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Abstract— Recently, unmanned aerial vehicles (UAVs) have
attracted lots of attention because of their high mobility and low
cost. This article investigates a communication system assisted by
multiple UAV-mounted base stations (BSs), aiming to minimize
the number of required UAVs and to improve the coverage
rate by optimizing the three-dimensional (3D) positions of UAVs,
user clustering, and frequency band allocation. Compared with
the existing works, the constraints of the required quality of
service (QoS) and the service ability of each UAV are considered,
which makes the problem more challenging. A three-step method
is developed to solve the formulated mixed-integer programming
problem. First, to ensure that each UAV can serve more number
of users, the maximum service radius of UAVs is derived
according to the required minimum power of the received signals
for the users. Second, an algorithm based on artificial bee
colony (ABC) algorithm is proposed to minimize the number of
required UAVs. Third, the 3D position and the frequency band
of each UAV are designed to increase the power of the target
signals and to reduce the interference. Finally, simulation results
are presented to demonstrate the superiority of the proposed
solution for UAV-assisted communication systems.

Index Terms— Wireless communication, unmanned aerial vehi-
cles (UAVs), quality of service (QoS), base stations (BSs), three
dimensional (3D) deployment.

I. INTRODUCTION

THE fifth-generation (5G) mobile communication net-
work targets for lager capacity, higher robustness, lower

latency, and larger dense of users [1]. Nowadays, the number
of mobile users and devices in the internet of things (IoT)
is explosively increasing. It is forecasted that the number of
IoT devices will reach 80 billion in the whole world by 2030
[2]. However, current terrestrial networks are facing great
challenges to satisfy the access requirement. Especially for
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the remote areas lacking of terrestrial infrastructures and the
disaster-affected areas with terrestrial infrastructures damaged,
the communication service of ground users and devices cannot
be satisfactorily guaranteed. Therefore, there is an urgent need
for a new paradigm to improve the coverage ability of cellular
networks.

Recently, unmanned aerial vehicle (UAV) has begun to
play a more and more important role in assisting wireless
communication networks and attract increasing attention, due
to its high agility, high mobility, and high robustness of line-
of-sight (LoS) channel [1], [3]–[9]. For an area having limited
terrestrial infrastructures or facing an explosion of data traffic,
UAVs can be employed as base stations (BSs) to offload the
transmission tasks. Compared to ground BSs, UAVs can be
used in many extreme environments and complex geographic
conditions. Besides, thanks to their flexible and controllable
mobility, UAVs can be rapidly deployed to the target areas
and achieve on-demand coverage. Thus, UAV-assisted wireless
communication is a promising technology for 5G or future
wireless networks.

A. Related Works

In general, there are several typical topics about the appli-
cation of UAVs as BSs, for example, the deploying of
a single UAV or multiple UAVs [10]–[13], improving of
the quality of service (QoS) [14]–[16], modeling of air to
ground (A2G) channel [10], [17], planning of UAV’s trajectory
[18]–[22], cooperating of BSs and terrestrial infrastructures
[23], [24], optimizing of energy efficiency [25], [26], and joint
deployment and beamforming for UAV BS communication
[27]–[29]. Among all these topics, the deployment of UAVs is
a significant and fundamental one. Many researchers have con-
tributed greatly to solving the problem of UAV deployment.

There are early works exploring the deployment of a single
UAV. The authors in [10] modeled the A2G path loss for low
altitude platforms (LAP), such as, BSs whose altitudes are
less than 3000 meters. Their model showed that there are two
main propagation groups, which are the LoS links and none-
line-of-sight (NLOS) links via reflection and/or diffraction.
In [11], the optimal altitude which can maximize the coverage
region was obtained. In [30], a new three-dimensional (3D)
deployment method of one UAV was proposed for maximum
coverage under the constraint of users’ different QoS. In [31],
a method was proposed to obtain the 3D position of one UAV
to cover the largest number of users in a certain area. In [32],
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TABLE I

MAIN CONTRIBUTION OF RELATED WORKS

an improved multi-population genetic algorithm was proposed
to optimize the 2D position of one UAV for a maximum
number of users served by the UAV. In [33], a deployment
method of UAV BS was proposed to maximize the number of
served users as well as minimize the transmit power.

Nevertheless, as the distribution of users becomes more
complicated and the demands for communication quality of
users increase rapidly, it may be too difficult for a single
UAV to assist the communication system. Therefore, lots of
attention has been paid to the deployment problem of multiple
UAVs. First, some works are devoted to deploy multiple
UAVs according to the geographical situation. In [34], the 3D
positions of UAVs were optimized to maximize the coverage
area and coverage lifetime of UAVs. In [35], the optimal
altitudes of UAVs were analyzed to obtain a certain coverage
area that requires a minimum transmit power of UAVs. Then,
to reduce the cost and ensure a full coverage of ground users,
the authors in [36] proposed an ordered algorithm to minimize
the number of UAVs required to serve all the ground users.
Similarly, in [37] the elephant herding optimization algorithm
[38] was utilized to minimize the number of required UAVs.
In [39], the deployment problems of multiple UAVs with
known and unknown user locations were studied, considering
the constraint on the maximum number of users served by
each UAV.

To further improve QoS, the research has been extended
from 2D deployment to 3D deployment. In [13], a genetic
algorithm based K-means (GAK-means) was applied to cluster
users and the Q-learning algorithm was utilized to obtain
the optimal deployment and movement of multiple UAVs,
so as to maximize the quality of experience (QoE) of the

UAV-assisted wireless network, but the number of UAVs is
not optimized. Also using reinforcement learning method,
an energy efficient approach was proposed in [40] to control
UAVs to cover users in a fair way, while ignoring the coverage
of a few users. In [41], the authors minimized the number
of required UAVs by optimizing the positions of the UAVs
using the edge-prior placement (EPP) algorithm, but the QoS
of each user is not guaranteed. The scenarios and contributions
of existing literatures for the deployment of UAV-assisted
wireless networks are summarized in Table I.

B. Motivation and Contributions

Different from the existing works [11], [13], [34]–[36], [41],
in this article, we consider to deploy multiple UAV BSs to
serve ground users, where the coverage rate is maximized
with as few as possible UAVs. In particular, we optimize the
3D positions of UAVs, user clustering, and frequency band
allocation, under the constraints of service ability of each UAV
and minimum signal-to-interference-plus-noise ratio (SINR)
requirement of each user. The main contributions of this article
are summarized as follows.

1) We formulate a 3D deployment problem incorporat-
ing both the service ability of UAVs and the QoS
requirement of each user, which is shown to be
a mixed-integer programming problem with NP-hard
complexity. To solve this problem, we propose a
sub-optimal solution with three steps, namely, maximum
service radius determination, user clustering, and 3D
deployment.

2) In the first step, to maximize the number of users
covered by each UAV and to ensure the fairness of the
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number of users served by each UAV, we derive the
maximum service radius by theoretically controlling
the altitudes of the UAVs. We particularly consider
the altitude constraint of the UAVs and the QoS
requirement of the users. The optimal altitude and the
corresponding service radius are obtained by using the
Karush-Kuhn-Tucker (KKT) conditions.

3) In the second step, given the maximum service radius,
we minimize the number of user clusters, where
each cluster is served by one UAV and the service
ability, i.e., the maximum number of users that each
UAV can serve, is taken into account. To solve this
problem, we propose an ordered artificial bee colony
(ABC)-based user clustering algorithm.

