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Abstract

The application of unmanned aerial vehicles (UAVs) to emerging communication

systems has attracted a lot of research interests due to the advantages of UAVs, such as

high mobility, flexible deployment, and cost-effectiveness. The UAV-carried base

stations (UAV-BS) can provide on-demand service to users in temporary or emergency

events. However, how to optimize the communication performance of a UAV-BS with a

limited-bandwidth wireless backhaul is still a challenge. This paper focuses on

improving the spectrum efficiency of a UAV-BS while guaranteeing user fairness under

in-band backhaul constraint. We propose to maximize the minimum user rate among

all the users served by the UAV-BS by jointly optimizing the allocation of bandwidth

and transmit power, as well as the trajectory of the UAV-BS. As the formulated problem

is non-convex, we propose an efficient algorithm to solve it suboptimally based on the

alternating optimization and successive convex optimization methods. Computer

simulation results show that the proposed algorithm achieves a significantly higher

minimum user rate than the benchmark schemes.

Keywords: Unmanned aerial vehicle (UAV), UAV base station, In-band wireless

backhaul, Trajectory optimization, Resource allocation

1 Introduction

Unmanned aerial vehicles (UAVs) have the advantages of high mobility, flexible control,

easy deployment, and so on and have been used in various fields, such as inspection,

cargo delivery, search and rescue, and precise agriculture. Recently, it is found that UAVs

can help to improve the communication performance of wireless networks, especially the

forthcoming fifth-generation (5G) networks, and this technique is called UAV-assisted

wireless communication [1]. Both industrial and academic communities have conducted

researches on UAV-assisted wireless communication, which includes performance anal-

ysis, resource allocation, UAV placement and trajectory optimization, channel modeling,

and information security [2–5]. For example, Facebook has launched its UAV-assisted

communication project called Aquila, which uses a fleet of high-altitude UAVs to provide

Internet access over a vast area [5].
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UAV-assisted wireless communication has three main types of applications. The first

type is called UAV-carried base station (UAV-BS), which uses UAVs as aerial base stations

(BSs) to provide on-demand wireless coverage[6–9], especially in temporary or emer-

gency events, where terrestrial communication infrastructures fail to work due to damage

or overloading [10–17]. The second type is called UAV relaying, which uses UAVs as aerial

relays to provide wireless connection for users that cannot communicate to each other

directly [18–24]. The third type is called UAV-assisted Internet-of-Things (IoT) network,

where UAVs assist the IoT network in collecting/disseminating data from/to its nodes or

charging its nodes [25–27].

The researches on UAV-assisted wireless communication can be divided into two

directions, namely static UAV wireless communication or mobile UAV wireless com-

munication. The researches on the static UAV wireless communication assume that the

UAVs in the communication systems are quasi-static and mainly focus on optimizing

the placement/deployment of UAVs to improve communication performance. In [13], the

placement of a static UAV-BS has been optimized to maximize the revenue and common

throughput of the UAV-BS system. Compared to static UAV wireless communication,

mobile UAV wireless communication can fully utilize the UAVs’ potential to improve

communication performance, by optimizing UAVs’ trajectories [12, 15–17, 22–24, 28].

The trajectory and transmit power of a UAV-BS have been optimized to achieve secure

communication in [12] and [15]. Throughput improvement of UAV-BSs has been investi-

gated in [16, 17, 28], where the trajectories of the UAV-BSs have been designed along with

user scheduling and transmit power allocation to maximize the throughput of the sys-

tem. An amplify-and-forward (AF) two-hop UAV relaying system has been considered in

[22], where the trajectory and transmit power of the UAV relay are optimized to minimize

outage probability. Moreover, trajectory optimization algorithms have been proposed to

maximize the end-to-end throughput of the multi-hop UAV relaying systems in [23]

and [24].

Recently, the issue of backhaul constraint has been taken into consideration in the

research of UAV-BSs. Here, the backhaul is defined as the data link connecting the BS and

the core network. Unlike the terrestrial wireless networks [29, 30], a UAV-BS does not

have a wired backhaul thatmay restrict its mobility, thus can only use wireless backhaul. In

general, there are two types of wireless backhauls, called out-band backhaul and in-band

backhaul. The former means that the backhaul is assigned with an extra dedicated spec-

trum band outside the spectrum of the system’s access link [29, 31, 32]. Here, the access

link is defined as the data link connecting the BS and its serving users. By contrast, the

latter lets the backhaul and the access link share the same spectrum band, which has been

demonstrated to achieve better higher spectrum efficiency [33–36]. In UAV-BS systems,

it is important to guarantee the wireless backhaul’s reliability, which may be a bottleneck

of the systems’ communication performance. Several prior works have considered the

issue of wireless backhaul in UAV-BSs [29, 30, 32, 33, 35–37]. In particular, the problem of

maximizing the covering user number of a static UAV-BS with a constant-rate backhaul

has been considered in [29]. In [30], the common throughput of a UAV-BS under in-band

backhaul is maximized by jointly optimizing the UAV’s placement, bandwidth allocation,

and power allocation. A backhaul aware placement scheme for UAV-BSs is proposed in

