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ABSTRACT This paper considers an unmanned aerial vehicle (UAV) base station (BS) network with
delay-sensitive users and delay-tolerant users on the ground, which have different quality-of-service (QoS)
requirements. In the network, the backhaul link connecting the backhaul gateway and the UAV-BS shares the
same spectrumwith the data links connecting the UAV-BS and the users due to spectrum scarcity. To improve
the rate performance of the delay-tolerant users and to guarantee the QoS of the delay-sensitive users,
we aim to maximize the minimum rate of the delay-tolerant users by jointly optimizing the bandwidths
of the backhaul link and the data links, the transmit power allocated to different users and the trajectory of
the UAV-BS, subject to the constraints on UAV mobility, total bandwidth, total transmit power, backhaul
data rate, and minimum rate requirements of the delay-sensitive users. Although the formulated problem is
non-convex and difficult to solve optimally, we propose an efficient algorithm to find a suboptimal solution
to it. Simulation results show that the proposed joint optimization algorithm achieves significantly higher
minimum user rate than the benchmark schemes.

INDEX TERMS UAV base station, bandwidth and power allocation, trajectory optimization, backhaul
constraint, quality-of-service.

I. INTRODUCTION
After decades of rapid development, unmanned aerial vehi-
cles (UAVs) have beenwidely used inmilitary, transportation,
agriculture, logistics, andmany other fields, and have brought
a lot of changes to people’s lives, due to their advantages
such as high maneuverability, easy deployment, and low cost.
With the rising of the fifth-generation (5G) wireless commu-
nication era, UAVs have found their roles in assisting wire-
less communication, which help to boost the performance
of 5G networks and satisfying the quality-of-service (QoS)
requirements of users [1]. The communication assisted by
UAVs is called UAV-enabled communication, where UAVs
can be used as aerial base stations (BSs) [2], [3] or relays
[4], [5], and is especially suitable in emergent cases like data
traffic congestions or natural disasters. As compared to ter-
restrial communications, one key advantage of UAV-enabled
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communications is that the channels between UAVs and
ground nodes usually have high quality, since they are
dominated by line-of-sight (LoS) links with high probabil-
ity [6]–[8]. Furthermore, the communication performance of
UAV-enabled communications can be improved by exploit-
ing UAVs’ high mobility via appropriate trajectory design
[2]–[5]. Although such performance improvement can also
be achieved in the unmanned ground vehicle (UGV) commu-
nications [9], [10], designing UAVs’ trajectories has much
fewer constraints than designing UGVs’ routes, such as
obstructions and road restrictions, thus UAV-enabled com-
munications have more degree of freedom in performance
optimization.

After years of investigation, UAV-enabled communication
still faces some key technological difficulties that have not
been tackled, and the potential advantages of UAVs have
not been fully exploited. For example, Refs. [11] and [12]
consider employing UAVs as quasi-stationary UAV base sta-
tions (UAV-BSs), and Ref. [13] proposes an energy-saving
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scheme for quasi-stationary UAV relays. However, in these
works, the trajectories of the UAVs have not been optimized
to fully use the high maneuverability advantage of the UAVs
to improve communication performance. In fact, in a UAV-
enabled communication network, jointly optimizing the com-
munication resource and the UAV trajectories according to
the network’s dynamics can significantly boost the commu-
nication performance and is a promising research direction.

Motivated by this, several research works have been con-
ducted on the joint trajectory optimization and resource allo-
cation schemes in UAV-enabled communication networks.
In [2] and [3], wireless networks with a single UAV-BS and
multiple UAV-BSs have been considered, respectively, where
user association and trajectories of the UAV-BSs have been
jointly optimized to maximize the minimum rate of all users.
In [14]–[16], joint power allocation and trajectory optimiza-
tion of UAV-BSs have been investigated for secure communi-
cation under different system setups. Refs. [4] and [5] study
joint resource allocation and trajectory optimization in UAV
relay systems. The above works consider fixed bandwidth in
each data link, whose performance can be further improved
by adjusting the bandwidth of each data link according to the
channel and system dynamics adaptively. In [17], joint opti-
mization on deployment location, bandwidth, and beamwidth
of a UAV-BS have been investigated. In [18], joint opti-
mization on deployment location, power, and bandwidth of
a UAV-BS coexisting with a device-to-device communica-
tion network has been investigated. In [19], joint bandwidth,
power and trajectory optimization for a multi-hop UAV relay
system has been investigated, where the end-to-end through-
put has been maximized.