4) In the third step, given the user clustering, we optimize
the 3D positions and band allocation for UAVs.
Different from that in the first step where the altitudes
of UAVs are optimized without attaching to specific
users, the design in this step is to improve the QoS of
the users by adjusting the 3D positions and optimizing
the band allocation for UAVs, subject to a specific user
clustering. In particular, the 2D position of each UAV
is optimized to increase the received signal power. The
frequency band of each UAV is optimized to decrease
the inter-cluster interference. After that, the altitude
of each UAV is optimized to minimize the maximum
interference power of each user.

5) Finally, we evaluate the performance of the proposed
algorithm for UAV-assisted wireless network. Simulation
results show that compared to the benchmark schemes,
the proposed strategy can significantly reduce the
number of UAVs and improve the QoS.

C. Organization

The rest of this article is organized as follows. In Section II,
we introduce the system model and formulate the problem for
UAV deployment. In Section III, we provide our solution for
the formulated problem. In Section IV, the simulation results
are provided to show the superiority of the proposed solution.
Finally, in Section V, we conclude this article.

Notation: a, a and A denote a scalar, a vector, and a set,
respectively. R

M×1 denotes the M -dimensional space of real
numbers. |A| represents the cardinality of set A. For two sets
A1 and A2, A2 ← A1 denotes the insertion of all the elements
of A1 into A2, while A2 ⊂ A1 means that A2 is a subset of
A1, and A2\A1 represents the elements of A2 that are not
included in A1. ∅ is an empty set.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As shown in Fig 1, we consider a downlink wireless com-
munication system with multiple UAVs transmitting data to K
ground users.1 The users randomly distribute in a 2D rectangu-
lar area D = {(x, y)|xmin ≤ x ≤ xmax, ymin ≤ y ≤ ymax}.

1Actually, the connectivity of the backbone network among UAVs should
also be considered [39], [42]. In this article, we suppose the backbone network
among UAVs and the access links between users and UAVs are with different
frequencies. Furthermore, the bandwidth of the backbone links is assumed
sufficiently large.

Fig. 1. The considered wireless communication system assisted by UAV
BSs.

Let K = {1, 2, · · · , K} denote the set of users. Each user k ∈
K has a fixed position wk = [xk, yk]T ∈ R

2×1. Meanwhile,
UAVs should be deployed in a 3D area P = {(x, y, h)|xmin ≤
x ≤ xmax, ymin ≤ y ≤ ymax, hmin ≤ h ≤ hmax}, and we
have xmin < xmax, ymin < ymax, and hmin < hmax. Let
M = {1, 2, · · · , M} denote the set of UAVs. The position
of each UAV m ∈ M is pm = [xm, ym, hm]T ∈ R

3×1.
Besides, let B = {1, 2, , · · · , B} denote the set of available
frequency bands and there is no interference between any two
different frequency bands. Each UAV can utilize at most one
frequency band to serve multiple users. The frequency band of
UAV m is denoted by bm, and the set of UAVs operating in
band b is denoted by Mb. For each cluster of users served
by one UAV, orthogonal multiple access (OMA), such as
orthogonal frequency division multiple access (OFDMA) and
time division multiple access (TDMA), is employed. Thus,
the intra-cluster interference is avoided. Due to the resource
limitation for UAV platforms, we suppose that there are Nmax

orthogonal resource blocks in each frequency band, such as
sub-carriers for OFDMA systems and time slots for TDMA
systems. In each cluster, one resource block can only be used
by one user for communication. Therefore, the service ability,2

which means the maximum number of users that each UAV
can serve, can be determined by Nmax.

A. Channel Model

In the Internet-of-Things (IoT) and wireless communica-
tions, the channel model is a very important factor [43]–[45].
For wireless communications, the link between UAVs and
users may be blocked by obstacles, such as, buildings and
plants, causing a mixture of LoS and NLoS environments.
Then, the large-scale coefficient of the channel between UAV
m and user k is modeled by [46]:

βm,k(dm,k) =

�
β0 d−α

m,k LoS environment,

κ β0 d−α
m,k NLoS environment,

(1)

2In general, the service ability is determined by the available resource
of a UAV and the requirement of users. For example, in [41], the service
ability is defined as the capacity of a UAV divided by the average bandwidth
requirement of each ground user. For TDMA systems, the service ability of
a UAV may be given by the total number of time slots.
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where β0 is the path loss at the reference distance (d0 =
1 m) for LoS environments, κ ∈ (0, 1) is a real number which
represents the attenuation loss for NLoS environments, α is
the modeling parameter related to the path loss, dm,k is the
distance between UAV m and user k, which can be represented
as follow:

dm,k =
�

hm
2 + sm,k

2 =
sm,k

cos θm,k
, (2)

where hm is the altitude of UAV and sm,k is the projected 2D
distance between UAV m and user k which can be expressed
as sm,k =

�
(xk − xm)2 + (yk − ym)2, and θm,k is the

elevation angle between UAV m and user k.
The probability of existing an LoS link between UAV m

and user k is modeled by [46]:

PLoS(θm,k) =
1

1 + a exp(−b(θm,k − a))
, (3)

where a and b are modeling parameters related to the environ-
ment. Then, we can obtain the probability of NLoS environ-
ment as PNLoS(θm,k) = 1− PLoS(θm,k).

Thus, the channel gain between UAV m and user k can be
modeled as follows [46]:

ḡm,k(dm,k, θm,k) � PLoS(θm,k)β0dm,k
−α

+ PNLoS(θm,k)κβ0dm,k
−α

= P̂LoS(θm,k)β0dm,k
−α, (4)

where P̂LoS(θm,k) = PLoS(θm,k)+PNLoS(θm,k)κ represents
a regularized LoS possibility [46], including both the LoS and
NLoS environments.

We refer to the SINR of each user as the measurement of
the communication quality. For user k, the SINR is given by:

Em,k =
Pm,k

Ik + σ2
, (5)

where Pm,k is the signal power received at user k from UAV
m, Ik is the interference power at user k, and σ2 is the power
of the additive white Gaussian noise. Pm,k and Ik can be
calculated by equation (6) and equation (7), respectively.

Pm,k = ḡm,k × Pt, (6)

Ik =
�

m�∈Mb\m

Pm�,k, (7)

where Pt denotes the power of the transmit signal for each user
and b is the band utilized by UAV m. In the considered system,
we assume that the power of the transmit signal for each user is
the same. Thus, the maximum transmit power for each UAV is
upper-bounded by NmaxPt. Only when inequality Em,k ≥ E0

is satisfied can user k successfully communicate with UAV m,
where E0 is the threshold of the SINR. We define an indicator
function to represent the connection between users and UAVs,
i.e.,

γm,k =

�
1, user k is served by UAV m,

0, otherwise,
(8)

which means that user k is served by UAV m for γm,k = 1,
and γm,k = 0 otherwise. Then, we define the coverage rate

C as the percentage of the users being successfully served,
which can be calculated by:

C =

�
m∈M

�
k∈K

γm,k

K
. (9)

B. Problem Formulation

We aim to use the minimum number of UAVs to serve as
many users as possible. However, with the increase of the
coverage rate, more UAVs are required to be deployed. There
is a basic tradeoff between the number of UAVs and the cov-
erage rate. Therefore, we formulate the objective function as a
weighted summation of the number of UAVs and the reciprocal
of the coverage rate. The positions of UAVs, the connection
between UAVs and ground users, and the frequency band
allocation variables are jointly optimized as follows:

min
{pm},{γm,k},{Mb}

ρ1 |M|+ ρ2

C
(10)

s.t. pm ∈ P , ∀m ∈M, (10a)

