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Abstract—This paper studies unmanned aerial vehicle (UAV)
aided wireless communication systems where a UAV serves uplink
communications of multiple ground nodes by flying the area of
the interest. In this system, the propulsion energy consumption
at the UAV is taken into account so that the UAV’s velocity
and acceleration should not exceed a certain threshold. We aim
to maximize the minimum average rate of the UAV by jointly
optimizing the UAV trajectory and the ground nodes’ uplink
transmit power. However, this problem is shown to be non-convex
in general, and thus existing convex optimization techniques
and algorithms cannot be directly applied. By employing the
successive convex approximation (SCA) techniques, we present
an efficient algorithm which is guaranteed to converge to at
least a local optimal point for the non-convex problem. To this
end, proper convex approximations are derived for the nonconvex constraints. Numerical results demonstrate the proposed
algorithm performs better than baseline scheme.

I. I NTRODUCTION
Recently, unmanned aerial vehicles (UAVs) have been receiving great attention as mobile communication nodes in
wireless networks [1]. Compared to conventional terrestrial
communications where users are served by ground base stations (BSs) [2], UAV-aided systems are cost effective and can
be dispatched to the field with various purposes. In addition,
with adjustable mobility, we can optimize deployment and
trajectories of moving UAVs in order to maximize the system
capacity. Furthermore, located at moderate altitude, UAVs are
likely to have line-of-sight (LoS) communication links for airto-ground channel.
From these advantages, UAVs have been employed to various wireless communication systems. The authors in [3]–[6]
considered UAVs as a mobile relay which help ground nodes’
communication. In this UAV-aided mobile relaying system,
compared to conventional static relay schemes [7], [8], the
relay moves closer to source and destination nodes in order to
obtain good channel condition, and thus the system throughput
can be significantly improved.
In addition, UAVs can help the existing terrestrial communication infrastructure and users [9]–[12]. For the disaster
situation, the authors in [9] utilized the UAVs to recover
malfunctioned ground infrastructure. In [10], the UAV was
adopted to serve the cell-edge mobile users and offload the
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traffic from the ground BS. The UAV also employed for flying
computing cloudlets [11] and a mobile energy transmitter in
wireless power transfer systems [12].
Moreover, UAVs could play the role of mobile BS in
wireless networks [13]–[16]. The authors in [13] and [14]
studied the coverage issue of the mobile BS systems and
designed the placement of the UAVs. In [15], theoretical
model of the propulsion energy consumption of fixed-wing
UAVs was derived. Under this model, energy efficiency of
the UAV is maximized for a single ground node system.
When there are multiple ground nodes, [16] maximized the
minimum throughput performance by jointly optimizing the
UAV trajectory, the transmit power, and the time allocations.
However, this work did not consider the propulsion energy
consumption of the UAV and thus, it may not feasible for
fixed-wing UAVs.
This paper studies a UAV-aided wireless communication design, where a UAV collects the data of multiple ground nodes
within a finite time period under average propulsion power
consumption constraint. We aim to maximize the minimum
average rate by jointly optimizing the UAV trajectory, the
velocity, and the acceleration as well as the ground nodes’
uplink transmit power. Compared to the single ground node
scenario in [15], the problem for the general multi-node case in
this paper becomes more complicated. Also, since we consider
the propulsion energy consumption, unlike the work in [16],
additional non-convex constraints should be investigated. As
a result, the existing algorithms presented in [15] and [16]
cannot be directly applied to our scenario.
To tackle this issue, we first introduce auxiliary variables
and transform the non-convex problem into a more tractable
formulation. However, the equivalent problem is still nonconvex due to the non-convex UAV movement constraints.
To this end, we employ the successive convex approximation
(SCA) technique which iteratively solves approximated convex problem of the original non-convex one. Novel convex
approximations for the non-convex constraints are proposed
in order to apply the SCA to our optimization problem.
Finally, we present an efficient algorithm for the minimum
rate maximization problem which yields at least a locally
optimal solution. From simulation result, it is confirmed that
the proposed algorithm provides a significant performance gain
over baseline scheme.
The rest of this paper is organized as follows. Section II
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constraint 𝑉min is significantly important for practical fixedwing UAV designs which need to move forward to remain
aloft [15].
The continuous-time expressions in (1)-(3) make analysis
and derivations on the UAV system intractable. For ease of
analysis, we discretize the time duration 𝑇 into 𝑁 time slots
𝑇
[3]. When the discretized
with the same time interval 𝛿𝑡 = 𝑁
time interval 𝛿𝑡 is chosen as a small number, based on the firstand the second-order Taylor approximations, the velocity and
the acceleration can be denoted as [15],

