® = )

> dminZ’\V/u’ M, c u,u ;ﬁ u/,Vﬂ € N\{I:N}

(22)

By utilizing the above approximations, problem (18) can be represented at iteration
(t + 1) by the following problem

max Z Z Z Ckmln]
Puln] 0km (1), Sukm M1\ N meMin) kercmn (23)
u e U,/( (S ’Cm[n])

VYme M[n],ne N

st. R[] — Repul[n) (£ [1)) > 0k mln], Yk € Kinln],Vm € M[n],¥n e N,
(23a)

> (iek,m [n) (¢ [n]) — ie;f’,}j“[nr”) < CPL VI € Lyn[n],Ym € Mn],¥n e N,
kekm(n]
9), (11), (21), (22).
(23b)
Problem (23) at iteration (¢ 4+ 1) is a convex optimization problem, thus it can be
solved efficiently by CVX [23]. Using the SCA technique, the solution for UAVS’ trajecto-
ries optimization problem can be obtained by solving the problem (23) iteratively, where
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the local point P[#]® is updated in each iteration. The procedure for solving the UAVs’
trajectories problem is described in Algorithm 2.

3.3 Overall algorithm
Based on BCD method, the overall algorithm for solving the problem (13) is presented
in Algorithm 3, where the convergence is guaranteed following the same proof in [24].

Algorithm 2: Proposed Algorithm for Solving the UAVs’ Trajectories Optimization Problem

Initialization:
Initialize the values for p,,[n]®, vu € U, vn € V.
Sett = 0.
Repeat:
1) Updatet =t + 1.
2) Solve the convex problem (23) to obtain the optimal values for

Pu [n]*r Qk,m [Tl] *, (uk,m [n]*- Vu € U,Vk € ]Cm [n]
,vm € M[n], ’

3) Update p,[n]® = p,[n]".

Until Convergence.

Output: p, [n]®.

Algorithm 3: Proposed Algorithm for Solving the CoMP Clusters and UAVs’ Trajectories Optimization

Problem

Initialization:

Initialize the values for p,,[n] ), ym e M([n],Yu € U, Vn € N.

Initialize t' = 0.

Repeat:
1) Updatet' =t"+ 1.
2) Obtain £,,[n](), %,,[n](t) by solving the problem (14) with Algorithm 1, given py,[n](¢'=1.
3) Obtain p,[n](t") by solving the problem (23) with Algorithm 2, given £,,, [n]®"), %, [n]®").

Until Convergence.

Output: £,,[n]®"), 3¢, [n] ), p, [n]").
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4 Numerical results and discussion

4.1 Experimental method

This section provides numerical results to evaluate the performance of the proposed
solution. We consider a cellular network with a square coverage of 1 km x 1 km,
where G = 18 GBSs and K =70 users are randomly placed. The maximum UAV
velocity and the duration of each slot in the UAV flight cycle are 60 mps and 5 s [25],

respectively. Therefore, 4™

is set as 300 m. Circular filling scheme [26] is adopted to
define the initial UAVs’ trajectories. The common parameters used in the simulation
are listed in Table 2. The dimensions of the area where UAVs are deployed are implic-
itly considered due to the UAV mobility constraints in (9) and (11). Particularly, the
constraints in (9) limit the moving distance for each UAV, which is based on the maxi-
mum speed that the UAV can fly and the duration of the UAV flight cycle. In addition,
the constraints in (11) force the UAVs to return to the same location. Furthermore,
UAVs are required to fly near ground users that are located in the specified coverage
area to improve the sum rate of the users. Therefore, the UAVs are guaranteed not to
move far away from the considered coverage area of the cellular network. However,
considering the dimensions of the deployment area for UAVs explicitly is interesting
and can be studied in future work. The altitude of UAVs is fixed at 100 m [16] and the
height of GBSs is fixed at 25 m [27, 28], and therefore, the collision between UAVs
and GBSs can be prevented.