γm,k ∈ {0, 1}, ∀k ∈ K, ∀m ∈M, (10b)�
m∈M

γm,k ≤ 1, ∀k ∈ K, (10c)

�
k∈K

γm,k ≤ Nmax, ∀m ∈ M, (10d)

�
b∈B
Mb =M, (10e)

Mb

�
Mq = ∅, ∀b, q ∈ B, b 	= q, (10f)

Em,k ≥ E0γm,k, ∀k ∈ K, ∀m ∈ M, (10g)

where ρ1 and ρ2 are the weight coefficients and ρ1 
 ρ2

indicates that increasing the coverage rate has a priority over
decreasing the number of UAVs. Constraint (10a) confines the
feasible region of UAVs’ position. Constraint (10b) specifies
the range of γm,k. Constraint (10c) indicates that each user
should be served by at most one UAV. Constraint (10d)
indicates that the number of users served by each UAV
should be no more than Nmax. Constraints (10e) and (10f)
indicate that each UAV should utilize one frequency band only.
Constraint (10g) indicates the SINR requirement, i.e., QoS, for
communication between UAV m and user k.

It is noteworthy that there are continuous variables and
integer variables in the formulated problem, which is a
mixed-integer programming problem with NP-hard complexity
[47]. In the next section, we will develop a suboptimal solution
of Problem (10).

III. SOLUTION OF THE PROBLEM

In this section, we propose a solution to solve the problem.
First, since the coverage rate has a priority, we assume that all
the users are successfully served by the UAVs, and minimize
the number of UAVs. To this end, we optimize the altitudes of
UAVs to derive the maximum service radius under the target
power of received signals to make the number of users served
by each UAV as close to Nmax as possible, which can also
ensure the fairness between different UAVs. Then, given the
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maximum service radius, we propose an efficient algorithm to
minimize the number of clusters of users, i.e., the number of
UAVs. Finally, for each UAV serving one cluster, we optimize
the 2D position of each UAV to maximize the minimum
received power and allocate the band for each UAV to meet
the SINR requirement of each user. After that, we optimize the
altitudes of UAVs to reduce the maximum interference power
of users.

A. Maximum Service Radius

Since the SINR of each user is highly coupled with the
positions of UAVs, it is difficult to directly obtain the optimal
solution of {pm}, {γm,k}, and {Mb}. To simplify the original
problem, we suppose only when Pm,k ≥ P0 can user k com-
municate with UAV m, where P0 is defined as the minimum
required power.3 Define ḡ0 = P0

Pt
as the minimum channel gain

for successful communication. Then, the constraint on Pm,k

can be transferred to a constraint on ḡm,k, i.e., ḡm,k ≥ ḡ0.
We define the maximum service radius as the largest 2D

distance between a UAV and a user that enables communica-
tion. According to (4), the maximum service radius rser can be
obtained by optimizing the flight altitude of the UAV. When
there is no constraint for the altitude of UAV, the optimal
altitude hopt for the maximization of the maximum service
radius has been obtained in [11]. However, when there exist
constraints on the minimum and maximum altitudes, the solu-
tion in [11] may not always be feasible. In the following,
we develop a solution for the maximization of the service
radius.

We use h and r to denote the altitude and the service radius
of one UAV, respectively. Then, the problem of maximizing
the service radius can be formulated as follows:

max
r,h

r (11)

s.t.
1 + κae−b(arctan h

r −a)

1 + ae−b(arctan h
r −a)

β0(r2 + h2)−
α
2 ≥ ḡ0 (11a)

hmin ≤ h ≤ hmax. (11b)

Problem (11) can be solved according to KKT conditions.4

We denote the elevation angle from a UAV to a ground user as
θ. By using the trigonometric relation h = r tan θ, the problem
can be described as follows:

min
r,θ

− r (12)

s.t. ḡ0 − 1 + κae−b(θ−a)

1 + ae−b(θ−a)
β0

	 r

cos θ


−α

≤ 0 (12a)

r tan θ−hmax ≤ 0 (12b)

hmin − r tan θ ≤ 0, (12c)

3An upper bound on the interference power will be derived accordingly
to satisfy the SINR constraint in Section III-C. An appropriate threshold
P0 should be selected to achieve the tradeoff between the signal power and
interference power.

4Problem (11) is a non-convex problem, and thus the KKT conditions obtain
a suboptimal solution.

and the Lagrange function is presented below:

L(r, θ, λ1, λ2, λ3) = −r

+ λ1[ḡ0 − 1 + κae−b(θ−a)

1 + ae−b(θ−a)
β0

	 r

cos θ


−α

]

+ λ2(r tan θ − hmax) + λ3(hmin − r tan θ), (13)

where λ1, λ2, λ3 indicate the Lagrange multipliers.
We use rser to represent the maximum service radius and

θ∗, λ∗
1, λ∗

2, λ∗
3 are the optimal solutions of the Lagrange duality

problem which minimize the Lagrange function in (11). The
following intermediate variables are adopted to simplify the
function expressions:

ḡ∗ =
1 + κae−b(θ∗−a)

1 + ae−b(θ∗−a)
β0(

rser

cos θ∗
)−α, (14)

ḡ�1 =
β0( rser

cos θ∗ )−α

[1 + a eΘ]2
, (15)

ḡ�2 =
180
π

(1 − κ)abeΘ − α tan θ∗(1 + κaeΘ)(1 + aeΘ),

(16)

Θ = [−b(
180
π

θ∗ − a)]. (17)

where ḡ∗ represents the optimal channel gain derived by
substituting rser and θ∗ into (4), ḡ�1, ḡ�2 and Θ are intermediate
variables used to simplify expressions.

Therefore, according to the KKT conditions, the parameters
should satisfy the following conditions:

ḡ0 − ḡ∗ ≤ 0, (18a)

rser tan θ∗ − hmax ≤ 0, (18b)

hmin − rser tan θ∗ ≤ 0, (18c)

λ∗
1 ≥ 0, λ∗

2 ≥ 0, λ∗
3 ≥ 0, (18d)

λ∗
1(ḡ0 − ḡ∗) = 0, (18e)

λ∗
2(rser tan θ∗ − hmax) = 0, (18f)

λ∗
3(hmin − rser tan θ∗) = 0, (18g)

∂L

∂r
= −1 +

λ∗
1α

cos θ∗
1 + κaeΘ

1 + aeΘ
(

rser

cos θ∗
)−α−1

+λ∗
2 tan θ∗ − λ∗

3 tan θ∗ = 0, (18h)
∂L

∂θ
= −λ∗

1ḡ
�
1ḡ

�
2 +

λ∗
2rser

cos2 θ∗
− λ∗

3rser

cos2 θ∗
= 0, (18i)

Based on the above analysis, a general form of rser and the
optimal θ∗ can be derived according to the following three
propositions.