[32], which maximizes the user coverage with a given number of UAV-BSs. In [33], the

placement of UAV-BS under in-band backhaul has been studied, where the UAV-BS is
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deployed to assist a ground cellular network for improving the network throughput. An

algorithm that jointly optimizes the placement of UAV-BS, resource allocation, and user

association for multiple UAV-BSs with in-band backhaul has been proposed in [35]. An

interference management algorithm is proposed to optimize the user association, trans-

mit power allocation, and placement of a UAV-BS with an in-band backhaul [36]. The

placement of UAV-BS and user association have been optimized to maximize the users’

sum rate of a static UAV-BS system with in-band backhaul in [37]. The above works show

that wireless backhaul has a great impact on the communication performance of UAV-

BSs, and careful design is needed to guarantee the reliability of the wireless backhaul

and improve performance. As compared to the out-band backhaul, the in-band backhaul

can adjust the allocation of spectrum between the backhaul link and the access link to

achieve a balance between them according to the dynamics of their channel quality and

thus may have a higher spectrum efficiency and is more suitable for the scenario where

the spectrum resource is limited [33–36].

In this paper, we investigate trajectory and resource allocation design for mobile UAV-

BSs under limited-bandwidth backhaul constraint, which has not been considered by the

aforementioned works. To improve the spectrum efficiency of a UAV-BS under in-band

backhaul constraint while guarantee user fairness, we propose to maximize the mini-

mum rate among all the users served by the UAV-BS by jointly optimizing the allocation

of bandwidth and transmit power, as well as the trajectory of the UAV-BS, subject to

constraints on the backhaul information causality, mobility of the UAV-BS, total band-

width, and maximum transmit power. To the best of our knowledge, this topic has not

been addressed by prior works. As the formulated problem is non-convex, we propose

an efficient algorithm to solve it suboptimally, by applying the alternating optimization

and successive convex optimization (SCO) methods. Specifically, to decouple the opti-

mization variables of the formulated problem, we divide them into two sets, where one

includes the bandwidth and transmit power variables and the other includes UAV trajec-

tory variables. Then, we divide the formulated problem into two subproblems and solve

them alternately in an iterative manner, where subproblem 1 optimizes the bandwidth

and transmit power with fixed UAV trajectory and subproblem 2 optimizes the UAV tra-

jectory with fixed bandwidth and transmit power. We solve subproblem 1 optimally and

solve subproblem 2 suboptimally by using the SCOmethod. The obtained results demon-

strate the efficiency and necessity of joint bandwidth, transmit power, and trajectory

optimization in maximizing the minimum user rate of a UAV-BS.

The rest of this paper is organized as follows. Section 2 presents the system model and

problem formulation. In Section 3, the proposed efficient algorithm to solve the con-

sidered problem is presented. In Section 4, computer simulation results are presented

to show the performance of the proposed algorithm. Finally, Section 5 summarizes this

paper.

2 Systemmodel and problem formulation

2.1 Systemmodel

As shown in Fig. 1, we consider a UAV-BS that is serving K randomly distributed users on

the ground. The UAV-BS connects to an access point (AP) to receive/send the users’ data

from/to the core network. The UAV-BS, the AP, and the users are each equipped with a

single antenna. We denote the user set by K � {1, . . . ,K} and define the communication
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Fig. 1 A UAV-BS under in-band backhaul constraint

link between the AP and the UAV-BS as backhaul link and that between the UAV-BS and

user k as access link k, ∀k ∈ K. We consider the downlink communication from the UAV-

BS to the users, and our work can be extended to the uplink communication scenario

straightforwardly.

We express location by using the three dimension (3D) Cartesian coordinate system.