The aforementioned works mainly focus on optimizing the
bandwidths of the data links that connect the UAV-BS and the
users but ignores the backhaul link that connects the UAV-BS
and the core network [20]. In practice, when the bandwidth
of a backhaul link is limited, the backhaul link may limit the
overall performance of a UAV-BS network, so communica-
tion optimization in the network should take the backhaul link
constraint into account. In [21], the throughput of a UAV-BS’s
backhaul that is formed by multi-hop UAV relays has been
optimized. In [22], joint optimization on deployment and user
association of a static multi-UAV-BS network with backhaul
constraint has been investigated. Besides the backhaul issue,
satisfying the QoS requirements of the users is important to a
UAV-BS network. In [23], power consumption is minimized
subject to the user QoS constraints. In [24], the deployment
of a static UAV-BS has been optimized to satisfying the user
QoS requirement. To the best of our knowledge, communica-
tion optimization of a mobile UAV-BSwith both the backhaul
constraint and different user QoS requirements has not been
addressed by existing works.

In this paper, we consider improving the communication
performance of a UAV-BS network with the backhaul con-
straint, where the users are divided into two groups based
on their different QoS requirements, i.e., delay-tolerant users
and delay-sensitive users, as shown in Fig. 1. Due to spectrum

scarcity, the backhaul link that connects the backhaul gateway
and the UAV-BS shares the same spectrum with the data
links that connect the UAV-BS and the users. Subject to the
backhaul constraint that restricts the sum of data rates of all
users not exceeding the rate of backhaul and the minimum
rate requirements of the delay-sensitive users, we jointly
optimize the bandwidths of the backhaul link and the data
links, the transmit power allocated to different users and the
trajectory of the UAV-BS to maximize the minimum rate of
the delay-tolerant users. Although the formulated problem is
difficult to solve due to its non-convex structure and coupling
of optimization variables, we propose an efficient algorithm
to find a suboptimal solution to it, based on the alternat-
ing optimization and successive convex approximation tech-
niques. Simulation results show the fundamental minimum
user rate limit of the UAV-BS network with backhaul con-
straint and different user QoS requirements and demonstrate
the importance and necessity of the joint bandwidth, power
and trajectory optimization in maximizing the minimum user
rate. Moreover, the obtained results provide design guidelines
for the considered UAV-BS network.

The remainder of this paper is organized as follows.
Section II presents the system model and problem formula-
tion. Section III presents the proposed joint bandwidth, power
and trajectory optimization algorithm. Section IV provides
simulation results to verify the performance of the proposed
algorithm. Finally, Section V concludes this paper.

FIGURE 1. A UAV-BS network with backhaul constraint and different user
QoS requirements.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. SYSTEM MODEL
As shown in Fig. 1, we consider a UAV-BS-assisted wireless
communication network where an aerial UAV-BS is serving
K users on the ground. The user set is denoted by K ,
{1, . . . ,K }. The UAV-BS connects to the core network via
a backhaul gateway (BHG) on the ground, and the wireless
link between the UAV-BS and the BHG is called the backhaul
link. Without loss of generality, we focus on the downlink
communication from theUAV-BS to the ground users, and the
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study can be extended to the uplink communication scenario
straightforwardly.

We use the Cartesian coordinate system to express loca-
tion. The locations of the BHG and user k , k ∈ K, are
fixed at [wT

BH, 0]
T and [wT

k , 0]
T , respectively, where wBH =

[x0, y0]T ∈ R2×1 and wk = [xk , yk ]T ∈ R2×1 denote
their respective horizontal coordinates, and the superscript
T denotes the transpose operation. The UAV-BS flies at a
fixed altitude H in meter (m), and its coordinate at time t ,
0 ≤ t ≤ T , is [sT (t),H ]T , where s(t) = [x(t), y(t)]T ∈
R2×1 denotes its horizontal coordinate at time t , and T in
second (s) denotes the flight period of the UAV-BS. For ease
of deployment, we require that the UAV-BS returns to its
initial departure location at the end of the flight period, and
denote its maximum speed by Vmax. Thus, the UAV-BS is
subject to the following mobility constraints

s(0) = s(T ), (1)

‖ ṡ(t) ‖ ≤ Vmax, 0 ≤ t ≤ T . (2)

The trajectory of the UAV-BS {s(t)|0 ≤ t ≤ T } is con-
tinuous over time t , so optimizing it involves infinite number
of variables and is thus difficult. To facilitate trajectory opti-
mization, we discretize the trajectory by dividing the flight
period T intoN time slots with equal length, and approximate
the trajectory by using the sequence {sn, 0 ≤ n ≤ N },
where sn = [xn, yn]T denotes the horizontal coordinate of the
UAV-BS at time slot n. The number of time slot N is suffi-
ciently large such that the length of each time slot ξt = T/N
is small enough. As a result, the UAV-BS can be regarded
as static by the users on the ground at each time slot. Thus,
the mobility constraints of the UAV, i.e., (1) and (2), can be
approximately written as

s0 = sN , (3)