Fig. 1. A UAV-enabled wireless network

introduces the system model and the problem formulation. In
Section III, the minimum average rate maximization algorithm
is proposed. Section IV presents the numerical results and
finally, we conclude the paper in Section V.
𝑁 𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑠: Throughout this paper, the bold lower-case and
normal letters denote vectors and scalars, respectively. The
space of 𝑀 -dimensional real-valued vectors are represented
by ℝ𝑀 ×1 . For a vector a, ∥a∥ and a𝑇 indicate norm and
transpose, respectively. The gradient of a function 𝑓 is defined
as ∇𝑓 . For a time-dependent function x(𝑡), ẋ(𝑡) and ẍ(𝑡)
stand for the first-order and second-order derivatives with
respect to time 𝑡, respectively.
II. S YSTEM M ODEL A ND P ROBLEM F ORMULATION
A. System Model
As shown in Fig. 1, we consider a UAV-aided wireless
communication system where a UAV serves uplink data transmission of 𝐾 ground nodes as a mobile BS. In this scenario,
the UAV horizontally flies at a constant altitude 𝐻 with a
time period 𝑇 . The ground nodes are assumed to be deployed
at fixed location, which is perfectly known at the UAV in
advance.
To represent the location of the UAV and the ground nodes,
we consider a three-dimensional Cartesian coordinate system.
The horizontal coordinate of each ground node 𝑘 (𝑘 =
1, ..., 𝐾) is denoted by w𝑘 = [𝑥𝑘 𝑦𝑘 ]𝑇 . Also, we define
the time-varying horizontal coordinate of the UAV at time
instant 𝑡 as q(𝑡) = [𝑞𝑥 (𝑡) 𝑞𝑦 (𝑡)]𝑇 , for 0 ≤ 𝑡 ≤ 𝑇 . Then, the
instantaneous velocity v(𝑡) and acceleration a(𝑡) of the UAV
are expressed by v(𝑡) ≜ q̇(𝑡) and a(𝑡) ≜ q̈(𝑡), respectively.
Since we consider periodical operations at the UAV, it follows

v(𝑡 + 𝛿𝑡 ) ≈ v(𝑡) + a(𝑡)𝛿𝑡 , 0 ≤ 𝑡 ≤ 𝑇,
q(𝑡 + 𝛿𝑡 ) ≈ q(𝑡) + v(𝑡)𝛿𝑡 +

1
2
2 a(𝑡)𝛿𝑡 , 0

(4)

≤ 𝑡 ≤ 𝑇.

(5)

As a result, the trajectory of the UAV can be successfully
approximated by 𝑁 vector sequences as q[𝑛] ≜ q(𝑛𝛿𝑡 ),
v[𝑛] ≜ v(𝑛𝛿𝑡 ), and a[𝑛] ≜ a(𝑛𝛿𝑡 ) for 𝑛 = 0, 1, ..., 𝑁 . Thus,
(4) and (5) can be rewritten by
v[𝑛] = v[𝑛 − 1] + a[𝑛 − 1]𝛿𝑡 ,
q[𝑛] = q[𝑛 − 1] + v[𝑛 − 1]𝛿𝑡 +

1
2 a[𝑛

(6)
−

1]𝛿𝑡2 ,

(7)

for 𝑛 = 1, ..., 𝑁 . Also, the constraints in (1)-(3) become
q[0] = q[𝑁 ], v[0] = v[𝑁 ], a[0] = a[𝑁 ],

(8)

𝑉min ≤ ∥v[𝑛]∥ ≤ 𝑉max , for 𝑛 = 0, 1, ..., 𝑁,
∥a[𝑛]∥ ≤ 𝑎max , for 𝑛 = 0, 1, ..., 𝑁.