The location of user k, ∀k ∈ K, is assumed to be fixed at [wT
k , 0]

T in meter (m), where

the 2 × 1 vector wk denotes its horizontal coordinate and the superscript T denotes the

transpose operation. The AP locates at [wT
0 ,H0]

T in m with the 2 × 1 vector w0 denot-

ing its horizontal coordinate and H0 being its altitude. For analytical simplicity, the flying

altitude of the UAV-BS is assumed to be fixed at H m [14, 31]. Thus, the coordinate of the

UAV-BS at time t, 0 ≤ t ≤ T , can be written as [q(t)T ,H]T , where the 2 × 1 vector q(t)

denotes its horizontal coordinate at time t and T in seconds (s) denotes its flight dura-

tion. To facilitate trajectory optimization for the UAV-BS, we discretize its continuous

trajectory {q(t), 0 ≤ t ≤ T} by dividing the flight duration T into M equal-length time

slots and thus obtain a discrete sequence {q[m] ,m = 1, . . . ,M}, where q[m] denotes the

horizontal coordinate of the UAV-BS at time slot m. Here, the length of each time slot

δt � T/M is sufficiently small such that the distance between the UAV-BS and the AP and

that between the UAV-BS and all users can be regarded as unchanged within each time

slot. We assume that the maximum speed of the UAV-BS is Vmax in meters per second

(m/s) and that the initial and final locations of the UAV-BS are given, whose horizontal

coordinates are q0 and qF , respectively. Thus, the mobility constraints on the UAV-BS can

be written as

‖q[m]−q[m − 1] ‖ ≤ Vmaxδt , m = 2, . . . ,M (1a)

q[ 1]= q0, q[M]= qF . (1b)

We assume that the altitude of the AP, H0, is sufficiently high, such that there is no

obstacle between the AP and the UAV-BS. Thus, the backhaul link can be assumed to be
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a light-of-sight (LoS) channel. By following the free-space path loss model, the channel

power gain of the backhaul link at time slotm can be written as

β0[m]= γ0d
−2
0 [m]= γ0

(H − H0)2 + ‖q[m]−w0‖2
, (2)

where d0[m] denotes the distance between the AP and the UAV-BS at time slotm, and γ0

is the power gain of a wireless channel with a reference distance of 1 m.

Since the users are on the ground and there may be some obstacles between the UAV-

BS and the users, we assume that the access links are quasi-static block fading channels,

where the channel gain remains constant within each fading block and may change from

one fading block to another. Since the length of each fading block is typically much smaller

than that of each time slot δt , for simplicity, we assume that each time slot can be divided

into L fading blocks, where L is a sufficiently large integer number. Thus, the channel

gain of access link k at the lth fading block of time slot m can be modeled as hk[m, l]=√
βk[m]ρk[m, l] [26], where ρk[m, l], ∀k,m, l accounts for the small-scale fading effect

and is independently and identically distributed (i.i.d.) and

βk[m]= γ0d
−α
k [m]= γ0

(H2 + ‖q[m]−wk‖2)α/2
(3)

accounts for the large-scale channel fading that depends on the distance between the UAV

and user k at time slotm dk[m]. Here, α ≥ 2 denotes the path loss exponent.

We consider the in-band backhaul scenario [33], where the backhaul link and the access

links share a common spectrum with bandwidth B in Hertz (Hz). To avoid the co-channel

interferences between any two access links and between the backhaul link and the access

links, we restrict that the backhaul link and the access links are orthogonal to each other.

We denote the bandwidths of the backhaul link and the access link k at time slot m by

a0[m] and ak[m] in Hz, respectively. Thus, the constraints on the bandwidth of all links

can be written as

a0[m]+
K

∑

k=1

ak[m]≤ B, ∀m (4a)

a0[m]≥ 0, ak[m]≥ 0, ∀m, k. (4b)

We assume that the AP transmits signal to the UAV-BS with a constant power P0, and

thus, the achievable rate of the backhaul link at time slot m in bits per second (bps) can

be expressed as

C0[m]= a0[m] log2

(

1 + β0[m]P0

a0[m]N0

)

= a0[m] log2

(

1+ γ0P0

a0[m]N0((H − H0)2+‖q[m]−w0‖2)

)

, (5)

where N0 denotes the noise power density at the receiver. We assume that the UAV-

BS transmits signal to user k with power pk[m] at time slot m, which is subject to the

following maximum value constraint and non-negative constraint

K
∑

k=1

pk[m] ≤ pmax, ∀m (6a)

pk[m] ≥ 0, ∀m, k, (6b)
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where pmax denotes the maximum transmit power of the UAV-BS. Thus, the achievable

rate of the access link k at the lth fading block of time slotm in bps can be expressed as

Ck[m, l]= ak[m] log2

(

1 + |hk[m, l] |2pk[m]

ak[m]N0

)

. (7)

We denote the actual transmission rate from the UAV-BS to user k at time slot m by

Rk[m] and denote the probability operator by Pr(·). Then, the outage probability of access
link k at the lth fading block of time slotm can be expressed as

ηk[m, l] = Pr(Ck[m, l]< Rk[m] )

= Pr

(

|ρk[m, l] |2 <
ak[m]N0

(

2
Rk [m]

ak [m] − 1
)