‖ sn+1 − sn ‖2 ≤ L2max, n = 0, . . . ,N − 1, (4)

where Lmax , Vmaxξt is the maximum distance that the
UAV-BS can fly within each time slot. Then, the distance
between the UAV-BS and user k , k ∈ K, and that between
the UAV-BS and the BHG at time slot n can be written as

dk,n =
√
H2+ ‖ sn − wk ‖

2, (5)

and

dBH,n =
√
H2+ ‖ sn − wBH ‖2, (6)

respectively.
Since measurement results show that the channel between

a UAV above ground and a node on the ground is dominated
by the LoS link [25], the free-space propagation model offers
a good approximation for the channels between the UAV-BS
and all ground users and that between the UAV-BS and the
BHG. Thus, the channel power gain between the UAV-BS and
user k , k ∈ K, at time slot n can be written as

ϕk,n =
β0

d2k,n
=

β0

H2+ ‖ sn − wk ‖
2 , (7)

where β0 is denoted as the channel power gain of a wireless
channel at the reference distance d0 = 1 m. Similarly,
the channel power gain between the UAV-BS and the BHG
at time slot n can be written as

ϕBH,n =
β0

d2BH,n
=

β0

H2+ ‖ sn − wBH ‖2
. (8)

We assume that there is no dedicated spectrum for the
backhaul link in the considered UAV-BS network due to spec-
trum scarcity. Thus, the in-band backhaul scheme is applied,
which lets the backhaul link and the data links share the same
spectrum with bandwidth B in Hertz (Hz). In order to avoid
interference, different links are allocated with orthogonal
spectrum. Denote the bandwidth portions of the backhaul link
and the data link from the UAV-BS to user k at time slot
n by x0,n and xk,n, respectively, and they should satisfy the
following bandwidth constraints

K∑
k=0

xk,n ≤ 1, ∀n, (9a)

0 ≤ xk,n ≤ 1, ∀n, k ∈ {0} ∪K. (9b)

Suppose that the UAV-BS transmits signal to user k with
power pk,n at time slot n, and pk,n is subject to a total power
constraint and a non-negative constraint as follows

K∑
k=1

pk,n ≤ pmax, ∀n, (10a)

pk,n ≥ 0, ∀n, k, (10b)

where pmax denotes themaximum total power of the UAV-BS.
Thus, the achievable data rate of user k at time slot n in bit
per second per Hertz (bps/Hz) can be expressed as

Rk,n = xk,n log2

(
1+

pk,nϕk,n
xk,nBN0

)
= xk,n log2

(
1+

pk,nζ0
xk,nλk,n

)
, (11)

where N0 denotes the power spectral density of the additive
white Gaussian noise at the receiver, ζ0 =

β0
BN0

, and λk,n =
H2
+ ‖ sn − wk ‖

2. We suppose that the BHG transmits
signal to the UAV-BS with a constant power pb, and express
the achievable data rate of the backhaul link at time slot n as

RBH,n = x0,n log2(1+
pbϕBH,n
x0,nBN0

)

= x0,n log2(1+
pbζ0

x0,nλBH,n
), (12)

where λBH,n = H2
+ ‖ sn − wBH ‖

2. Since the UAV-BS can
only transmit the data received from the core network (via
the BHG) to the users, the sum rate of all users should be
no greater than the rate of the backhaul link at any time slot,
which is called the backhaul rate constraint and is written as

RBH,n ≥
K∑
k=1

Rk,n, ∀n. (13)
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The users in the network have different QoS requirements.
Among them, K1 users are delay-tolerant users, whose set
is defined as K1 , {1, . . . ,K1}, and the remaining K − K1
users are delay-sensitive users, whose set is defined as K2 ,
{K1 + 1, . . . ,K }. The delay-tolerant users require non-real-
time data traffic service and are tolerant to delay, while the
delay-sensitive users require real-time data traffic service
(e.g., data streaming) and need to avoid communication delay.
To guarantee no delay, the data rates of the delay-sensitive
users should be no smaller than a minimum rate requirement
value Rmin at any time, i.e.,

Rk,n ≥ Rmin, k ∈ K2, ∀n. (14)

Here, Rmin is determined by the QoS requirement of the
delay-sensitive users.

B. PROBLEM FORMULATION
To improve the data rate of the delay-tolerant users and
guarantee the QoS requirement of the delay-sensitive users,
we aim to maximize the minimum average rate of the delay-
tolerant users, i.e., mink∈K1

1
N

∑N
n=1 Rk,n, by jointly optimiz-

ing the bandwidth portions of the backhaul link and all data
links X , {xk,n,∀n, k ∈ {0} ∪ K},1 the transmit power allo-
cated to all users P , {pk,n,∀n, k ∈ K}, and the trajectory of
the UAV-BS S , {sn,∀n}, subject to the mobility constraints
of the UAV-BS in (3) and (4), the bandwidth constraints
in (9), the transmit power constraints in (10), the backhaul
rate constraint in (13), and the minimum rate constraint of the
delay-sensitive users in (14). By introducing a slack variable
ς to denote the minimum average rate of the delay-tolerant
users, we formulate the problem as2

(P1) : max
ς,X,P,S

ς (15a)

s.t.
1
N

N∑
n=1

Rk,n ≥ ς, k ∈ K1, (15b)

(3), (4), (9), (10), (13), (14). (15c)

Since the left-hand-sides (LHSs) of constraints (13) and
(14) are non-concave with respect to X, P, and S, and the
right-hand-side (RHS) of constraint (13) are non-convex with
respect to X, P, and S, problem (P1) is a non-convex opti-
mization problem. Furthermore, problem (P1)’s optimization
variables couple together in the constraints, so the problem
is difficult to solve. Nevertheless, we propose an efficient
algorithm to solve find high-quality suboptimal solution to
it as follows.