The proposed algorithm is compared with the static trajectory scheme provided in
[29] and the user-centric clustering scheme offered in [14]. In addition, five scenarios for
the proposed solution are compared in the simulation, namely, Scenario 1: CoMP clus-
ters and UAVS’ trajectories are collaboratively optimized, i.e., the proposed scheme in
this paper (denoted as C-T-OPT); Scenario 2: CoMP clusters are optimized with circu-
lar filling trajectories (denoted as C-OPT-With-CFT); Scenario 3: UAVS’ trajectories are
optimized in the non-CoMP scheme (denoted as T-OPT-With-non-CoMP); Scenario
4: CoMP clusters are optimized with static trajectories (denoted as C-OPT-With-ST);
Scenario 5: UAVS’ trajectories are optimized with fixed cluster size (denoted as T-OPT-
With-FCS). The locations of users, GBSs, UAVs’ circular filling trajectories and UAVs’
static trajectories are shown in Fig. 2.

Table 2 Simulation parameters

Parameter Value Parameter Value
w 20 MHz [7] ﬂUA\/ 21[16]
o2 — 174 dBm/Hz [7] BOBS 415]
Transmit power of (UAV, GBS) (24, 30) dBm [5] U 2

ho —60dB [16] B 20 Mbps
fo —40dB[16] Lmax 4

w 8 N 12

H 100 [16] gmin 10 [16]
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Fig. 2 Locations of users, GBSs, and UAVS'trajectories in the horizontal dimension: This figure depicts
the simulation setup, where the locations of users, GBSs, UAVs' circular filling trajectories and UAVs' static

trajectories are clarified
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Fig. 3 Cumulative distribution functions of system sum rate: This figure shows the cumulative distributions
of the sum rate for the five scenarios of the proposed solution and the two comparable schemes

4.2 Performance evaluation

The cumulative distributions of the sum rate for the five scenarios of the proposed solu-

tion and the two comparable schemes are shown in Fig. 3 when the number of users

is 70. It is obvious that all proposed solution scenarios outperform the scheme pro-
vided in [29]. This is because the solution in [29] did not optimize the UAVS’ trajecto-
ries and did not apply CoMP transmission which can help to mitigate the co-channel

interference and hence improve the system performance. Moreover, C-T-OPT and

C-OPT-With-CFT outperform the user-centric clustering scheme in [14], which vali-

date that the optimization of the UAVS’ trajectories can help to reduce the inter-cluster

interference. Furthermore, the optimization of trajectories in a non-CoMP scheme i.e.,
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Fig. 4 Sum rate comparison for a different number of users when CE = 20 Mbps: This figure illustrates
the sum rate versus a different number of users for all scenarios of the proposed solution and the two
comparable schemes, where the number of users is changed from 40 to 80
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Fig. 5 Number of iterations statistics for a different number of users when C/BH = 20 Mbps: This figure shows
the convergence speed in terms of the number of iterations required by the proposed solution, where the
number of users is changed from 40 to 80

T-OPT-With-non-CoMP can improve the sum rate compared with the scheme in [14].
In addition, C-T-OPT can improve the sum rate by about 4.3% compared with C-OPT-
With-ST. On the other hand, applying a fixed cluster size degrades the performance
which validates that the collaborative optimization scenario can adapt the cluster size to
improve the sum rate. Specifically, the sum rate of C-T-OPT is reduced by 72.93% when
fixed cluster size is considered.

Figure 4 illustrates the sum rate versus a different number of users for all scenarios of
the proposed solution and the two comparable schemes. The number of users is changed
from 40 to 80. The results show that all scenarios of the proposed solution outperform
the scheme offered in [29] when the number of users is greater than 50. Specifically, the
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sum rate enhancement is about 4.2 x, 4.1 x, 4 x, 4 x and 0.5 x for C-T-OPT, C-OPT-
With-CFT, T-OPT-With-non-CoMP, C-OPT-With-ST, and T-OPT-With-FCS, respec-
tively, in comparison with the scheme in [29]. However, compared with the algorithm in
[14], C-T-OPT, C-OPT-With-CFT, T-OPT-With-non-CoMP, and C-OPT-With-ST can
improve the sum rate performance at a large number of users. This is because the algo-
rithm in [14] did not consider the backhaul capacity constraints and the performance is
degraded due to the limited capacity that the backhaul link can support.