βk[m] pk[m]

)

= F

(

ak[m]N0

(

2
Rk [m]

ak [m] − 1
)

βk[m] pk[m]

)

� ηoutk [m] , (8)

where F(·) denotes the cumulative distribution function of |ρk[m, l] |2. In (8), ηk[m, l]

does not change with the fading block index l due to the i.i.d. assumption on ρk[m, l],

and thus it can be written as ηoutk [m]. In order to guarantee the communication reliabil-

ity between the UAV-BS and user k, we choose Rk[m] such that ηoutk [m, l]= ǫ, where ǫ

denotes the maximum tolerable outage probability. Therefore, Rk[m] can be expressed as

Rk[m]= ak[m] log2

(

1 + F−1(ǫ)βk[m] pk[m]

ak[m]N0

)

= ak[m] log2

(

1 + F−1(ǫ)γ0pk[m]

ak[m]N0(H2 + ‖q[m]−wk‖2)α/2

)

, (9)

where F−1(·) is the inverse function of F(·).
Since the data received by the users is from the core network, at any time slot m, the

sum of actual transmission rates from the UAV-BS to all users should be no greater than

the achievable rate of the backhaul link, which is called the backhaul information causality

constraint and is given by

K
∑

k=1

Rk[m]≤ C0[m] , ∀m. (10)

2.2 Problem formulation

To improve the spectrum efficiency of the UAV-BS system and guarantee a fairness

among the users, we consider maximizing the minimum transmission rate of the K

users over the whole flight duration, i.e., mink∈K
1
M

∑M
m=1 Rk[m], by jointly optimiz-

ing the bandwidths of the backhaul link and all access links over all time slots A �

{a0[m] , ak[m] ,∀m, k}, the power that the UAV-BS uses to transmit signal to each user

over all time slotsP � {pk[m] ,∀m, k}, and the trajectory of the UAV-BSQ � {q[m] ,∀m},
subject to the mobility constraints of the UAV-BS in (1), the bandwidth constraints in (4),

the transmit power constraints in (6), and the backhaul information causality constraint

in (10). By introducing an auxiliary variable θ to denote the minimum transmission rate
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of all users and omitting the constant term 1
M , we formulate the considered problem as

follows1

(P1) : max
A,P,Q,θ

θ (11a)

s.t. (C1) :

M
∑

m=1

Rk[m]≥ θ , ∀k ∈ K (11b)

(C2) : ‖q[m]−q[m − 1] ‖ ≤ Vmaxδt ,

m = 2, . . . ,M (11c)

(C3) : q[ 1]= q0, q[M]= qF (11d)

(C4) : a0[m]+
K

∑

k=1

ak[m]≤ B, ∀m (11e)

(C5) : a0[m]≥ 0, ak[m]≥ 0, ∀m, k (11f)

(C6) :

K
∑

k=1

pk[m]≤ pmax, ∀m (11g)

(C7) : pk[m]≥ 0, ∀m, k (11h)

(C8) :

K
∑

k=1

Rk[m]≤ C0[m] , ∀m. (11i)

Note that the left hand side (LHS) of constraint (C1) and the right hand side (RHS)

of constraint (C8) are not jointly concave with respect to A, P, and Q, and the LHS of

constraint (C8) is not jointly convex with respect to A, P, and Q. Furthermore, the opti-

mization variables A, P, and Q are coupled in (C1) and (C8). Therefore, the formulated

optimization problem (P1) is not a convex optimization problem and is difficult to be

solved optimally. Nevertheless, in the next section, we will propose an efficient algorithm

to solve problem (P1) suboptimally.

3 Proposed algorithm to solve (P1)

First, to decouple the optimization variables of problem (P1), we divide them into two

sets, where one set consists of the variables of bandwidth and transmit power A and P,

and the other consists of the variables of UAV trajectoryQ. Then, based on the alternative

optimization method, we solve problem (P1) by solving two subproblems alternatively

until the objective value of problem (P1) converges, where subproblem 1 optimizes the

bandwidth A and transmit power P, under given UAV trajectory Q, while subproblem 2

optimizes the UAV trajectory Q under given bandwidth A and transmit power P. In the

following, we present our proposed method to respectively solve these two subproblems

and finally present the overall proposed algorithm.