III. PROPOSED ALGORITHM FOR PROBLEM (P1)
To resolve the variable coupling issue, we apply the alternat-
ing optimization method to solve problem (P1). First, the pro-

1Optimizing the bandwidth portion over all links and all time slots can be
regarded as a generalized case of optimizing user association in [3].

2In general, the altitude of the UAV-BS H can also be optimized subject
to the constraints of minimum and maximum allowable altitudes. However,
it is easy to verify that the minimum altitude can always achieve the optimal
value of our considered problem under the LoS air-to-ground channel model.

posed algorithm partitions all optimization variables into two
blocks, where the first block includes the bandwidth portion
variables X and the transmit power variables P, and the sec-
ond block includes the UAV trajectory variables S. Next, with
such variable partition, problem (P1) can be divided into two
subproblems, denoted as subproblems 1 and 2. Subproblem 1
optimizes variables X and P under fixed variables S, while
subproblem 2 optimizes variables S under fixed variables X
and P. The proposed algorithm solves subproblems 1 and 2
alternatively and iteratively until the objective value of prob-
lem (P1) converges. In the following, the proposed meth-
ods for solving subproblems 1 and 2 will be presented,
respectively. Then, the overall proposed algorithm will be
summarized.

A. BANDWIDTH AND TRANSMIT POWER OPTIMIZATION
UNDER FIXED UAV TRAJECTORY
We first deal with subproblem 1, which optimizes the band-
width and transmit power allocation of the UAV-BS network,
i.e., X and P, with fixed UAV trajectory S. We let fk,n =

ζ0
λk,n

and fBH,n =
ζ0

λBH,n
, and formulate the problem as

(P2) : max
ς,X,P

ς (16a)

s.t.
1
N

N∑
n=1

xk,n log2

(
1+

pk,nfk,n
xk,n

)
≥ ς, k ∈ K1,

x0,n log2

(
1+

pbfBH,n
x0,n

)
(16b)

≥

K∑
k=1

xk,n log2

(
1+

pk,nfk,n
xk,n

)
, ∀n, (16c)

xk,n log2

(
1+

pk,nfk,n
xk,n

)
≥ Rmin, k ∈ K2, ∀n,

(16d)

(9), (10), (16e)

where constraints (16c) and (16d) are from (13) and (14),
respectively. Since the RHS of constraint (16c) is concave
with respect to xk,n and pk,n, problem (P2) is non-convex
and cannot be solved by standard optimization techniques.
To solve problem (P2), we introduce slack variables u ,
{uk,n,∀k, n} to it, and formulate the following problem.

(P3) : max
ς,X,P,u

ς (17a)

s.t.
1
N

N∑
n=1

uk,n ≥ ς, k ∈ K1,∀n, (17b)

x0,n log2

(
1+

pbfBH,n
x0,n

)
≥

K∑
k=1

uk,n, ∀n, (17c)

uk,n≥Rmin, k ∈K2, ∀n, (17d)

uk,n≤xk,n log2

(
1+

pk,nfk,n
xk,n

)
, ∀k, n, (17e)

(9), (10). (17f)
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It can be shown that problem (P3) and problem (P2) have the
same optimal solution on X and P. To see that, we prove that
there exists an optimal solution to problem (P3) that satisfies
constraint (17e) with equality. By contradiction, we assume
that xj,m and pj,m are an optimal solution to problem (P3),
for some j ∈ K and m ∈ {1, . . . ,N }, such that constraint
(17e) is satisfied with strict inequality. Then, based on xj,m
and pj,m, we can always find another solution to problem
(P3), namely x̃j,m and p̃j,m, with x̃j,m ≤ xj,m and p̃j,m ≤ pj,m,
which lower the value of the RHS of constraint (17e) to
make its equality hold. Since x̃j,m and p̃j,m do not decrease
the objective value of problem (P3), they are also an optimal
solution to problem (P3). Furthermore, when constraint (17e)
is satisfied with equality, problems (P3) and (P2) are equiv-
alent, so they have the same optimal solution on X and P.
Hence, we can obtain the solution on X and P in problem
(P2) by solving problem (P3). Since the objective function
(17a), constraints (17b), (17d), and (17f) are linear, and the
LHS of constraint (17c) and the RHS of constraint (17e) are
concave with respect to X and P, problem (P3) is a convex
optimization problem. We solve it by using the interior-point
method [26].