Proposition 1: If λ∗
2 = λ∗

3 = 0, then rser is given by:

rser =
cos θ∗

logα( g0

P̂LoS(θ∗)
)β0

. (19)

Proof: If λ∗
2 = λ∗

3 = 0, then hmin < rser tan θ∗ < hmax

according to (18f) and (18g). Therefore, (18h) and (18i) can
be rewritten as:

∂L

∂r
= −1 +

λ∗
1α

cos θ∗
1 + κaeΘ

1 + aeΘ
(

rser

cos θ∗
)−α−1 = 0, (20)

∂L

∂θ
= −λ∗

1ḡ
�
1ḡ

�
2 = 0. (21)
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Based on (20), λ∗
1 can be presented as:

λ∗
1 =

1
α

cos θ∗
1+κaeΘ

1+aeΘ ( rser

cos θ∗ )−α−1
, (22)

which is a positive value. Hence, according to (18e), the fol-
lowing equation must be satisfied:

ḡ0 − ḡ∗ = 0. (23)

Since λ∗
1 > 0 and ḡ�1 > 0, (21) can be simplified as

ḡ�2 = 0, where θ∗ is the only unknown variable and can
be obtained by using the bisection search. By inserting θ∗

into (23), the optimal service radius rser is given by (19).
Proposition 2: If λ∗

2 > 0, λ∗
3 = 0, then rser is given by:

rser =
cos θ∗

logα+1
(1−λ∗

2 tan θ∗) cos θ∗(1+aeΘ)

λ∗
1α(1+κaeΘ)

. (24)

Proof: If λ∗
2 > 0, λ∗

3 = 0, we have rser tan θ∗ = hmax

according to (18f) and (18g). Therefore, (18h) and (18i) can
be rewritten as:

∂L

∂r
= −1 +

λ∗
1α

cos θ∗
1 + κaeΘ

1 + aeΘ
(

rser

cos θ∗
)−α−1 + λ∗

2 tan θ∗ = 0,

(25)
∂L

∂θ
= −λ∗

1ḡ
�
1ḡ

�
2 +

λ∗
2rser

cos2 θ∗
= 0. (26)

Based on (26), λ∗
1 can be presented as:

λ∗
1 =

λ∗
2rser

cos2 θ∗ḡ�1ḡ
�
2

, (27)

which is a positive value according to (18d). Thus, (23) should
also be satisfied as well.

By solving simultaneous equations (23), (25), (26) and
rser tan θ∗ = hmax, θ∗, λ∗

1, λ
∗
2 can be determined, and rser

is given by (24).
Proposition 3: If λ∗

2 = 0, λ∗
3 > 0, then rser is given by:

rser =
cos θ∗

logα+1
(1+λ∗

3 tan θ∗) cos θ∗(1+aeΘ)

λ∗
1α(1+κaeΘ)

. (28)

Proof: If λ∗
2 = 0, λ∗

3 > 0, we have rser tan θ∗ = hmin

according to (18f) and (18g). Therefore, (18h) and (18i) can
be rewritten as:

∂L

∂r
= −1 +

λ∗
1α

cos θ∗
1 + κaeΘ

1 + aeΘ
(

rser

cos θ∗
)−α−1 − λ∗

3 tan θ∗ = 0,

(29)
∂L

∂θ
= −λ∗

1ḡ
�
1ḡ

�
2 −

λ∗
3rser

cos2 θ∗
= 0. (30)

Based on (29), λ∗
1 can be presented as:

λ∗
1 = − λ∗

3rser

cos2 θ∗ḡ�1ḡ�2
, (31)

which is a positive value according to (18d). Thus, (23) should
also be satisfied.

By solving simultaneous equations (23), (29), (30) and
rser tan θ∗ = hmin, θ∗, λ∗

1, λ
∗
3 can be determined, and rser

is give by (28).

Considering the above three propositions, the maximum
service radius rser is obtained as follows:

rser =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

cos θ∗

logα( g0

P̂LoS(θ∗)
)β0

, λ∗
2 =λ∗

3 =0,

cos θ∗

logα+1
(1−λ∗

2 tan θ∗) cos θ∗(1+aeΘ)
λ∗
1α(1+κaeΘ)

, λ∗
2 >0, λ∗

3 =0,

cos θ∗

logα+1
(1+λ∗

3 tan θ∗) cos θ∗(1+aeΘ)

λ∗
1α(1+κaeΘ)

, λ∗
2 =0, λ∗

3 >0,

(32)

and the corresponding altitude of the UAV is given by h∗ =
rser tan θ∗. Note that if λ2 > 0 and λ3 > 0 hold simultane-
ously, we have rser tan θ∗ = hmax and rser tan θ∗ = hmin

according to (18f) and (18g), respectively. It contradicts with
the fact hmax > hmin. Thus, all possible solutions of prob-
lem (12) are derived in (32). The feasible region of the KKT
equation (18) is divided to three subspaces, which correspond
to the three cases of different values of λ∗

2 and λ∗
3 in (32).

For each case, we should solve the corresponding equation
set to obtain λ∗

2 and λ∗
3 and verify whether the obtained

solutions satisfy the priori condition on λ∗
2 and λ∗

3 of this case.
The obtained solutions that satisfy the priori condition are
compared, and the one which achieves the maximum service
radius is the final solution. From the above three propositions,
we observe that the maximum service radius is influenced by
both the altitude constraint and the minimum channel gain
for successful communication. When hmin ≤ hopt ≤ hmax

holds, which corresponds to case 1 in (32), the altitude of
UAV for maximizing the service radius is given by hopt. For
hopt > hmax and hopt < hmin cases, which correspond to
case 2 and case 3 in (32), the altitude of UAV for maximizing
the service radius is given by hmax and hmin, respectively,
because the optimal altitude does not satisfy the constraint.
For all three cases, the maximum service radius is readily to
be derived for the given altitude of UAV as shown in (32).

Deploying a UAV at proper altitude h∗ = rser tan θ∗, a user
who has sm,k = rser always satisfies ḡm,k = ḡ0. Thus, we can
transfer the constraint of channel gain, as shown in (10g), into
the constraint of service radius, expressed as follows:

γm,ksm,k ≤ rser , (33)

which means the distance between UAV m and a user k served
by it should be no more than rser .

And Problem (10) can be rewritten as follow:

min
{pm},{γm,k}

|M| (34)

s.t. pm ∈ P , ∀m ∈M, (34a)

γm,k ∈ {0, 1}, ∀k ∈ K, ∀m ∈M, (34b)�
m∈M

γm,k = 1, ∀k ∈ K, (34c)

�
k∈K

γm,k ≤ Nmax, ∀m ∈ M, (34d)

γm,ksm,k ≤ rser , ∀k ∈ K, ∀m ∈ M. (34e)

Note that Problem (34) is also a mixed-integer programming
problem, which is difficult to solve. Therefore, an Ordered
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ABC-based Placement (OAP) algorithm is proposed to deal
with the problem. The algorithm consists of two parts. First,
we determine the service users of each UAV by clustering
users into different groups, each group of users is served by
one UAV. Then, we decide the 3D position of each UAV
according to the clustering condition.

B. User Clustering

In this subsection, we propose an algorithm to cluster
users into different groups. User clustering is helpful to solve
problem in wireless communication [48]–[51]. Users in group
m are served by UAV m, whose number should be no more
than Nmax considering the service ability of each UAV. The
largest service area of each UAV is a circular area with the
position of UAV as the center and rmax as the radius. The
service users of each UAV must be within the largest service
area of the UAV, and the number of service users should be as
close as Nmax in order to minimize the number of required
UAVs.