(9)
(10)

For the power consumption at the UAV, we consider the
propulsion power consumption which is used for maintaining
the UAV aloft and supporting its mobility. A theoretical model
for the propulsion power consumption was derived in [15].
For tractable analysis, we use the upper bound of this model,
which can be expressed as
𝑐2
𝑃prop [𝑛] = 𝑐1 ∥v[𝑛]∥ +
∥v[𝑛]∥
3

(

∥a[𝑛]∥2
1+
𝑔2

)
, ∀𝑛,

(11)

(2)
(3)

where 𝑐1 and 𝑐2 are two parameters related to the aircraft
design and 𝑔 = 9.8 m/s2 is the gravitational acceleration.
Note that the power consumption related to the communication
processes such as analog-to-digital converter and channel
decoding are ignored since they are practically much smaller
than the propulsion power.
Now, let us explain the channel model between the UAV
and the ground nodes. It is assumed that the communication
links from the ground nodes to the UAV are dominated by the
LoS links. Moreover, the Doppler effect originated from the
UAV mobility is assumed to be well compensated. Then, the
effective channel gain ℎ𝑘 [𝑛] from node 𝑘 to the UAV at time
slot 𝑛 follows the free-space path loss model as [3]
𝛾0
ℎ𝑘 [𝑛] = 𝛾0 𝑑−2
,
(12)
𝑘 [𝑛] =
∥q[𝑛] − w𝑘 ∥2 + 𝐻 2

where 𝑉min and 𝑉max stand for the minimum and the maximum UAV speed constraints in m/sec and 𝑎max indicates the
maximum UAV acceleration in m/sec2 . The minimum speed

where 𝛾0 ≜ 𝛽0 /𝜎 2 represents the reference signal-to-noise
ratio (SNR) at 1 m with 𝛽0 and 𝜎 2 being the channel power
at 1 m and the white Gaussian noise power at the UAV,

q(0) = q(𝑇 ), v(0) = v(𝑇 ), a(0) = a(𝑇 ),

(1)

where (1) implies that the UAV needs to go back to its starting
location q(0) with the same velocity and acceleration after
one period 𝑇 . In addition, the velocity and acceleration of the
practical UAV are subject to
𝑉min ≤ ∥v(𝑡)∥ ≤ 𝑉max , 0 ≤ 𝑡 ≤ 𝑇,
∥a(𝑡)∥ ≤ 𝑎max , 0 ≤ 𝑡 ≤ 𝑇,

respectively. Here, the distance 𝑑𝑘 [𝑛] between the UAV and
node 𝑘 at time slot 𝑛 is written by
√
𝑑𝑘 [𝑛] = ∥q[𝑛] − w𝑘 ∥2 + 𝐻 2 .
(13)

surrogate function of 𝑓𝑖 (x) with solution x𝑙 obtained at the
𝑙-th iteration. The surrogate function 𝑔𝑖 (x∣x𝑙 ) is chosen to
satisfy the following three conditions

At time slot 𝑛, each ground node 𝑘 transmits its data signal
to the UAV with power 0 ≤ 𝑝𝑘 [𝑛] ≤ 𝑃peak , where 𝑃peak is the
peak transmission power constant at the nodes. Accordingly,
the instantaneous achievable rate 𝑅𝑘 [𝑛] of node 𝑘 at time slot
𝑛 can be expressed as
(
)
𝑝𝑘 [𝑛]ℎ𝑘 [𝑛]
𝑅𝑘 [𝑛] = log2 1 +
,
(14)
∑𝐾
1 + 𝑗=1,𝑗∕=𝑘 𝑝𝑗 [𝑛]ℎ𝑗 [𝑛]
∑𝐾
where the term 𝑗=1,𝑗∕=𝑘 𝑝𝑗 [𝑛]ℎ𝑗 [𝑛] represents the interference from all other nodes at time slot 𝑛. Therefore, the
achievable average rate 𝑅𝑘 of node 𝑘 over 𝑁 time slots is
given by
∑𝑁
𝑅𝑘 = 𝑁1 𝑛=1 𝑅𝑘 [𝑛]
(
)
∑𝑁
= 𝑁1 𝑛=1 log2 1 + 1+∑𝐾𝑝𝑘 [𝑛]ℎ𝑘𝑝[𝑛][𝑛]ℎ [𝑛] . (15)

𝑔𝑖 (x𝑙 ∣x𝑙 ) = 𝑓𝑖 (x𝑙 ),
∇𝑔𝑖 (x𝑙 ∣x𝑙 ) = ∇𝑓𝑖 (x𝑙 ),

(17)
(18)

𝑔𝑖 (x∣x𝑙 ) ≤ 𝑓𝑖 (x).