B. UAV TRAJECTORY OPTIMIZATION UNDER FIXED
BANDWIDTH AND TRANSMIT POWER
Now, we deal with subproblem 2, which optimizes the tra-
jectory of the UAV-BS with fixed bandwidth and transmit
power allocation. By letting gk,n =

pk,nζ0
xk,n

and g0,n =
pap,nζ0
x0,n

,
we formulate the problem as

(P4) : max
ς,S

ς (18a)

s.t.
1
N

N∑
n=1

xk,n log2

(
1+

gk,n
H2+ ‖ sn − wk ‖

2

)
≥ ς, k ∈ K1, (18b)

x0,n log2

(
1+

g0,n
H2+ ‖ sn − wBH ‖2

)
≥

K∑
k=1

xk,n log2

(
1+

gk,n
H2+ ‖ sn − wk ‖

2

)
,

∀n, (18c)

xk,n log2

(
1+

gk,n
H2+ ‖ sn − wk ‖

2

)
≥ Rmin,

k ∈ K2, ∀n, (18d)

(3), (4), (18e)

where constraints (18c) and (18d) are from (13) and (14),
respectively. Note that (18b), (18c) and (18d) are non-convex
constraints, problem (P4) is a non-convex optimization prob-
lem and difficult to solve optimally. As a compromise alter-
native, we solve it suboptimally, and the method is presented
as follows.

First, we introduce slack variables l , {lk,n, ∀k, n} to
problem (P4), and formulate the following problem:

(P5) : max
ς,S,l

ς (19a)

s.t.
1
N

N∑
n=1

lk,n ≥ ς, k ∈ K1, (19b)

x0,n log2

(
1+

g0,n
H2+‖ sn−wBH ‖2

)
≥

K∑
k=1

lk,n,

∀n, (19c)

lk,n ≥ Rmin, k ∈ K2, ∀n, (19d)

lk,n ≤ xk,n log2

(
1+

gk,n
H2+ ‖ sn − wk ‖

2

)
,

∀k, n, (19e)

(3), (4). (19f)

Similar to showing that problems (P3) and (P2) have the same
optimal solution onX and P, we can show that there exists an
optimal solution to problem (P5) such that constraint (19e)
is satisfied with equality, and thus problem (P5) and problem
(P4) have the same solution on S. Therefore, we can obtain
the solution to S by solving problem (P5). However, problem
(P5) is still difficult to solve optimally since the LHS of (19c)
and the RHS of (19e) are non-concave with respect to sn.

Next, we focus on solving problem (P5) approximately by
using the successive convex approximation technique, which
is iterative. Specifically, in each iteration, the successive
convex optimization technique assumes an initial point and
obtains an approximate solution to problem (P5) by maxi-
mizing the objective function of problem (P5) within a convex
feasible region, which is constructed by using the initial point.
The obtained approximate solution in the current iteration
will be used as the initial point in the next iteration. The
iteration process stops when the objective value of problem
(P5) convergences.

We present the details as follows. Without loss of gen-
erality, we assume that S(r) , {s(r)n ,∀n} is the obtained
UAV trajectory solution in the r-th iteration, r ≥ 0. In the
(r + 1)-th iteration, we use S(r) as the initial point and find
the approximate solution as follows. Note that although the
LHS of (19c) and the RHS of (19e) are not concave with
respect to sn, they are convex with respect to ‖ sn − wBH ‖

2

and ‖ sn − wk ‖
2, respectively. Thus, we construct lower

bounds of the LHS of (19c) and the RHS of (19e) by using
their first-order Taylor expansion at ‖ s(r)n − wBH ‖

2 and
‖ s(r)n − wk ‖

2, denoted by Rlb,(r)BH,n and Rlb,(r)k,n , respectively,
which are expressed as

x0,n log2

(
1+

g0,n
H2+ ‖ sn − wBH ‖2

)
≥ −η

(r)
BH,n

(
‖ sn − wBH ‖

2
− ‖ s(r)n − wBH ‖

2 )
+ φ

(r)
BH,n

, Rlb,(r)BH,n, (20)

xk,n log2

(
1+

gk,n
H2+ ‖ sn − wk ‖

2

)
≥ −η

(r)
k,n

(
‖ sn − wk ‖

2
− ‖ s(r)n − wk ‖

2 )
+ φ

(r)
k,n

, Rlb,(r)k,n , (21)
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where

η
(r)
BH,n =

x0,ng0,n log2(e)

λ
(r)
BH,n(λ

(r)
BH,n + g0,n)

,

φ
(r)
BH,n = x0,n log2

(
1+

g0,n

λ
(r)
BH,n

)
,

λ
(r)
BH,n = H2

+ ‖ s(r)n − wBH ‖
2,

η
(r)
k,n =

xk,ngk,n log2(e)

λ
(r)
k,n(λ

(r)
k,n + gk,n)

φ
(r)
k,n = xk,n log2

(
1+

gk,n

λ
(r)
k,n

)
,

λ
(r)
k,n = H2

+ ‖ s(r)n − wk ‖
2 .