Therefore, the user clustering problem is simplified as
follow:

min
{γm,k}

|M| (35)

s.t. γm,k ∈ {0, 1}, ∀k ∈ K, ∀m ∈M, (35a)�
m∈M

γm,k = 1, ∀k ∈ K, (35b)

�
k∈K

γm,k ≤ Nmax, ∀m ∈M, (35c)

γm,krm,k ≤ rser , ∀k ∈ K, ∀m ∈ M.. (35d)

In order to solve this problem, we develop a hybrid
algorithm combining heuristic algorithm and ABC algorithm,
which is the first part of our OAP algorithm. The heuristic
algorithm, referring to [36] and [41], can reduce the solution
space of ABC algorithm so that the proper solution can be
found more quickly. ABC algorithm is effective in finding the
optimal solution under constraints [52].

In the m-th iteration, the goal is to determine the center
position Fm

c of group m, ensuring the group to contain as
many users as possible. First, we find users located at the
boundary of uncovered area and put them into the set of
boundary users Kbo while other users are in the set of inner
users Kin. Then, the boundary user farthest from the center
of the uncovered area will be picked up as feature user k0

of the group. The selection of k0 can effectively reduce the
existence of isolated users, who cannot be covered by one
UAV with other users. Feature user k0 is selected as shown
in Fig. 2.

After selecting feature user, users at a distance of more
than 2rser away from user k0 are removed from consideration
because they are impossible to be served by the same UAV
with user k0. Such process can reduce the invalid solution
space of ABC algorithm. We define the set of users whose
distance from k0 does not exceed 2rser as Klocal and divided
them into the set of boundary users Klocal,bo and the set of
inner users Klocal,in. After that, the center of the cluster Fm

c is

Fig. 2. The selection method of feature user k0.

Algorithm 1: Ordered ABC-Based User Clustering
Algorithm

Input:
User set K, user locations {wk}

Output:
The number of groups |M| and set L

1: Initialize m = 1, L = ∅, KU = K
2: while KU 	= ∅ do
3: Find boundary user set KU,bo ⊆ KU and update inner

user set KU,in ← KU\KU,bo.
4: Choose k0∈KU,bo which is farthest from the center of

the uncovered area
5: Add every boundary user whose distance to k0 is no

more than 2rser to the set Klocal,bo.
Add every inner user whose distance to k0 is no more
than 2rser to the set Klocal,in.

6: Use Algorithm 2 to obtain Lm.
7: Set KU ← KU\Lm.
8: Update m = m + 1.
9: Add Lm to L.

10: end while
11: |M| = m.

return L, |M|.

determined by applying ABC algorithm and a group of users
Lm ⊂ K is obtained as well.

For each user l ∈ Lm, we have γm,l = 1, which means this
group of users will be served by UAV m.

The above process repeats until all the users are grouped.
Details of the proposed algorithm are provided in Algorithm 1.

Algorithm 1 describes the process of clustering users into
different groups. Step 10 invokes ABC algorithm to decide the
center of cluster, which is detailed in Algorithm 2.

ABC algorithm was proposed by Karaboga in 2005 to solve
multivariable function optimization problems [52]. The idea
behind the formulation is to find the proper solutions by
imitating the behavior of employed bees, onlooker bees and
scout bees cooperating with each other to search for food. The
algorithm is described as follows.
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Algorithm 2: ABC Procedure

Input: {wk}k∈K ∈ R
2×1, Klocal,bo, Klocal,in, k0, Nmax,

rser , Np, Tabc, Ts

Output: Lm

1: Randomly initialize the set of possible positions for
cluster’s center F (0), t = 1.

2: while t ≤ Tabc do
3: if t = 1 then
4: Calculate the fitness values of the positions in F (0).

Record the greatest fitness value fm
c and the optimal

position Fm
c .

5: end if
6: for i = 1 : Np do
7: Pick a location F

(t)
i in the neighborhood of F

(t−1)
i .

Calculate the distance s(F (t)
i ,k0), and normalize it if

s(F (t)
i , k0) > rser .

8: Calculate its fitness value f
(t)
i and compare it with

f
(t−1)
i . Choose the one with greater fitness value.

9: end for
10: For each F

(t)
i , calculate Pi = 0.9∗f

(t)
i

max
i

f
(t)
i

+ 0.1.

11: for j = 1 : |F0| do
12: for i = 1 : Np do
13: Generate a random number n.
14: if n < Pi then
15: Break.
16: end if
17: if i == Np then
18: i = 1
19: end if
20: end for
21: Select a position F

(t)
inew

in the neighborhood of F
(t)
i .

Examine the distance s(F (t)
inew

, k0) and normalize the

distance if s(F (t)
inew

, k0) > rser .

Calculate the fitness value of F
(t)
inew

and replace F
(t)
i

with F
(t)
inew

if it has a greater fitness value.
22: end for
23: Calculate the greatest fitness value max

i
f (t) in F (t)

and updated fm
c and Fm

c if max
i

f (t) > fm
c .

24: If no position around F
(t)
i has larger fitness value than

F
(t)
i after Ts times iteration, randomly generate a new

F
(t)
i .

25: Update t = t + 1.
26: end while
27: Add users located in the circle with center Fm

c and
radius rser to set Lm.
return Lm.

1) Initialization: We generate the initial solution set F (0) =
{F (0)

1 , · · · , F (0)
Np
}, where Np represents the total number

of solutions. Every initial solution F
(0)
i = (x(0)

i , y
(0)
i ) is

a possible position for the center of the current cluster
and the distance between every position and k0 is no
more than rser .

2) Fitness Value Calculation: After initialization, we start
searching for the best position of the cluster’s center
according to different bees’ behavior. The iteration t is
taken as an example to illustrate the iterative process.
For every solution F

(t)
i , we calculate its fitness values in

order to find the optimal solution Fm
c with the highest

fitness value fm
c . The fitness value of F

(t)
i is defined as:

f
(t)
i (x(t)

i , y
(t)
i ) =

⎧⎪⎨
⎪⎩

α1Nbo + α2Nin,

Nbo + Nin ≤ Nmax.

0.01, Nbo + Nin > Nmax.

(36)

where Nbo indicates the number of boundary users in
Klocal,bo covered by the circle with F

(t)
i as center and

rser as radius, while Nin indicates the number of inner
users in Klocal,bo covered by the circle. α1 and α2

represent the weights of Nbo and Nin, respectively,
and satisfy α1 > α2. Users located on the boundary
should be preferentially covered compared to inner users
because the reduction of a boundary user may lead to
a reduction for the number of UAVs [36]. The fitness
value means when the number of users covered by the
circle is no more than Nmax, the more covered users,
the more likely for F

(t)
i to be chosen as the optimal

solution. However, when the number of users covered
by the circle is more than Nmax, which means that the
number of users exceeds the maximum service ability
of UAV, we set a penalty factor f

(t)
i = 0.01 to avoid

this situation.
By calculating the fitness values of all candidate posi-
tions, we obtain the maximum fitness value fm

c and the
best position Fm

c among those possible positions.
3) Employed Bees Phase: For t > 1, an employed bee

searches for another possible position F
(t)
i for cluster’s

center in its neighborhood as follows:

F
(t)
i (e) = F

(t−1)
i (e) + φ(F (t−1)

i (e)− F
(t−1)
j (e)),

(37)

where e = 1, 2 represents the x or y coordinate, j 	=
i, and φ ∈ [−1, 1] is a random number. F

(t−1)
i is the

position of the employed bee in the (t− 1)-th iteration.
First, to calculate the 2D distance between feature
user k0 and every possible position F

(t)
i , we define

s(F (t)
i , k0) =

�
(x(t)

i − xk0)2 + (y(t)
i − yk0)2 as the 2D

distance function. If s(F (t)
i , k0) > rser , which means

the cluster with center F
(t)
i can not cover k0, we select

the new position F
�(t)
i = (x�(t)

i , y
�(t)
i ) to replace F

(t)
i by

normalizing s(F (t)
i , k0) to be rser , which is given by⎧⎪⎪⎨

⎪⎪⎩
x
�(t)
i =

rser

s(F (t)
i , k0)

(x(t)
i − xk0 ) + xk0 ,

y
�(t)
i =

rser

s(F (t)
i , k0)

(y(t)
i − yk0) + yk0 .