(19)

𝑗=1,𝑗∕=𝑘

𝑗

𝑗

B. Problem Formulation
In this paper, we jointly optimize the UAV movement
variables q[𝑛], v[𝑛], and a[𝑛] and the ground nodes’ uplink
transmit power 𝑝𝑘 [𝑛] so that the minimum average rate among
multiple ground nodes is maximized. The minimum rate
maximization problem can be formulated as
(𝑃 1) :

max

𝜏

(16a)

𝑠.𝑡.

𝑅𝑘 ≥ 𝜏, ∀𝑘,

(16b)

{q[𝑛],v[𝑛],a[𝑛]}
{𝑝𝑘 [𝑛],𝜏 }

0 ≤ 𝑝𝑘 [𝑛] ≤ 𝑃peak , ∀𝑘, 𝑛,
𝑁
1 ∑
𝑃prop [𝑛] ≤ 𝑃lim ,
𝑁 𝑛=1

It is well known that the limit of any convergent sequence
of {x𝑙 } becomes the KKT point, which implies that we can
obtain at least local optimal solution for the original nonconvex problem [17], [18].
III. P ROPOSED A LGORITHM
In this section, we propose an iterative algorithm for solving
the problem by applying the SCA method. To tackle the nonconvex problem (P1), we first introduce the change of variables
as
𝑝𝑘 [𝑛]𝛾0
, ∀𝑘, 𝑛, (20)
𝐺𝑘 [𝑛] ≜ 𝑝𝑘 [𝑛]ℎ𝑘 [𝑛] =
2
∥q[𝑛] − w𝑘 ∥ + 𝐻 2
where 𝐺𝑘 [𝑛] is a new optimization variable. Also, defining
𝐺𝑘,max [𝑛] as
𝐺𝑘,max [𝑛] ≜ 𝑃peak ℎ𝑘 [𝑛] =

𝑃peak 𝛾0

2

∥q[𝑛] − w𝑘 ∥ + 𝐻 2

,

(21)

the constraint (16c) becomes 0 ≤ 𝐺𝑘 [𝑛] ≤ 𝐺𝑘,max [𝑛], ∀𝑘, 𝑛.
Besides, the achievable rate 𝑅𝑘 [𝑛] in (14) can be rewritten by
(
)
∑𝐾
ˆ 𝑘 [𝑛],
(22)
𝑅𝑘 [𝑛] = log2 1 + 𝑚=1 𝐺𝑚 [𝑛] − 𝑅
where

(16c)

(
)
ˆ 𝑘 [𝑛] ≜ log2 1 + ∑𝐾
𝑅
𝐺
[𝑛]
.
𝑗
𝑗=1,𝑗∕=𝑘

(16d)

Then, by introducing auxiliary variables {𝑉lb [𝑛]}, (P1) can be
recast to

(6) − (10),
where 𝑃lim in (16d) indicates the propulsion power constraint
at the UAV.
In general, (P1) is non-convex problem due to the UAV
movement constraints (9), the achievable average rate constraint (16b), and the average propulsion power constraint
(16d). Thus, it is not easy to obtain the globally optimal solution. Compared to [16], we additionally consider the propulsion power constraint (16d) in the minimum rate maximization
problem (P1), so the problem becomes more complicated.
C. Successive Convex Approximation
In this subsection, we briefly review the SCA technique.
Suppose a general non-convex problem with constraints
𝑓𝑖 (x) ≥ 0 for 𝑖 = 1, ..., 𝑚. It is assumed that a feasible region
𝐹 = {x∣𝑓𝑖 (x) ≥ 0, 𝑖 = 1, ..., 𝑚} is a compact set and 𝑓𝑖 (x)
is differentiable.
Then, At the 𝑙-th iteration of the SCA algorithm, the
non-convex set 𝐹 is approximated to proper convex set
𝐹˜ = {x∣𝑔𝑖 (x∣x𝑙 ) ≥ 0, 𝑖 = 1, ..., 𝑚}, where 𝑔𝑖 (x∣x𝑙 ) is a

(𝑃 1.1) :
max

{q[𝑛],v[𝑛],a[𝑛]}
{𝐺𝑘 [𝑛],𝑉lb [𝑛],𝜏 }

𝑠.𝑡.