Then, by replacing the LHS of (19c) and the RHS of (19e)

with Rlb,(r)BH,n and R
lb,(r)
k,n , respectively, we formulate the follow-

ing approximate problem of (P5):

(P6) : max
ς,S,l

ς (22a)

s.t.
1
N

N∑
n=1

lk,n ≥ ς, k ∈ K1, (22b)

Rlb,(r)BH,n ≥

K∑
k=1

lk,n, ∀n, (22c)

lk,n ≥ Rmin, k ∈ K2,∀n, (22d)

lk,n ≤ R
lb,(r)
k,n , ∀k, n, (22e)

(3), (4). (22f)

Since the LHS of constraint (22c) and the RHS of constraint
(22e) are concave with respect to sn and the other constraints
are linear, the feasible region of problem (P6) is convex.
In addition, the objective function of problem (P6) is linear,
so problem (P6) is a convex optimization problem, and the
interior-point method can be applied to obtain the optimal
solution to it [26].

Since Rlb,(r)BH,n and R
lb,(r)
k,n are the lower bounds of the LHS of

(19c) and the RHS of (19e), respectively, constraints (22c)
and (22e) imply constraints (19c) and (19e), respectively.
Thus, the solution obtained by solving problem (P6) is a
feasible solution to problem (P5). Furthermore, since in the
(r + 1)-th iteration, the solution S(r+1) is an optimal solution
to problem (P6) and the initial point S(r) is within the feasible
region, the objective value of problem (P5) with S(r+1) is no
smaller than that with S(r). Therefore, the objective value of
problem (P5) is non-decreasing over iterations.

C. OVERALL PROPOSED ALGORITHM
We summarized the proposed algorithm in Algorithm 1,
where f (X,P,S) denotes the objective value of problem (P1)
with solution X, P, and S, and η > 0 and τ > 0 denote
thresholds indicating the convergence accuracy. As analysis
in the previous subsections, the objective value of prob-
lem (P1) with solution obtained by executing steps 4-10 of

Algorithm 1 Proposed Algorithm for Problem (P1)

1: Initialization: Obtain an initial solution X(0), P(0), and
S(0); Calculate ς (0) = f (X(0),P(0),S(0)); Set l = 0.

2: repeat
3: Update l = l + 1.
4: With fixed trajectory S(l−1), update the bandwidth

variable X(l) and transmit power variable P(l) by solv-
ing problem (P3).

5: With fixed bandwidth X(l) and transmit power P(l),
update the trajectory S(l) in the following iteration
process: Set S̃(0) = S(l−1) and r = 0; Calculate
ζ (0) = f (X(l),P(l), S̃(0)).

6: repeat
7: Update r = r + 1.
8: With S̃(r−1) as initial point, solve problem (P6) and

denote the obtained solution by S̃(r).
9: Calculate ζ (r) = f (X(l),P(l), S̃(r)).
10: until |ζ

(r)
−ζ (r−1)|

|ζ (r−1)|
< η. Set S(l) = S̃(r).

11: Calculate ς (l) = f (X(l),P(l),S(l)).
12: until |ς

(l)
−ς (l−1)|

|ς (l−1)|
< τ .

Algorithm 1 is non-decreasing over iterations. Further-
more, since the objective value is upper bounded by a finite
value, Algorithm 1 is guaranteed to converge. In addition,
the computational complexity of Algorithm 1 is mainly due
to step 4 and steps 6-10, whose complexities are O[(KN )3.5]
and O[N1(KN )3.5] [26], [27], respectively, where N1 is the
iteration number of steps 6-10. As a result, the computational
complexity of Algorithm 1 isO[Nite(N1+ 1)(KN )3.5], where
Nite denotes the iteration number from step 2 to step 12.

IV. SIMULATION RESULTS
In this section, we present computer simulation results to ver-
ify the performance of our proposed joint bandwidth, power
and trajectory optimization algorithm (denoted by ‘‘Joint’’),
as compared to the following benchmark schemes.
• Trajectory optimization with fixed bandwidth and power

allocation scheme (denoted by ‘‘T-Opt’’): it fixes the band-
widths of different links and the power allocated to different
users by setting x0,n = 1/2, xk,n = 1/(2K ), and pk,n =
pmax/K , and optimizes the UAV trajectory by executing
steps 5-10 of Algorithm 1.
• Power and trajectory optimization with fixed bandwidth