3.1 Subproblem 1: Joint bandwidth and transmit power optimization given UAV

trajectory

Given the UAV trajectoryQ, subproblem 1 optimizes the bandwidth and transmit power

allocation of the UAV-BS system, which can be written as

1Adding the UAV-BS altitude as an optimization variable to problem (P1) does not change the structure of it, so the
resultant problem can be solved by a method similar to what has been proposed in this paper.
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(P2) : max
A,P,θ

θ (12a)

s.t. (C1), (C4) − (C8). (12b)

The difficulty of solving problem (P2) lies in the constraint (C8), where the term Rk[m]

in the LHS is not jointly convex with respect to the optimization variables ak[m] and

pk[m]. To tackle this difficulty, we introduce auxiliary variables U � {uk[m] ,∀k,m} to
(P2), and consider the following problem:

(P3) : max
A,P,U,θ

θ

s.t.

M
∑

m=1

uk[m]≥ θ , ∀k ∈ K (13a)

K
∑

k=1

uk[m]≤ C0[m] , ∀m (13b)

uk[m]≤ Rk[m] , ∀k ∈ K, ∀m (13c)

(C4) − (C7). (13d)

In problem (P3), the constraints (13a) and (13b) are from the constraints (C1) and (C8),

respectively.

Lemma 1 There always exists an optimal solution to problem (P3) such that the

constraint (13c) is satisfied with equality.

Proof We assume that ak[m
′] and pk[m

′], for some m′, are the optimal solution to

problem (P3) such that the constraint (13c) is satisfied with strict inequality. Based on

ak[m
′] and pk[m

′], we can always find another solution ak[ m̃] and pk[ m̃], which sat-

isfy ak[ m̃]≤ ak[m
′] and pk[ m̃]≤ pk[m

′] and satisfy the constraint (13c) with equality,

without decreasing the objective value of (P3). As a result, ak[ m̃] and pk[ m̃] are another

optimal solution to problem (P3), and the lemma is proved.

When (13c) is satisfied with equality, problems (P2) and (P3) have the same optimal

solution on A and P. Thus, we can find the optimal solution of (P2) by solving (P3). Since

the RHSs of (13b) and (13c) are jointly concave with respect to A and P, problem (P3)

is a convex optimization problem, which can be efficiently and optimally solved by the

interior-point method [38].

3.2 Subproblem 2: UAV trajectory optimization given bandwidth and transmit power

Given the bandwidth A and the transmit power P, subproblem 2 optimizes the trajectory

of the UAV-BS, which can be written as

(P4) : max
Q,θ

θ (14a)

s.t. (C1) − (C3), (C8). (14b)

Since the LHS of constraint (C8) is not convex with respect to Q, and the LHS of (C1)

and the RHS of (C8) are not concave with respect to Q, problem (P4) is not convex and

difficult to be solved optimally. In the following, we propose an efficient method to solve

it suboptimally.
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First, similar to the procedure of solving subproblem 1, we introduce auxiliary variables

S � {sk[m] ,∀k,m} to problem (P4) and consider the following problem (P5):

(P5) : max
Q,S,θ

θ (15a)

s.t.

K
∑

k=1

sk[m]≤ C0[m] , ∀m (15b)

M
∑

m=1

sk[m]≥ θ , ∀k ∈ K (15c)

sk[m]≤ Rk[m] , ∀k ∈ K, ∀m (15d)

(C2), (C3). (15e)

Lemma 2 There exist an optimal solution to problem (P5) such that the constraint (15d)

is satisfied with equality.

The proof of Lemma 2 is similar to that of Lemma 1 and is omitted here for brevity.

According to Lemma 2, problems (P4) and (P5) have the same optimal solution on Q.

Thus, we can obtain the solution to (P4) by solving (P5). However, problem (P5) is still

difficult to solve since it is not convex due to the fact that the terms C0[m] in (15b) and

Rk[m] in (15d) are not concave with respect toQ.

Next, we develop an efficient method to solve problem (P5) suboptimally, by applying

the SCO method. The proposed method find a solution to (P5) in an iterative manner

until the objective value of it converges. Without loss of generality, we present how the

proposed method works in iteration i + 1, i ≥ 0. We denote Q(i) � {q(i)[m] ,∀m} as the
obtained trajectory solution in iteration i. For simplicity, we denote

D0[m]� ‖q[m]−w0‖2, (16a)

D
(i)
0 [m]� ‖q(i)[m]−w0‖2, (16b)

Dk[m]� ‖q[m]−wk‖2, (16c)

D
(i)
k [m]� ‖q(i)[m]−wk‖2. (16d)

By substituting (16a) and (16c) into the expressions of C0[m] in (5) and Rk[m] in (9),

respectively, we observe that C0[m] and Rk[m] are convex with respect to D0[m] and

Dk[m], respectively. Based on the fact that a linear lower bound of a convex function is

its global lower bound, we obtain lower bounds of C0[m] and Rk[m], denoted by Clb
0 [m]

and Rlb
k [m], respectively, by using their first-order Taylor expansions at the pointsD