(38)

After examining and adjusting the position of F
(t)
i ,

we calculate its fitness value f
(t)
i and compare it with

the fitness value of F
(t−1)
i . The one with higher fitness
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value is selected as the new candidate position. Finally,
the set of cluster centers F (t) is derived.

4) Onlooker Bees Phase: Onlooker bees start searching in
the neighborhood of the candidate positions according to
a probabilistic model. For position F

(t)
i , the probability

of being chosen by an onlooker bee is given by [52]:

Pi =
0.9 ∗ f

(t)
i

max
i

f
(t)
i

+ 0.1, (39)

where max
i

f
(t)
i presents the greatest fitness value of

the positions in F (t). Every onlooker bee generates
a random real number n ∈ (0, 1). If n < Pi, then
the onlooker bee chooses F

(t)
i and search for a new

position F
(t)
inew

in its neighborhood according to (37).
After adjusting the position and calculate its fitness
value, the one with higher fitness value will replace F

(t)
i .

Finally, the position set F (t) is updated.
Then we recalculate the greatest fitness value max

i
f

(t)
i

of the positions in F (t) and compare it with fm
c . If it

is greater than fm
c , then we update fm

c and the optimal
position Fm

c .
5) Scout Bees Phase: If no better position is found after

searching Ts times, where Ts represents the largest
searching time, the old position will be given up while
the scout bee will randomly generate a new position
and start its searching. It is an effective process to
remove local optimums at the expense of computational
complexity.

The iteration will be repeated until the iteration time is up to
the maximum value Tabc. The position Fm

c with the maximum
fitness value is selected as the final position for the cluster’s
center. The users located in the circle with center Fm

c and
radius rser are stored in set Lm.

When operating the proposed user clustering algorithm,
Algorithm 2 is invoked to obtain the cluster center and the
users assigned to each group. In Algorithm 2, the complexity
of line 1 is O(Np |Klocal|). For each iteration, the complexity
of lines 2-26 is O(2Np |Klocal|). After iteration, the com-
plexity of line 27 is O(|Klocal|). Thus, the complexity of
Algorithm 2 is O(TabcNp |Klocal|). Consequently, the com-
putational complexity of the proposed algorithms for user
clustering is O(TabcNp |M| |Klocal|).

C. 3D Deployment and Band Allocation

For given L = {L1, · · · ,L|M|}, user l ∈ Lm satisfies
γm,l = 1. For each group, one UAV should be deployed to
serve the users. Note that the altitude optimization for the
UAVs in Section III-A is to theoretically derive the maximum
service radius. However, the SINRs of users within the service
radius are not taken into account. Thus, the main idea of the
proposed 3D deployment method is to improve the SINR. The
2D position of each UAV is optimized to improve the received
signal power. The frequency bands are allocated to UAVs and
the altitude of each UAV is adjusted to reduce the interference.

1) 2D Deployment: First, the 2D position of UAV m is
optimized.5 To maximize the channel gain between m and
its service users in Lm, the 2D distance between UAV m
and users in Lm should be as short as possible. Therefore,
we should minimize the 2D distance between UAV m and the
farthest user in Lm, which can be expressed as follow:

min
{xm,ym}

max
l∈Lm

sm,l (40)

s.t. xmin ≤ xm ≤ xmax ∀m ∈M, (40a)

ymin ≤ ym ≤ ymax ∀m ∈ M, (40b)

where sm,l denotes the 2D distance between UAV m and user
l in Lm.

The above problem is a convex optimization problem and
can be solved by using optimization tools such as CVX [53].
Then, the 2D coordinates (xm, ym) of UAV m are obtained,
and the smallest service radius rm

min of UAV m to serve all
the users in Lm is determined as:

rm
min = max

l∈Lm
sm,l. (41)

2) Band Allocation: After determining the 2D positions of
all UAVs, we allocate the frequency bands. According to (5)
and (7), since the received signal power of user k served by
UAV m satisfies Pm,k ≥ P0, to meet the SINR constraint
Em,k ≥ E0, an upper bound on the interference at user k
from UAV m� ∈Mbm is defined as follows:

Pm�,k ≤ P0/E0 − σ2

|M| − 1
. (42)

The channel gain between user k and UAM m� is represented
as ḡm�,k = Pm�,k

Pt
, and constraint (42) is equivalent to

ḡm�,k ≤ P0/E0 − σ2

(|M| − 1)× Pt
� ĝ0. (43)

Similar to the definition of the maximum service radius,
the minimum interference radius is defined as the smallest
2D distance between UAV m� and user k that ensures the
interference channel gain no larger than ĝ0. Specifically,
the interference radius rinterf can be derived by substituting
the optimal altitude h∗ into (43). If the 2D distances between
user k served by UAV m and the other UAVs in the same band
with UAV m are no smaller than the minimum interference
radius, i.e., sm�,k ≥ rinterf , ∀m� ∈ Mbm , the SINR
constraint of user k is satisfied.

To reduce the inter-cluster interference, we develop the
following band allocation algorithm, which tries to keep the
distances between the UAVs in the same frequency band as
large as possible. In line 1, MU represents the set of UAVs
which have not been allocated with frequency band. Then,
|B| UAVs are allocated with orthogonal frequency bands and
removed from MU as shown in lines 2 and 3.

Subsequently, in lines 4-16, we allocate the frequency bands
to the other UAVs in a successive manner. For each UAV mi ∈
MU , we choose UAV mb,close ∈ Mb which is the closest to

5In the user clustering phase, the channel gains of the users located within
the service radius are not considered. Hence, we need to optimize the positions
of UAVs and take the QoS of each user into account.
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Algorithm 3: Band Allocation
Input: M, L, B
Output: {Mb|b ∈ B}
1: Initialization: MU =M, Mb = ∅, ∀b ∈ B.
2: Select the UAV m1 closest to the center of the area.
M1 ← m1, MU =MU \m1.

3: Select |B| − 1 UAVs closest to UAV m1, namely, UAV
m2, · · · , m|B|.
M2 ← m2, · · · ,MB ← m|B|,
MU =MU \ {m2, · · · , m|B|}.

4: for i = |B|+ 1 : |M| do
5: Select the UAV mi ∈MU closest to UAV m1,
Mclose = ∅

6: for b = 1 : |B| do
7: Select the UAV mb,close ∈Mb closest to UAV mi,

Mclose ← mb,close, calculate s(mi, mb,close),
n(mi, mb,close).

