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Abstract Due to the low efficiency of energy harvest (EH) for the traditional wireless powered

communication network (WPCN), we propose a communication scheme based on unmanned aerial

vehicle (UAV)-enabled WPCN, which can greatly improve the EH efficiency problem. In this paper,

the UAV trajectory, time allocation, transmit power of UAVs, scheduling of wireless information

transfer (WIT) and wireless power transfer (WPT) are jointly optimized to minimize the whole

energy consumption. To solve the formulated non-convex problem with multiple constraints and

attain locally optimal solution, an iterative algorithm is proposed. Simulations show that our pro-

posed algorithm is superior to other benchmark algorithms.
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1. Introduction

Recently, a unmanned aerial vehicle (UAV) which possesses
lightweight, swift mobility, and low-altitude flight natures

has been widely applied into various fields [1]. For example,
in the wireless communication systems, a UAV can acts as
an access point (AP) or a relay to provide information and

energy transmission services for users [2,3]. Due to the advan-
tage of the UAV, UAV-enabled wireless communications have
been received an increasing attention from both academic and
industry. Unmanned aerial vehicle (UAVs) are applied to the

fifth generation (5G) and beyond 5G (B5G) wireless communi-
cation networks, that is promising and can produce great
application value and commercial value [4,5].

In UAV-aided wireless communication networks, the
research on the trajectory design or optimization and resource
allocation can enhance system performance. So there are many

investigations focused on the UAV trajectory design or opti-
mization and resource allocation in wireless communication
network [6–15]. In a UAV-assisted relay network, the band-

width resource allocation and the three-dimensional (3D)
UAV trajectory were jointly optimized to maximize the system
throughput based on UAV’s flexibility [6]. A clustered non-
orthogonal multiple access system was considered in [7], where

the authors presented an iterative algorithm of subslot alloca-
tion and UAV trajectory design to maximize mean informa-
tion rate of IoT terminal devices in the sixth generation (6G)

communication work. When the UAV served terrestrial users
and was requested to satisfy quality-of-experience (QoE)
requirement of each user in [8], the authors aimed to maximize

energy-efficiency by optimizing bandwidth and power alloca-
tion, as well as UAV trajectory.

A UAV as a hybrid access point of energy and information

transmission, another UAV as jammer, and a ground eaves-
dropper were considered in the UAV-aided communication
scenario, where the average secrecy rate was maximized via
the optimization of the UAVs’ trajectory and their transmit

power [9]. The Internet of Remote Things (IoRT) had good
application value in rural and suburban zones, and the authors
in [10] presented the IoRT computing offloading network with

UAVs to minimize sum energy consumption of the system
based on the optimization of UAV trajectory, bit resource
and devices scheduling. The multicarrier solar-powered UAV

can offer sustaining communication service for terrestrial users
in [11], where the authors optimized subcarrier allocation and
the UAV 3D trajectory so as to maximize total system
throughput. In [12], a UAV needed to be recharged regularly

to provide service for users in the downlink, and the average
rate of users was maximized via the optimization of UAV
3D trajectory and time allocation. According to the limited

energy store of UAV, a fly-hover-communicate protocol was
put forward to maximize the throughput of terrestrial nodes
by searching optimal hovering point and time allocation [13].

In cognitive radio networks, the UAV’s power and its trajec-
tory and subcarrier allocation were studied as optimization
variables in order to maximize average throughput of the sec-

ondary users based on alternating optimization scheme [14].
Under the UAV-aided vehicular network and the establish-
ment of communication link between the UAV and high speed
vehicles for maximizing the average rate of vehicles, the radio

allocation and the trajectory of UAV were jointly optimized

under the condition of guaranteeing the quality of communica-
tion service [15].

Due to the limited battery capacity of UAV, it is of great

significance to study the energy consumption minimization
of the UAV, which can extend the communication time of
the wireless network. In the UAV-assisted wireless network,

there are some researches of energy consumption minimization
of the UAV [16–24]. A UAV served multiple users located at
the ground under the requested timeout of ground users, and

total energy consumption minimization of the UAV was stud-
ied by optimizing the UAV’s trajectory and its velocities [16].
A Internet-of-Things (IoT) system was considered in [17],
where a UAV collected information from some devices of

IoT and minimized the UAV energy consumption based on
its energy budget via power allocation of devices and the opti-
mization of UAV flight path and communication scheduling.

In [18], a new communication protocol for the network system
composed of multi-antenna UAV was put forward, and the
UAV energy consumption and communication time minimiza-

tion were studied under that protocol and the designs of
antenna beamwidth, UAV speed and flight height.

In [19], the UAV not only needed to complete the informa-

tion collection mission from ground sensors, but also mini-
mized its total flight time based on bisection search and
dynamic programming methods, in order to enhance UAV
energy efficiency under certain energy storage of the UAV.

The authors in [20] used a UAV to disseminate information
to ground devices in the IoT wireless communication system,
and aimed to minimize mission time for the UAV based on

the UAV’s energy budget. In wireless sensor networks, the
tradeoff problem about the energy consumption of the UAV
and all terrestrial sensors was studied via the minimization

of the weighted energy consumption for the UAV and the sen-
sors [21]. A UAV was deployed as an aerial base station to
send data to terrestrial sensors based on the orthogonal fre-

quency division multiple access (OFDMA) protocol, in order
to minimize the sum energy consumption of the UAV by the
design of iterative algorithm [22]. The UAVs were used to
quickly restore and support communication in no communica-

tion coverage areas where natural disasters had damaged wire-
less communications. Because UAVs’ the limited battery
capacity leaded to their flight time to be also limited, the

author in [23] applied the genetic algorithm and trajectory
design to minimize UAV energy consumption, so as to prolong
communication time. The energy consumption model of

rotary-wing UAV was considered in [24], where the UAV
needed to perform given mission of information transmission
for terrestrial nodes to minimize its propulsion and communi-
cation energy consumption. Although the above literatures

had done some research on UAV energy consumption, their
research was not involved in the WPCN network.