(i)
0 [m]

and D
(i)
k [m], respectively, which are shown as follows:

C0[m]≥ a0[m] log2

(

1 + h0[m]

(H − H0)2 + D
(i)
0 [m]

)

−
a0[m] h0[m] (log2 e)

(

D0[m]−D
(i)
0 [m]

)

((H − H0)2 + D
(i)
0 [m] )

(

(H − H0)2 + D
(i)
0 [m]+h0[m]

)

� Clb
0 [m] , (17)
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Rk[m]≥ ak[m] log2

(

1 + hk[m]

(H2 + D
(i)
k [m] )α/2

)

−
ak[m] hk[m] (log2 e)

(

Dk[m]−D
(i)
k [m]

)

(H2 + D
(i)
k [m] )

(

(H2 + D
(i)
k [m] )α/2 + hk[m]

)

� Rlb
k [m] , (18)

where h0[m]= γ0P0
a0[m]N0

and hk[m]= F−1(ǫ)γ0pk [m]
ak [m]N0

.

Then, we replace C0[m] in constraint (15b) and Rk[m] in constraint (15d) with Clb
0 [m]

and Rlb
k [m], respectively, and recast (P5) as

(P6) : max
Q,S,θ

θ (19a)

s.t.

K
∑

k=1

sk[m]≤ Clb
0 [m] , ∀m (19b)

M
∑

m=1

sk[m]≥ θ , ∀k ∈ K (19c)

sk[m]≤ Rlb
k [m] , ∀k ∈ K, ∀m (19d)

(C2), (C3). (19e)

Since Clb
0 [m] and Rlb

k [m] are concave with respect to q[m], it can be easily observed

that problem (P6) is a convex optimization problem, and thus, it can be optimally solved

by the interior point method [38].

Remark 1 Since Clb
0 [m] and Rlb

k [m] are the lower bounds of C0[m] and Rk[m], the con-

straints (19b) and (19d) in (P6) imply the constraints (15b) and (15d) in (P5), respectively,

and thus, the solution obtained by solving (P6) is guaranteed to be a feasible solution to

(P5).

Remark 2 Since problem (P6) can be optimally solved, the objective value of (P5) with

the solution obtained by solving (P6) in iteration i + 1must be no smaller than that with

the solution obtained in iteration i. Therefore, the objective value of (P5) is non-decreasing

over iterations. Besides, the objective value of (P5) is upper bounded by a finite value, so the

obtained solution over iterations is guaranteed to converge to a locally optimal solution of

(P5).

3.3 Overall algorithm for solving problem (P1)

The overall algorithm solves subproblems 1 and 2 alternatingly in an iterative manner

and is summarized in Algorithm 1, where f(P1)(A,P,Q) denotes the objective value of

problem (P1) with variables A, P, and Q, and κ > 0 and ν > 0 are thresholds indicating

accuracy of convergence. As analysed in the previous two subsections, the objective value

of problem (P1) is non-decreasing over iterations, and it is upper bounded by a finite

value, so Algorithm 1 is guaranteed to converge to a suboptimal solution of problem (P1).

In addition, the complexity of Algorithm 1 isO[Nite(KM)3.5] [38], where Nite denotes its

iteration number.
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Algorithm 1 Proposed Algorithm to Solve Problem (P1)

1: Initialization: Set initial values for the optimization variables A(0), P(0), and Q(0).

Calculate η(0) = f(P1)(A
(0),P(0),Q(0)). Set l = 0.

2: repeat

3: Set l = l + 1.

4: Given trajectory Q(l−1), optimize bandwidth and transmit power by solving prob-

lem (P3), and denote the obtained solution by A(l) and P(l).

5: Given bandwidth A(l) and transmit power P(l), optimize trajectory by the follow-

ing iterative process, and the obtained solution will be denoted by Q(l). Set initial

variable Q̂(0) = Q(l−1). Calculate ξ (0) = f(P1)(A
(l),P(l), Q̂(0)). Set i = 0.

6: repeat

7: Set i = i + 1.

8: Given Q̂(i−1), solve problem (P6) and denote the solution by Q̂(i).

9: Calculate ξ (i) = f(P1)(A
(l),P(l), Q̂(i)).

10: until ξ (i)−ξ (i−1)

ξ (i) < ν. SetQ(l) = Q̂(i).

11: Calculate η(l) = f(P1)(A
(l),P(l),Q(l)).

12: until
η(l)−η(l−1)

η(l) < κ .

4 Simulation results

In this section, we present computer simulation results to show the performance of the

proposed joint bandwidth, power, and trajectory optimization algorithm, denoted by “B-

P-T-OPT" scheme, as compared to the following 4 benchmark schemes.