𝜏

(23)

(24a)

(
(
)
)
𝑁
𝐾
∑
1 ∑
ˆ 𝑘 [𝑛] ≥ 𝜏, ∀𝑘,
log2 1 +
𝐺𝑚 [𝑛] − 𝑅
𝑁 𝑛=1
𝑚=1
(24b)
(24c)
0 ≤ 𝐺𝑘 [𝑛] ≤ 𝐺𝑘,max [𝑛], ∀𝑘, 𝑛,

𝑁
𝑐2 ∥a[𝑛]∥2
1 ∑
𝑐2
+ 2
≤ 𝑃lim ,
𝑐1 ∥v[𝑛]∥3 +
𝑁 𝑛=1
𝑉lb [𝑛]
𝑔 𝑉lb [𝑛]

𝑉min ≤ 𝑉lb [𝑛], ∀𝑛,
𝑉lb2 [𝑛]

2

≤ ∥v[𝑛]∥ , ∀𝑛,

∥v[𝑛]∥ ≤ 𝑉max , ∀𝑛,
(6), (7), (8), (10).

(24d)
(24e)
(24f)
(24g)

It can be shown that at the optimal point of (P1.1), the inequality constraint in (24f) hold with equality since otherwise

we can enlarge the feasible set corresponding to (24d) by
increasing 𝑉lb [𝑛]. Thus, we conclude that (P1.1) is equivalent to (P1). Thanks to the new auxiliary variables {𝑉lb [𝑛]},
constraints (24d) and (24e) now become convex, while (24b),
(24c), and (24f) are still non-convex in general.
To address these issues, we employ the SCA methods. First,
it can be checked that constraint (24b) is given by a difference
of two concave functions. Therefore, the surrogate function
ˆ ub [𝑛] for 𝑅
ˆ 𝑘 [𝑛] is computed from the first order Taylor
𝑅
𝑘
approximation as
(
)
ˆ ub [𝑛] ≜ Γ̂𝑘 [𝑛] ∑𝐾
𝑅
𝑘
𝑗=1,𝑗∕=𝑘 (𝐺𝑗,𝑙+1 [𝑛] − 𝐺𝑗,𝑙 [𝑛])
)
(
∑𝐾
ˆ 𝑘 [𝑛], (25)
+ log2 1 + 𝑗=1,𝑗∕=𝑘 𝐺𝑗,𝑙 [𝑛] ≥ 𝑅
where 𝐺𝑘,𝑙 [𝑛] denotes the solution of 𝐺𝑘 [𝑛] attained at the
𝑙-th iteration of the SCA process and Γ̂𝑘 [𝑛] is defined as
Γ̂𝑘 [𝑛] ≜

1+

log2 𝑒
∑𝐾

𝑗=1,𝑗∕=𝑘

𝐺𝑗,𝑙 [𝑛]

, ∀𝑘, 𝑛.

(26)

Next, to identify convex surrogate functions of (24c) and
(24f), we present the following lemmas.
Lemma 1: Denoting {q𝑙 [𝑛]} as the solution for {q[𝑛]} calculated at the 𝑙-th iteration, the surrogate function of 𝐺𝑘,max [𝑛]
can be expressed as
2

∥q𝑙+1 [𝑛]−w𝑘 ∥
𝐺lb
𝑘,max [𝑛] ≜ 𝑃peak 𝛾0 (−
𝐻4
𝑇

+𝐵𝑘 [𝑛](q𝑙+1 [𝑛] − w𝑘 ) (q𝑙 [𝑛] − w𝑘 ) + 𝐶𝑘 [𝑛])
≤ 𝐺𝑘,max [𝑛],
(27)
where the constants 𝐵𝑘 [𝑛] and 𝐶𝑘 [𝑛] are respectively given as
(
𝐵𝑘 [𝑛] ≜ 2
𝐶𝑘 [𝑛] ≜

)
1
𝐻4

−

1
2
(∥q𝑙 [𝑛]−w𝑘 ∥2 +𝐻 2 )

1
∥q𝑙 [𝑛]−w𝑘 ∥2 +𝐻 2

+

, ∀𝑘, 𝑛,

2∥q𝑙 [𝑛]−w𝑘 ∥2

(∥q𝑙 [𝑛]−w𝑘 ∥2 +𝐻 2 )

2

𝑘∥
− ∥q𝑙 [𝑛]−w
, ∀𝑘, 𝑛.
𝐻4

(28)

2

(29)