scheme (denoted by ‘‘P-T-Opt’’): it fixes the bandwidths of
the backhaul and data links by setting x0,n = 1/2 and xk,n =
1/(2K ), and optimizes the transmit power and UAV trajectory
by using an alternating optimization algorithm similar to
Algorithm 1.
• Bandwidth and power optimization with circular trajec-

tory scheme (denoted by ‘‘B-P-Opt-Circle-T’’): it applies a
traditional circular trajectory [28] and optimizes the band-
width and power by executing step 4 of Algorithm 1. The
circular trajectory is generated as follows. We denote the
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center and radius of the trajectory by ct = [xt , yt ]T and rt ,
respectively. We set ct = wBH. Under the given maximum
speed of the UAV Vmax and flight duration T , rt is upper
bounded by

rt ≤ rmax =
VmaxT
2π

. (23)

Furthermore, to avoid the UAV from flying too far away from
the users, we also set the following upper bound

rt ≤ max
k

rk = max
k
‖wk − wBH‖. (24)

Thus, we set rt = min(rmax,maxk rk ). Therefore, the circular
trajectory is set as S(0) = {s(0)n , n = 1, . . . ,N }, where

s(0)n = [xt − rt cosαn, yt − rt sinαn]T . (25)

Here, αn = 2π (n−1)
N−1 . This circular trajectory is also used for

the initial trajectory of the other schemes.
In the simulations, we set that the ground users randomly

locate in an area with a size 2 × 2 km2. There are K = 6
users, where users 1 and 2 are delay-sensitive users, and
users 3-6 are delay-tolerant users. To compare the proposed
and benchmark schemes, the following results are obtained
from one random realization of users’ locations. The flying
altitude and maximum speed of the UAV-BS are H = 100 m
and Vmax = 50 m/s, respectively. The total bandwidth of
the network spectrum is set as B = 10 MHz. The maximum
total transmit power of the UAV-BS and the transmit power
of the BHG are set as pmax = 2 W and pb = 2 W,
respectively. The other parameters are set as β0 = −60 dB,
N0 = −169 dBm/Hz, τ = 10−4, and η = 10−4.

FIGURE 2. UAV trajectories optimized by different schemes when T = 50 s
and Rmin = 0.5 bps/Hz, where makers ‘+’, ‘◦’, and ‘?’ indicate the locations
of the BHG, delay-sensitive users, and delay-tolerant users, respectively.

Figs. 2 and 3 show the UAV trajectories obtained by
different schemes when the flight periods of the UAV are
T = 50 s and T = 120 s, respectively, with the minimum rate
requirement of the delay-sensitive users Rmin = 0.5 bps/Hz.
The UAV trajectories of two ideal scenarios are also shown.
One ideal scenario is that the UAV-BS network has a backhaul
link with unlimited bandwidth, where we jointly optimize the
bandwidth, transmit power, and the UAV trajectory without

FIGURE 3. UAV trajectories optimized by different schemes when
T = 120 s and Rmin = 0.5 bps/Hz, where makers ‘+’, ‘◦’, and ‘?’ indicate
the locations of the BHG, delay-sensitive users, and delay-tolerant users,
respectively.

the backhaul link constraint. The other ideal scenario is that
the network has no delay-sensitive users, where we jointly
optimize the bandwidth, transmit power, and the UAV trajec-
tory without the minimum rate requirement of delay-sensitive
users. The joint optimization algorithms used in the former
and latter ideal scenarios are both similar to Algorithm 1, and
their obtained results are denoted by ‘‘Joint, unlimited BH’’
and ‘‘Joint, w/o sen’’, respectively. In Fig. 2, it is observed that
the UAV trajectories optimized by all schemes are similar,
except the ‘‘T-Opt’’ and ‘‘P-T-Opt’’ schemes. This is because
when T = 50 s, all schemes have limited degree of freedom
for trajectory optimization.

In Fig. 3, It is observed that when T = 120 s, there is
more degree of freedom for trajectory optimization, the UAV
trajectories obtained by different schemes are different. In the
unlimited backhaul bandwidth scenario, the UAV-BS travels
from one delay-tolerant user to another delay-tolerant user in
straight lines and hovers on top of each delay-tolerant user for
some time. Unlike this ideal scenario, when the backhaul link
connecting the UAV-BS and the BHG is limited, the proposed
‘‘Joint’’ algorithm does not let the UAV-BS reach the point on
top of each delay-tolerant user, and it lets the UAV-BS remain
static at a point near the delay-tolerant user being served
for some time. In this way, the proposed algorithm can bal-
ance the data links and the backhaul link’s data transmission
amounts. In the no delay-sensitive user scenario, the UAV-BS
does not stay static when serving a delay-tolerant user but
flies in slow speed in a line that connects the BHG and the
delay-tolerant user, and the distance between the UAV-BS
and the BHG is much lower than the other schemes. This
is because in the ideal no delay-sensitive user scenario, the
UAV-BS can be regarded as a relay between the BHG and the
serving users, thus the result of this ideal scenario is consis-
tent with that in the UAV relaying communication [4]. It is
also observed that the trajectories obtained by the ‘‘P-T-Opt’’
and ‘‘T-Opt’’ schemes are similar: the UAV-BS flies from
one delay-tolerant user to another delay-tolerant user in an

VOLUME 8, 2020 67631



Y. Huang et al.: Bandwidth, Power and Trajectory Optimization for UAV-BS Networks With Backhaul and User QoS Constraints

FIGURE 4. Bandwidth portions of different data links obtained by the
proposed algorithm versus time (T = 120 s, Rmin = 0.5 bps/Hz).