• Joint bandwidth, power, and trajectory optimization without backhaul link constraint

scheme (denoted by “B-P-T-OPT-w/o-BH”): it stands for an ideal case that the UAV-BS

network does not have bandwidth constraint on the backhaul link, and it jointly optimizes

bandwidth, power, and trajectory. Specifically, the involved optimization problem of “B-

P-T-OPT-w/o-BH” does not have the variables {a0[m] } and the constraint (C8) and can

be solved by an alternating optimization method similar to Algorithm 1.

• Joint bandwidth and power optimization with line trajectory scheme (denoted by “B-

P-OPT-Line-T”): it lets the UAV-BS fly from its initial location to its final location directly

in a line trajectory with constant speed ‖q0−qF‖/T and optimizes bandwidth and power

by using the step 4 of Algorithm 1. The line trajectory of this scheme is also used as the

initial trajectory in the trajectory optimization of other schemes.

• Trajectory optimization with fixed bandwidth and power scheme (denoted by “T-

OPT-Fixed-B-P”): it keeps the bandwidth and power allocation fixed over time, which

allocates half of the total bandwidth to the backhaul link and the remaining half uniformly

to the k access links, i.e., a0[m]= B
2 and ak[m]= B

2K , ∀m, and allocates transmit power

uniformly over the K users, i.e., pk[m]= pmax

K , ∀m. Then, it optimizes the UAV trajectory

by using steps 5–10 of Algorithm 1.

• Joint bandwidth and power optimization with static UAV scheme (denoted by “B-

P-OPT-STATIC-UAV”): it fixes the location of the UAV-BS at the top of the AP and

optimizes bandwidth and power by using step 4 of Algorithm 1.

In the simulations, we consider a UAV-BS systemwithK = 4 users, which are randomly

distributed within a 800 × 800 m2 square region. To demonstrate the differences of dif-

ferent schemes, the simulation results are all obtained based on one random realization
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of the users’ locations. The AP locates at [ 0, 0, 30]T m, so w0 =[ 0, 0]T m and H0 = 30

m. The flying altitude and the maximum speed of the UAV-BS are set as H = 120 m and

Vmax = 20 m/s, respectively. The horizontal coordinates of the initial and final locations

of the UAV-BS are set as q0 =[−400, 0]T and qF =[ 400, 0]T , respectively. The length of

each time slot is set as δt = 0.5 s. The total bandwidth of the system is set as B = 10MHz.

The UAV’s maximum transmit power and the AP’s transmit power are set as pmax = 1W

and P0 = 2 W. The noise power spectral density is set as N0 = −169 dBm/Hz. The

channels between the UAV-BS and the users are assumed be experience Rician fading

with Rician factor Kc = 10. Thus, the cumulative distribution function of |ρk[m, l] |2 is

F(z) = 1 − Q1(
√
2Kc,

√
2(Kc + 1)z), where Q1(x, y) is the Marcum-Q function [26]. The

other parameters are set as γ0 = −60 dB, α = 2, ǫ = 10−2, κ = 10−4, and ν = 10−4.

Figure 2 shows the trajectories of the UAV-BS obtained by different schemes in the

horizontal plane when its flight duration is T = 50 s, where the trajectories obtained by

the “B-P-OPT-Line-T” and “B-P-OPT-STATIC-UAV” schemes are not shown, since the

trajectory obtained by the former is just a line connecting the initial location and the final

location of the UAV-BS and that of the latter is only a point above the AP. It is observed

that by all schemes shown in Fig. 2, the UAV-BS tries to get close to the users in some arc

trajectory. It is also observed that the trajectory by the benchmark “B-P-T-OPT-w/o-BH”

scheme is smoother than that of the other schemes. This is because the benchmark “B-P-

T-OPT-w/o-BH” scheme does not have the backhaul bandwidth constraint and does not

consider the achievable rate from the AP to the UAV-BS when optimizing trajectory.

Figure 3 shows the trajectories of the UAV-BS obtained by different schemes when

T = 150 s. Compared to Fig. 2, T is much greater in Fig. 3; thus, there is more degree

of freedom for trajectory optimization. In the benchmark “B-P-T-OPT-w/o-BH” scheme,

the UAV-BS flies at its maximum speed in straight paths to visit users 1, 2, 3, and 4 suc-

cessively and remain static on top of each user for some time, which is the best way to