Proof: Please refer to Appendix A.
Lemma 2: With the solution {v𝑙 [𝑛]} obtained at the 𝑙-th
iteration, the surrogate function of ∥v𝑙+1 [𝑛]∥2 can be obtained
as
−∥v𝑙+1 [𝑛]∥2 + 2v𝑙𝑇 (2v𝑙+1 [𝑛] − v𝑙 [𝑛]) ≤ ∥v𝑙+1 [𝑛]∥2 . (30)
Proof: Please refer to Appendix B.
With the aid of lemmas 1 and 2, at the 𝑙-th iteration, nonconvex constraints (24c) and (24f) can be approximated as
0 ≤ 𝐺𝑘 [𝑛] ≤ 𝐺lb
𝑘,max [𝑛], ∀𝑘, 𝑛,
𝑉lb2 [𝑛]

2

≤ −∥v𝑙+1 [𝑛]∥ +

2v𝑙𝑇

(31)

(2v𝑙+1 [𝑛] − v𝑙 [𝑛]) , ∀𝑛. (32)

As a result, with given {q𝑙 [𝑛], v𝑙 [𝑛], 𝐺𝑘,𝑙 [𝑛]}, we solve the
following problem at the 𝑙-th iteration of the SCA procedure
(𝑃 1.2) :
max

{q𝑙+1 [𝑛],v𝑙+1 [𝑛],a[𝑛]}
{𝐺𝑘,𝑙+1 [𝑛],𝑉lb [𝑛],𝜏 }

𝜏

(33a)

)
)
(
(
𝑁
𝐾
∑
1 ∑
ub
ˆ 𝑘 [𝑛] ≥ 𝜏, ∀𝑘,
𝑠.𝑡.
𝐺𝑚,𝑙+1 [𝑛] − 𝑅
log2 1 +
𝑁 𝑛=1
𝑚=1
(33b)
(6), (7), (8), (10), (24𝑑), (24𝑒), (24𝑔), (31), (32).

Since (P1.2) is a convex optimization problem, it can be
optimally solved convex optimization solvers such as the CVX
[19]. The iterative SCA procedure is summarized in Algorithm
1. The convergence of Algorithm 1 has been proved [17], and
thus we can compute at least a locally optimal solution for
(P1).
Algorithm 1 : Proposed algorithm for (P1)
1: Initialize {q0 [𝑛], v0 [𝑛], 𝐺𝑘,0 [𝑛]}, ∀𝑘, 𝑛 which satisfying
the constraints and let 𝑙 = 0.
2: Repeat
3:
Solve problem (P1.2) for the given local point
{q𝑙 [𝑛], v𝑙 [𝑛], 𝐺𝑘,𝑙 [𝑛]}, and denote the optimal
solutions as {q𝑙+1 [𝑛], v𝑙+1 [𝑛], 𝐺𝑘,𝑙+1 [𝑛]}, ∀𝑘, 𝑛.
4:
Update 𝑙 ← 𝑙 + 1.
5: Until Convergence.
𝐺
[𝑛]
6: Obtain 𝑝𝑘 [𝑛] = 𝑘,𝑙+1
ℎ𝑘 [𝑛] , ∀𝑘, 𝑛.
A. Initial Trajectory
For the proposed algorithm, we need to initialize the trajectory variables q0 [𝑛]. To this end, we consider a simple circular
trajectory scheme as in [16] with a center c and a radius 𝑟0 .
as the geometrical
First, the center c = [𝑥0 , 𝑦0 ]𝑇 is determined
∑𝐾
w𝑘
mean of the ground nodes, i.e., c = 𝑘=1
.
𝐾
Next, the radius 𝑟0 is chosen to fulfill the constraints (9),
(10), and (16d), which are equivalently expressed as
)
(
𝑉max 𝑇 𝑎max
𝑉min 𝑇
,
(34)
≤
𝑟
≤
min
,
0
2𝜋
2𝜋
𝜔2
0

𝑐1 𝑟03 𝜔03 +

𝑐2
𝑟0 𝜔 0

+

𝑐2 𝑟0 𝜔03
𝑔2

≤ 𝑃lim ,

(35)