FIGURE 5. Transmit power allocated to different users obtained by the
proposed algorithm versus time (T = 120 s, Rmin = 0.5 bps/Hz).

arc path that keeps it close to the delay-sensitive users at the
same time. This is because in the ‘‘P-T-Opt’’ and ‘‘T-Opt’’
schemes, the bandwidths allocated to all links are fixed, thus
the UAV-BS can only adjust its trajectory to guarantee the
minimum rate requirement of the delay-sensitive users and to
maximize the rate of the delay-tolerant at the same time.

Figs. 4 and 5 show the corresponding bandwidth portions
allocated to different data links and transmit powers allocated
to different users obtained by the proposed algorithm versus
time, whose parameters are the same with that of Fig. 3. It can
be observed that the delay-sensitive users, i.e., users 1 and 2,
are always allocated with non-zero bandwidth and transmit
power, so their minimum rate requirement can be satisfied
at each time slot. In Fig. 4, it is observed that the bandwidth
allocated to the backhaul link is also non-zero at all time slots,
this is because the rate of the backhaul link should be no
smaller than the sum of user rates at any time. In Figs. 4 and 5,
it is observed that the delay-tolerant users are successively
allocated with non-zero bandwidth and power, which means
the UAV-BS only serves one delay-tolerant user at any time
t and serves all of them successively over time. At each
time slot, the sum of allocated bandwidth portions equals to

FIGURE 6. Minimum rates of the delay-tolerant users by different
schemes versus flight period T (Rmin = 0.5 bps/Hz).

one strictly, and the sum of allocated transmit equals to the
maximum total power, which is because the minimum user
rate is maximized by using the total bandwidth and power.

Fig. 6 shows the minimum rates of the delay-tolerant
users obtained by different schemes versus the UAV flight
period T when Rmin = 0.5 bps/Hz. It is observed that
the minimum rates of the delay-tolerant users obtained by
all schemes increase with T . This is because with longer
flight period T , more degree of freedom is available for
the bandwidth, power, and trajectory optimization, and thus
higher rate can be achieved. Furthermore, it is also observed
that the minimum user rate of the proposed algorithm is
significantly higher than that of the benchmark ‘‘B-P-Opt-
Circle-T’’, ‘‘T-Opt’’ and ‘‘P-T-Opt’’ schemes. This is because
the benchmark schemes do not fully use all available degree
of freedom for optimization to improve the user rate. Besides,
the ‘‘P-T-Opt’’ scheme only achieves a small rate gain over
the ‘‘T-Opt’’ scheme, which shows that power allocation can
only achieve marginal gain when the bandwidth allocation is
fixed.

FIGURE 7. Minimum rates of the delay-tolerant users by the proposed
algorithm versus flight period T with different values of Rmin.

Fig. 7 shows the minimum rates of the delay-tolerant users
by the proposed algorithm versus T when Rmin takes the
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values of 0.2, 0.5, 0.8, and 1 bps/Hz. It can be observed that
with Rmin increasing, the minimum rate of the delay-tolerant
users decreases. This is because higher Rmin lets the network
allocates more bandwidth and power to the delay-sensitive
users and restricts the UAV-BS from getting closer to the
delay-tolerant users, thus reduces the degree of freedom of
the delay-tolerant users for bandwidth, power, and trajectory
optimization.

V. CONCLUSION
In this paper, we investigate joint bandwidth, transmit power
and trajectory optimization in a UAV-BS network with a
bandwidth-limited backhaul link, where a part of the users
are delay-tolerant and the other users are delay-sensitive.
To guarantee the different QoS requirements of the users,
we have proposed an efficient algorithm to maximize the
minimum rate of the delay-tolerant users and satisfy the min-
imum rate requirement of the delay-sensitive users, by jointly
optimizing the bandwidths of the backhaul link and the data
links, the transmit powers allocated to the users, as well as
the trajectory of the UAV-BS. Simulation results show that
the proposed alternating optimization-based algorithm can
achieve significantly higher minimum user rate performance,
as compared to other benchmark schemes, which demonstrate
that joint bandwidth, power, and trajectory optimization is
essential for rate improvement in a UAV-BS network with the
backhaul constraint and different user QoS requirements.
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