Fig. 2 UAV trajectories obtained by different schemes when T = 50 s
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Fig. 3 UAV trajectories obtained by different schemes when T = 150 s

maximize the minimum user rate when there is no backhaul constraint. By contrast, in

the proposed “B-P-T-OPT” scheme, the UAV-BS tries to get close to the users, but it does

not reach the point above each user. This is because the UAV-BS needs to control its

trajectory to ensure that the transmission rate from the UAV-BS to each user does not

exceed the achievable rate of the backhaul from the AP to the UAV-BS. Furthermore, in

the “B-P-T-OPT” scheme, when the UAV-BS is serving a user, it does not remain static at

a certain point, but approaches the user in a line path connecting the user and the AP in

low speed. In this way, the UAV-BS can achieve a high data rate from it to the serving user

under the backhaul constraint, and it can fly to a good location to get ready to serve the

next user. Moreover, it is observed that the trajectory of the benchmark “T-OPT-Fixed-B-

P” scheme is obviously different from that of the proposed “B-P-T-OPT” scheme. This is

because in the “T-OPT-Fixed-B-P” scheme, the UAV-BS serves all users at the same time

within fixed bandwidth, while in the proposed “B-P-T-OPT” scheme, the UAV-BS serves

the users one by one, which will be verified in the following.

Figures 4, 5, and 6 show the corresponding bandwidth allocation, transmit power allo-

cation, and rate results obtained by the proposed “B-P-T-OPT” scheme when T = 150 s.

Figure 4 shows the bandwidths allocated to users 1–4 (access links 1–4) and the backhaul

link normalized by the total bandwidth B versus time t. It is observed that the sum of the

bandwidths allocated to the users and the backhaul always equals to the total bandwidth.

This is because it is optimal to use all spectrum bandwidth to maximize the minimum

user rate. It is also observed that at any time t, only one user has been allocated with

non-zero bandwidth: in the periods of 0 ≤ t < 37, 37 ≤ t < 75, 75 ≤ t < 112, and

112 ≤ t ≤ 150, users 1, 2, 3, and 4 are allocated with non-zero bandwidth, respectively.

That means the UAV-BS serves the users 1 to 4 successively in the proposed “B-P-T-OPT”

scheme. Figure 5 shows the transmit powers of all users versus time t. It is observed that

since the UAV-BS serves the users one by one, the UAV-BS allocates all power to the user
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Fig. 4 Normalized bandwidth of the users and the backhaul optimized by the proposed “B-P-T-OPT”

schemes versus time t when T = 150 s

being served and allocates zero power to the other users. Figure 6 shows the rates of the

users and the backhaul link versus time t. It can be seen that at any time t, the user being

served has a positive rate, while the other users all have zero rates. Furthermore, it is

observed that the rate of the backhaul link equals to the rate of the user being served at

any time t; this is because the proposed “B-P-T-OPT” scheme strikes a balance between

the backhaul link and the access links so as to maximize the minimum user rate.

Fig. 5 Transmit power of the users optimized by the proposed “B-P-T-OPT” schemes versus time t when

T = 150 s
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Fig. 6 Rates of the users and the backhaul link obtained by the proposed “B-P-T-OPT” schemes versus time t

when T = 150 s

Figure 7 shows the minimum user rate versus the UAV-BS’s flight duration T. For the

sake of fairness, Fig. 7 only compares the schemes under the backhaul constraint. It can be

observed that the proposed “B-P-T-OPT” scheme always achieves the highest minimum

user rate, and the minimum user rate of it increases with growing T. The “B-P-OPT-

Line-T” and “B-P-OPT-STATIC-UAV” schemes that do not optimize UAV trajectory have

obvious lower minimum user rates than the proposed scheme, and their minimum user

Fig. 7 Minimum user rates versus UAV-BS’s flight duration T
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rates are constant with T. This result shows that by exploiting the mobility of UAV, trajec-

tory optimization can significantly improve the minimum user rate performance of the

UAV-BS. Furthermore, it is also observed that the “T-OPT-Fixed-B-P” has the lowest rate

performance, which shows the necessity of bandwidth and power optimization from the

opposite angle. All the above results demonstrate that joint trajectory, bandwidth, and

power optimization is effective in improving the minimum user rate performance of the

UAV-BS.

5 Conclusion

In this paper, we have considered a UAV-BS under in-band backhaul constraint, where

the backhaul link and the access links share the same spectrum. To improve the spectrum

efficiency of the UAV-BS and guarantee fairness among users being served, we have inves-

tigated maximizing the minimum rate among all users served by the UAV-BS by jointly

optimizing the bandwidths of the access links and the backhaul link, the transmit power

allocated to all users, and the trajectory of the UAV-BS, and have proposed an efficient

algorithm to solve the considered problem. Computer simulation results show that the

proposed algorithm achieves a significantly higher minimum user rate than the bench-

mark schemes, and demonstrate that jointly optimizing bandwidth, transmit power, and

UAV trajectory can more efficiently use all the available resources to provide satisfactory

rates for all users.
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