with 𝜔0 ≜ 2𝜋
𝑇 . The closed-form solution of inequality (35)
can be readily obtained by using quartic formula. Then, 𝑟0 is
given as the point which makes the maximum objective value
of (P1) under satisfying (34) and (35). As a result, the initial
𝑛
+
circular trajectory q0 [𝑛] is written by q0 [𝑛] = [𝑟0 cos 2𝜋 𝑁
𝑛
𝑇
𝑥0 , 𝑟0 sin 2𝜋 𝑁 + 𝑦0 ] , ∀𝑛.
IV. N UMERICAL R ESULT
In this section, we provide numerical results to validate the
efficiency of the proposed algorithm. For the simulations, we
consider 𝐾 = 6 ground nodes which are distributed as in Fig.
2. The UAV gets around over the nodes horizontally at a
constant altitude 𝐻 = 100 m. The reference SNR 𝛾0 is set
to 𝛾0 = 80 dB and the peak transmission power 𝑃peak at the
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Fig. 2. Optimized UAV trajectories for different periods 𝑇 given 𝑃lim = 150
W. The ground node locations are marked with ’⊳’.
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Fig. 3. The UAV speed versus time for 𝑇 = 400 sec.

node is assumed to be 𝑃peak = 10 dBm. The UAV’s minimum
velocity, maximum velocity, and maximum acceleration are set
to 𝑉max = 100 m/sec, 𝑉min = 3 m/sec, and 𝑎max = 5 m/sec2 ,
respectively. For the UAV power consumption model in (14),
the constants are fixed as 𝑐1 = 9.26 × 10−4 and 𝑐2 = 2250.
Fig. 2 illustrates the optimized UAV trajectories with various
𝑇 for 𝑃lim = 150 W. It is observed that when 𝑇 is smaller
than 150 sec, as 𝑇 increases, the UAV tries to get closer to all
the ground nodes in order to improve the channel conditions
from the ground nodes. In contrast, if 𝑇 is sufficiently large
(𝑇 = 400 sec), the UAV is now able to visit all the nodes
within a given time period. Thus, the UAV can hover over each
node for a while by traveling smooth path around the nodes.
This is an different observation presented in [16] where the
practical UAV movement constraints (9), (10), and (16d) are
not considered. This can be explained as follows: Since we
consider the minimum velocity, the maximum acceleration,

Fig. 4. Max-min rate versus period 𝑇 given 𝑃lim = 150 W.

and the propulsion power constraints, the UAV cannot stay at
fixed positions as in [16]. Therefore, the UAV gets around over
the node as close as possible to maintain good communication
channel without exceeding propulsion power limit 𝑃lim . We
can also observe this result from Fig. 3, which the UAV flies
between the nodes as fast as possible, while the UAV keeps
low speed when it reached to the node.
Fig. 4 shows the average maximized minimum (max-min)
rate obtained by the proposed algorithm and the baseline
circular initialization scheme presented in section III-A as a
function of 𝑇 . First, it is observed that except for the 𝑇 =
50 sec case which is strongly bounded by the acceleration
constraint, the UAV fully exploits given propulsion power limit
𝑃lim at the proposed trajectory. Also, it can be verified that
the proposed trajectory optimization outperforms the baseline
scheme regardless of the time period 𝑇 . Moreover, we can see
that the max-min rate with proposed trajectory monotonically
increases as 𝑇 grows, since the UAV can hover longer with a
large 𝑇 . In contrast, in the baseline scheme which is restricted
in circular shape trajectory, the max-min rate first increase
and then decreases after a certain time period. This can
be explained that in order to satisfy the propulsion power
constraint, the radius of the circular trajectory should increase
as 𝑇 gets large, which results in communication performance
degradation. Therefore, we can conclude that the proposed
trajectory becomes more powerful as the period 𝑇 grows.
V. C ONCLUSION
This paper has studied the UAV-aided wireless communication optimization under the propulsion energy consumption
of the UAV. Specifically, to maximize the minimum average
rate, the UAV trajectory and the ground nodes’ uplink transmit
power have been jointly optimized. The efficient iterative
algorithm has been proposed by applying the SCA technique.
Numerical results have demonstrated that the proposed algorithm provides substantial performance gains compared to the
baseline scheme.

A PPENDIX A
PROOF OF LEMMA

R EFERENCES
1
𝑇

First, let us define a function 𝑓1 (u) for u = [𝑢𝑥 𝑢𝑦 ] as
𝑓1 (u) ≜ 𝑒∥u∥12 +𝑧 where 𝑧 > 0 and 𝑒 > 0 are constants. For
any given u𝑙 ∈ ℝ2×1 , we also define the function 𝑔1 (u∣u𝑙 ) as
2

𝑇
𝑔1 (u∣u𝑙 ) ≜ − 𝑒∥u∥
𝑧 2 + 𝐵u u𝑙 + 𝐶,
)
(
where 𝐵 ≜ 2𝑒 𝑧12 − (𝑒∥u ∥12 +𝑧)2 and 𝐶 ≜
2𝑒∥u𝑙 ∥2
(𝑒∥u𝑙 ∥2 +𝑧)2

𝑒∥u𝑙 ∥2
𝑧2 .