8: end for
9: Select UAV mb1 and mb2 from Mclose, where

UAV mb1 satisfies s(mi, mb1) = max
b∈B

s(m, mb,close),

UAV mb2 satisfies n(mi, mb2) = min
b∈B

n(m, mb,close).
If UAV mb2 is not unique, choose the one with higher
s(mi, mb2)

10: if n(mi, mb1) = 0 then
11: Mb1 ← mi.
12: else
13: Mb2 ← mi.
14: end if
15: MU =MU \mi, m1 = mi.
16: end for

return {Mb|b ∈ B}.

UAV mi in each frequency band, and the set of the selected
UAVs is given by Mclose = {m1,close, · · · , mB,close}. Two
measurements are defined as the 2D distance from UAV
mi to UAV mb,close, s(mi, mb,close), and the number of
UAV mi’s users that suffer interference exceeding ĝ0 from
UAV mb,close, n(mi, mb,close). To reduce the interference,
the distance between two UAVs in the same frequency bands
should be as large as possible, and the number of users which
suffer interference lager than ĝ0 should be as small as possible.
Thus, in line 9, we select two candidate bands b1 and b2 which
can achieve the maximum s(mi, mb,close) and the minimum
n(mi, mb,close), respectively. If n(mi, mb1) = 0, which means
that the users served by UAV mi all satisfy constraint (43) in
band b1, then band b1 is allocated to UAV mi. Otherwise,
band b2 is allocated to UAV mi to guarantee the number
of users which do not satisfy constraint (43) as small as
possible.

3) Altitude Adjustment: Since both the service and interfer-
ence radiuses change with the flight altitude, we optimize the
altitudes of UAVs to improve the SINRs of users.

Let Lc represents users served by other UAVs in band b.
We first calculate the smallest 2D distance smin between UAV
m and users in Lc. which is presented as:

smin = min
l∈Lc

sm,l. (44)

Fig. 3. Curve of channel gain ĝ0 as a function of hm when rm is fixed.

Then, the altitude of UAV m is adjusted as follow:
1) If smin > rinterf

The interference power of each user served by other
UAVs from UAV m satisfies (42), the altitude hm

is adjusted to improve the received signal power of
users served by UAV m. According to (4), chan-
nel gain reduces with increasing distance between the
UAV and user. Thus, in order to improve the QoS
of the served users, we maximize the channel gain
between UAV m and the user which is served by
and the farthest from UAV m, and the 2D distance
of them is given by rm

min. Then the altitude hm is
calculated as:

hm =

⎧⎪⎨
⎪⎩

hmin, rm
min tan θ∗ < hmin,

rm
min tan θ∗, hmin≤rm

min tan θ∗≤hmax,

hmax, rm
min tan θ∗ > hmax,

(45)

where θ∗ is the optimal θ in Proposition 1.
2) If rm

min < smin < rinterf

To reduce the interference, the interference radius
rinterf of UAV m should be adjusted as follows:

rinterf = smin − ε, (46)

where ε is a small positive number. Since the channel
gain ḡm,l satisfies ḡm,l = ĝ0 when sm,l = rinterf , ε
guarantees smin > rinterf , ensuring the interference
power from UAV m to user l satisfies constraint (42).
To satisfy the constraint on interference power of user l
from UAV m, the altitude hm should satisfy:

ḡ(rinterf , hm) = ĝ0, (47)

and to ensure UAV m can serve users in Lm, the altitude
hm should satisfy:

ḡ(rm
min, hm) = ḡ0. (48)

According to Fig. 3, we can obtain hm1,l and hm1,s

from (47), where hm1,s ≤ hm1,l. Besides, hm2,l

and hm2,s, hm2,s ≤ hm2,l can also be obtained
from (48). The designed altitude is given by hm =
max{hm1,s, hm2,s, hmin}.
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Fig. 4. The flowchart of overall solution for joint UAV deployment, user assignment, and frequency band allocation.

3) If smin < rm
min

Since rm
min is the smallest service radius of UAV m,

if sm,l = smin, the SINR of user l cannot be ensured by
adjusting the service radius. After excluding user l from
Lc, we can obtain L�c = Lc\l, where each user l ∈ L�c
satisfies sm,l > rm

min. Then the smallest 2D distance
s�min between UAV m and users in L�c is derived, which
satisfies rm

min < s�min < rinterf .
Therefore, the interference radius rinterf , the optimal
altitude hm, and the service radius rm of UAV m are
derived according to (46), (47) and (48), respectively.

However, for different parameter settings, the solution of
equation (47) may be different. As shown in Fig.3, the channel
gain ḡ(rinterf , hm) changes with hm under different fixed
rinterf . It is observed that in some cases, there are two
solutions for equation (47). We use hm,s and hm,l to represent
the two solutions and suppose hm,s < hm,l. If hm,s < hmin,
hmin should be chosen as the altitude of the UAV m. If
hmin < hm,s < hmax, hm,s should be chosen as the altitude
of the UAV m.

Hereto, we obtain a suboptimal solution of the joint UAV
deployment, user clustering, and frequency band allocation
problem for multi-UAV assisted wireless communication
systems. The overall scheme of the proposed solution
is shown in Fig. 4. The computational complexity of
user clustering is O(TabcNp |M| |Klocal|) as discussed in
Section III-B. The complexity of determining UAVs’ 2D
position is O(|M|Nmax). The complexity of band allocation
is O(|M|2), and the complexity of altitude adjusting is
O(|M|). Therefore, the computational complexity of the
overall algorithm is O(|M|2 + TabcNp |Klocal| |M|).

IV. PERFORMANCE SIMULATIONS

In this section, we provide and analyze the simulation
results. In our simulations, the communication system consid-
ered is composed of ground users and UAVs. The minimum
altitude of UAVs is hmin = 100m, while the maximum altitude
of UAVs is hmax = 500m.6 We consider a sophisticated
urban environment [54], where a = 11.95, b = 0.14 and
α = 2. Therefore, we can calculate θ∗ = 0.69, rser = 578m,
respectively. Other parameter constraints in the simulation
process are shown in Table II.

6The proposed algorithms can be applied for any altitude range and it only
provides a theoretical guidance for UAV deployment. According to the system
setting, the optimal altitude of UAV for maximizing the coverage radius is
h∗ = 477m. Thus, we choose this altitude range for simulation similar to a
few other existing literatures, such as 200 ∼ 500m in [54] and 0 ∼ 600m in
[55], even though it may need political approval [56].

TABLE II

SIMULATION PARAMETERS

We choose K-means-based placement (KMP) algorithm,
ordered PSO-based placement (OPP) algorithm, unordered
ABC-based placement (UAP) algorithm and Edge-Prior Place-
ment (EPP) algorithm [41] as benchmark schemes in the
simulation.

KMP algorithm uses K-means clustering algorithm to clus-
ter users. Obviously, in the scenario where the number of
users is |K| and the service ability of each UAV is Nmax,
the minimum number of required UAVs is |K| /Nmax. There-
fore, we start from using |K| /Nmax UAVs and check whether
the constraints of UAV’s service radius and service ability are
satisfied. If not, add one UAV and repeat the above step until
all clusters meet the constraints.

OPP algorithm applies the same heuristic algorithm as OAP
algorithm when finding k0, but uses PSO algorithm instead of
ABC algorithm to cluster users. The maximum iteration times
and the population sizes of PSO algorithm are the same as
those of ABC algorithm.

UAP algorithm uses ABC algorithm directly without com-
bining with heuristic algorithm. Unlike OAP algorithm, UAP
algorithm picks a k0 randomly without distinguishing whether
it is a boundary point or inner point.