The convergence speed in terms of the number of iterations required by the pro-
posed solution is depicted in Fig. 5. As shown, the proposed algorithm is converged
after a small number of iterations under a different number of users. Specifically, the
objective value of problem (13) can converge using Algorithm 3 within 32 and 33 iter-
ations on average when the number of users is 70 and 80, respectively.

Figure 6 shows the sum rate versus different values of the maximum capacity that
the backhaul links can support when the number of users is 70. The maximum capac-
ity of the backhaul link is changed from 10 to 50 Mbps. As expected, in all schemes,
the sum rate is increased when the maximum capacity of backhaul links increases.
Compared with the algorithm in [14], the sum rate enhancement of C-T-OPT,
C-OPT-With-CFT, T-OPT-With-non-CoMP, and C-OPT-With-ST is about 9.82%,
7.17%, 6.17%, and 4.32%, respectively. In addition, the sum rate improvement of C-T-
OPT, C-OPT-With-CFT, T-OPT-With-non-CoMP, and C-OPT-With-ST is more sig-
nificant than the algorithms in [14] and [29] when the maximum capacity of backhaul
links increased. This is due to considering the backhaul capacity constraints in the
proposed solution.

Figure 7 represents the sum rate versus different values of the maximum cluster size
that changed from 3 to 7 for all CoOMP scenarios when the number of users is 70. The
results show that the C-T-OPT, C-OPT-With-CFT, and C-OPT-With-ST can select the

10 1
C-T-OPT

C-OPT-With-CFT
T-OPT-With-non-CoMP
—<4—C-OPT-With-ST
—e—T-OPT-With-FCS
—e— Static Trajectory Scheme
——User-Centric Clustering Scheme

©o

Sum Rate (Gbps)

L L L 1 L L L

0
10 15 20 25 30 35 40 45 50
Maximum Capacity of Backhaul Link (Mbps)

Fig. 6 Sum rate comparison with different values of backhaul link's capacity when K = 70 users: This figure
illustrates the sum rate versus different values of the maximum capacity that the backhaul links can support
when the number of users is 70 where the maximum capacity of the backhaul link is changed from 10 to 50
Mbps
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Fig. 7 Sum rate comparison with different sizes of clusters when C/BH = 20 Mbps and K = 70 users: This
figure represents the sum rate versus different values of the maximum cluster size that changed from 3 to 7
for all CoMP scenarios when the number of users is 70

cluster size that achieves the maximum sum rate. However, increasing the cluster size
in T-OPT-With-FCS will reduce the sum rate and degrade the CoMP performance. In
contrast, the performance of the user-centric clustering scheme in [14] is improved
when the cluster size is increased. However, when the cooperation range is increased
in CoMP transmission, it will require a long-time delay and high processing overhead
for the user’s data. In conclusion, the proposed solution can improve the CoMP perfor-
mance when disjoint clustering is considered because of optimizing the UAVs’ trajec-
tories jointly with the CoMP clusters, which can address the inter-cluster interference

problem.

5 Conclusion

In this paper, the downlink sum rate maximization problem is studied in a UAV-assisted
cellular system. In particular, the joint CoMP clusters and UAVSs’ trajectories optimi-
zation problem is formulated under clustering, UAV mobility, and backhaul capacity
constraints. To solve this non-convex MINLP problem, we partitioned it into two sub-
problems: CoMP clusters and UAVS’ trajectories optimization. For the CoMP clusters
sub-problem, it is reformulated as a coalitional formation game and solved by the merge
and split method. Meanwhile, for UAVs’ trajectories sub-problem, it is solved by the
SCA technique. Then, a BCD-based algorithm is proposed to solve the two sub-prob-
lems alternatively till reaching convergence. The results demonstrate the improvement
in the system performance in terms of sum rate. Specifically, the sum rate improvement
of the proposed solution is about 4.2 x compared to an existing static trajectory scheme.

Abbreviations

UAV Unmanned aerial vehicle
CoMP  Coordinated multi-point
SCA Successive convex approximation
BCD Block coordinate descent

loT Internet of things



Abdelhakam et al. J Wireless Com Network ~ (2023) 2023:93 Page 18 of 19

GBS Ground base stations
MINLP  Mixed-integer nonlinear programming
LoS Line-of-sight
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