𝑙

(36)
1
𝑒∥u𝑙 ∥2 +𝑧

+

−
Then, it can be easily shown that
𝑓1 (u𝑙 ) = 𝑔1 (u𝑙 ∣u𝑙 ), i.e., 𝑔1 (u∣u𝑙 ) in (36) fulfils the condition
in (17) of the surrogate function.
Also, the gradient of 𝑓1 (u) and 𝑔1 (u∣u𝑙 ) with respect to u
are respectively computed as
−2𝑒u
∇u 𝑓1 (u) = − (𝑒∥u∥
2 +𝑧)2 ,

∇u 𝑔1 (u∣u𝑙 ) =

− 2𝑒u
𝑧2

+ 𝐵u𝑙 .

(37)
(38)

The two gradients in (37) and (38) become identical at u = u𝑙 ,
and thus 𝑔1 (u∣u𝑙 ) satisfies the second condition (18).
To prove the lower bound condition in (19), let us calculate
the Hessian matrix of ℎ1 (u∣u𝑙 ) ≜ 𝑓1 (u) − 𝑔1 (u∣u𝑙 ) as
[
]
𝐸 + 4𝑒𝑧 2 𝑢2𝑥
4𝑒𝑧 2 𝑢𝑥 𝑢𝑦
∇2u ℎ1 (u∣u𝑙 ) = 𝐷
,
(39)
4𝑒𝑧 2 𝑢𝑥 𝑢𝑦
𝐸 + 4𝑒𝑧 2 𝑢2𝑦
2𝑒
3
6
2
4
where 𝐷 ≜ 𝑧2 (𝑒∥u∥
2 +𝑧)3 > 0 and 𝐸 ≜ 𝑒 ∥u∥ + 3𝑒 𝑧∥u∥ +
2𝑒𝑧 2 ∥u∥2 ≥ 0. One can easily check that the Hessian in (39)
is a positive semi-definite matrix, which implies that ℎ1 (u∣u𝑙 )
is a convex function. Since ∇u ℎ1 (u∣u𝑙 ) = 0 at u = u𝑙 from
(37) and (38), the global minimum of ℎ1 (u∣u𝑙 ) is achieved at
u = u𝑙 with ℎ1 (u𝑙 ∣u𝑙 ) = 0. As a result, we can show that
ℎ1 (u∣u𝑙 ) ≥ 0 for any given u𝑙 , and thus the third condition
in (19) for the surrogate function is hold. By substituting u =
q𝑙+1 [𝑛] − w𝑘 , u𝑙 = q𝑙 [𝑛] − w𝑘 , 𝑧 = 𝐻 2 , 𝑒 = 1 and multiply
𝑓1 (u) and 𝑔1 (u∣u𝑙 ) by 𝑃peak 𝛾0 , Lemma 1 is thus proved.

A PPENDIX B
PROOF OF LEMMA

2

By denoting function 𝑓2 (u) and 𝑔2 (u∣u𝑙 ) as
𝑓2 (u) ≜ ∥u∥2 ,
2

𝑔2 (u∣u𝑙 ) ≜ −∥u∥ +

2u𝑇𝑙

(40)
(2u − u𝑙 ) ,

(41)

we can easily verify that 𝑓2 (u𝑙 ) = 𝑔2 (u𝑙 ∣u𝑙 ) and ∇u 𝑓2 (u) =
∇u 𝑔2 (u∣u𝑙 ) at u = u𝑙 .
In addition, similar to the proof of Lemma 1, it can be shown
that a function ℎ2 (u∣u𝑙 ) ≜ 𝑓2 (u) − 𝑔2 (u∣u𝑙 ) is convex. Then,
we have ∇u ℎ2 (u∣u𝑙 ) = 0 at u = u𝑙 , which indicates that the
global minimum of ℎ2 (u∣u𝑙 ) is zero and obtained at u = u𝑙 .
Thus, it follows ℎ2 (u∣u𝑙 ) ≥ 0 for any given u𝑙 . Hence, we
can obtain Lemma 2 by setting u = v𝑙+1 [𝑛] and u𝑙 = v𝑙 [𝑛],
This completes the proof.
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