EPP is the algorithm proposed in [41]. In each iteration,
the boundary user farthest from the center of the uncovered
area is selected as k0. The Nmax − 1 users the closest to k0

are selected to evaluate whether the smallest circle covering
these Nmax users meet the constraint of UAV’s service radius.
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Fig. 5. Deployment conditions of the same user distribution using different algorithms.

Fig. 6. Comparison of number of required UAVs when using different algorithms.

If not, reduce one user from the selected Nmax− 1 users and
continue to find the smallest circle covering the other users
until the radius meets the constraint.

A. The Performance of Reducing the Number of UAVs

The grouping results of users obtained by OAP algorithm,
EPP algorithm, OPP algorithm, KMP algorithm and UAP
algorithm are shown in Fig. 5, where 200 users are randomly
distributed in 6km×6km area and the service ability of each
UAV is 8. The simulation results show that all of these
5 algorithms can solve the grouping problem of users while
satisfying the constraints, while OAP algorithm has a better
performance on reducing the number of UAVs.

Fig. 6 presents the result of comparing the number of
required UAVs with varying conditions when using different
algorithms. Each point is an average result of 100 different

distributions. It can be observed that compared with the
benchmark schemes, the proposed algorithm significantly
performs the best in minimizing the number of UAVs.
In particular, KMP scheme requires the largest number of
UAVs. Since OPP uses the same heuristic algorithm as OAP,
the result reveals that using the proposed heuristic algorithm
can effectively reduce the number of UAVs. While the number
of UAVs obtained by OAP is less than OPP, which shows the
superiority of ABC algorithm compared with PSO algorithm.
For EPP scheme, when deploying each UAV, it requires
to exhaustively search the combinations of Nmax − 1
users until the service radius constraint is satisfied. Thus,
the computational complexity of the deployment of each UAV
is O(2Nmax−1). Compared with EPP, the proposed solution
significantly reduces the computational complexity to a
polynomial time.
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Fig. 7. Comparison of received power and interference power before and after optimization.

Fig. 6(a) shows the comparison of UAVs’ number with
varying distribution regional area. It can be observed that with
enlarging regional area, more UAVs are needed to cover all
the users because the user distribution is less dense, making
it more and more difficult to cover many users by one UAV
considering the constraint on UAV’s service radius, and the
phenomenon is similar for all schemes. Besides, the ideal
solution is obtained based on the assumption that the service
radius of UAVs is infinite, which means that the number
of UAV BSs is given by |K| /Nmax. It can be noticed that
when the regional side length is relatively small, the proposed
solution is close to the lower-bound provided by the ideal
solution. However, with the regional side length increasing,
the gap between the proposed solution and the ideal solution
becomes more and more obvious.

The number of required UAVs with varying service ability
is shown in Fig. 6(b). When the service ability of UAVs is
relatively small, we can see a similar phenomenon for the
four schemes that the number of required UAVs decreases with
increasing service ability. However, with growing service abil-
ity, the service radius limits the number of users that one UAV
can actually serve. In this case, other benchmark schemes can
not find the optimal solution, while OAP algorithm performs
the best in reducing the number of UAVs.

In Fig. 6(c), it is observed that the number of UAVs
increases when the number of users increases. That is because
the constraint on service ability limits the number of users
one UAV can serve. Thus, more number of UAVs have to be
deployed to the region in order to serve the increasing number
of users.

The simulation results show that no matter how the envi-
ronment or the service ability changes, OAP algorithm can
always find the solution with the smallest number of UAVs in
a polynomial level of computational complexity, verifying the
superiority of the proposed user clustering algorithm.

B. The Performance of Improving Communication Quality

The effectiveness of improving the QoS by optimizing
the position and communication band of each UAV can be
evaluated by examining the average interference power and
the average received power of all users. The comparison of

interference power and received power with varying condition
for Pt = 30 dBW is shown in Fig. 7. Each point is an average
result of 100 different distributions.

Fig. 7(a) shows the comparison of received power and inter-
ference power before and after the optimization of 3D posi-
tions and band allocation with varying distribution regional
area. It is observed that the received power increases and the
interference power decreases when the region enlarges. The
reason is that for a larger region, the distribution of users
becomes less dense, making it less possible for a UAV to
cover users served by other UAVs and offer better service
for its users. Fig. 7(b) shows the comparison of received
power and interference power before and after the optimization
of 3D positions and band allocation with varying service
ability of UAVs. We can see that the received power does
not change much while the interference power decreases
with increasing area. That is because with increasing ser-
vice ability, more users located in a UAV’s service region
can be served by the UAV. Therefore, fewer users act as
interference. In Fig. 7(c), the received power decreases and
the interference power increases as the number of users
increases. The increasing number of users results in the
distribution of users to be more dense, which increases the
number of UAVs in the same band and thus introduces more
interference.

However, when examining the three figures in Fig. 7
together, we can find that no matter how the environment
or the service ability of UAV changes, the received power
after optimization always increases, and the interference power
decreases obviously after optimization, indicating the effec-
tiveness of optimizing UAV’s positions in improving commu-
nication quality.

Fig. 8(a) shows the coverage rate with varying distribution
regional areas. It can be observed that the coverage rate
increases when the region enlarges. Since the increasing area
leads to the distribution of users to be less dense, the inter-
ference power of each user decreases and thus the coverage
rate is enhanced. Fig. 8(b) shows the coverage rate with
varying service abilities of UAVs. It can be observed that the
coverage rate increases with the increasing of service ability.
The reason is as follows. As the service ability of each UAV
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Fig. 8. Comparison of coverage rate with different simulation parameters.

increases, the number of required UAVs decreases, and thus
the inter-cluster interference reduces. In Fig. 8(c), it can be
observed that the coverage rate decreases with the increasing
number of users. This is because when the number of users
increases, users are more and more likely to be located in the
interference area of other UAVs.

For all scenarios, we can find that the coverage rate is
always close to 100%, which indicates the superiority of
the proposed solution in maximizing the coverage rate of
users. Besides, the coverage rate increases with the increasing
number of frequency bands. This is because more available
frequency bands can reduce the number of UAVs in the same
frequency band and thus reduce the interference.

In summary, for the UAV 3D deployment problem under
constraint on service ability studied in this article, OAP
algorithm proposed in this article can effectively reduce the
number of UAVs, and the optimization of UAVs’ 3D positions
and frequency bands can reduce the system interference and
increase the channel gain to improve the communication
quality of the system.

V. CONCLUSION

In this article, we proposed a solution for deploying multiple
UAVs as BSs to serve ground users, considering the QoS
requirement of the users and the service ability of the UAVs.
The UAV deployment, user clustering, and band allocation
were optimized to minimize the number of required UAVs
and improve the coverage rate of the users. The solution
was divided into three steps. First, the maximum service
radius of UAVs satisfying the power requirement was derived
theoretically by applying KKT conditions. Second, an order
ABC-based algorithm was proposed to solve the problem of
minimizing the number of required UAVs under the constraints
of the service radius and service ability. Third, we allocated
the frequency band for UAVs and optimized their 3D posi-
tions to improve the QoS of the users given a specific user
clustering. In the last section, the simulation results were
presented. Compared to benchmark schemes, the proposed
solution can achieve a superior performance in terms of mini-
mizing the number of UAVs and improving the coverage rate
of users.
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