In a UAV-aided wireless powered communication network

(WPCN), the UAV is a power provider for downlink users.
Therefore, the research of UAV energy consumption is more
practical significance and application value in WPCN [25–

30]. The scenario of a UAV as information access point (AP)
and other UAV as energy AP and other scenario of a UAV
as hybrid AP were considered in UAV-enabled WPCN, where

the UAVs trajectory and terminals power as optimization vari-
ables were studied so as to maximize the throughput of termi-
nals [25]. In a UAV-enabled WPCN, users on the ground need

1788 Z. Wang et al.



the UAV to recharge them, which sent data to the UAV after
harvesting certain energy, in order to study the system
throughput maximization problem based on the optimization

of transmit power of users and the UAV trajectory [26]. In
[27], the objective of the task completion time minimization
was considered in UAV-enabled WPCN, where authors

adopted the subgradient algorithm and bisection search
method to solve original optimization problem. A harvest
and transmit protocol was presented to tackle near-far prob-

lem in UAV-enabled WPCN, where the throughput maximiza-
tion of each node and time allocation problem were studied by
using convex optimization techniques [28].

In multiple UAVs-enabled WPCN system, the author in

[29] studied multiple UAVs collaboration scheme for charging
IoT devices and collecting information from the devices in
order to enhance the uplink throughput efficiency based on

Work-Gain algorithm. Based on the energy causality con-
straint, the UAV speed constraint and its initial and final posi-
tions constraint, the users scheduling and time slot allocation

were considered and optimized to minimize the energy con-
sumption of a rotary-wing UAV in WPCN [30]. According
to the research contents of literatures [25–30], it is observed

that there are not relevant research on the optimization of
the UAV transmit power as a variable in UAV-enabled
WPCN. In this paper, Our works are different from those
works in [6–15]. We focus on design of UAV trajectory and

resource allocation schemes which include time slot allocation
and power allocation to optimize UAV energy consumption
under meeting the communication throughput requirements

in the WPCN. In our presented system solution, the UAV tra-
jectory, the UAV transmit power, the total communication
time and the time slot as optimization variables are considered,

which are jointly optimized to minimize the UAV energy con-
sumption. In order to deal with hard non-convex problem, we
put forward an efficient iteration algorithm to attain optimal

solution of the problem based on taylor expansion and convex
approximation method.

In this paper, the rest contents are arranged as follows. In
Section 2, a system model consisting of a UAV, terrestrial

users, uplink and downlink is put forward and the optimiza-
tion problem with the UAV trajectory, the transmit power,
as well as the time slot variables is formulated in the WPCN.

Because the formulated primal problem is non-convex prob-
lem, it needs to be tackled and be transformed to convex prob-
lem through the associated convex processing method in

Section 3. We attain the optimal solution of the disposed con-
vex problem and obtain lots of simulations to show the supe-
riority of our scheme in Section 4. We sum up our work and
contribution for this paper in Section 5.

2. System model

As shown in Fig. 1, we consider a rotary-wing UAV-enabled

WPCN, where the K terrestrial users communicate with a
UAV. In the downlink, every terrestrial user

k 2 K;K , ¼ f1; � � �;Kg without any energy storage first
needs to harvest energy via wireless power transfer (WPT)
from the rotary-wing UAV. Considering the characteristics

of long-distance transmission of radio frequency (RF) signals
[31], the UAV adopts RF signal to charge users in the WPT.
In the uplink, the user k transmits information to the UAV

by utilizing the harvested energy. The location of each user k
fixed at ground is wk ¼ xk; ykð Þ; k 2 K, with the three-

dimensional (3D) Cartesian coordinate. Suppose that the
specific location of each terrestrial user is stored in the UAV’s
memory in advance, and is known by the UAV before carrying
out missions. Suppose that the flight velocity of the UAV fly-

ing at certain height H can not exceed the maximum speed
Vmax during total mission time ht. Although the flight trajec-
tory of the UAV is dynamically changing, its horizontal posi-

tion at a any time t; t 2 ½0; ht�, can still be expressed as
qðtÞ ¼ xðtÞ; yðtÞð Þ. For ease of exposition, we discretize ht into
N time slots with very small slot length. Let h½n� represents the
duration of each small time slot. The duration h½n� is uncertain
and needs to be optimized as a variable, due to uncertain mis-
sion completion time of the UAV. Considering the uplink and
downlink communication at different time slots for noninter-

ference with each other, the h½n� is divided into Kþ 1 subslots.
The subslot s0½n� denotes small time duration for the UAV
charging to the terrestrial users at the nth time slot. Similarly,

the subslot sk½n�; k 2 K denotes small time duration of infor-
mation transmission from user k to the UAV. A time-
division multiple access (TDMA) transmission protocol is con-

sidered in our system model. Therefore, the communication
between the UAV and each user should follow TDMA proto-
col. In every time slot n, the sum of each subslot can not exceed

the time duration h½n�, and this constraint is given by

XK
k¼0

sk½n� 6 h½n�; 8n 2 N ¼ f1; 2; � � �;Ng: ð1Þ

Similarly, we discretize the UAV path into N� 1 small
enough segment, that are represented by N waypoints

q½n�f gn¼N
n¼1 . Let q½1� represents the UAV’s initial point, and

q½N� represents the UAV’s final point. Although the UAV’s
position in the air is not fixed, the distance from user k to
the UAV at any time slot n can be calculated as follows.

dk½n� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q½n� � wkk k2 þH2

q
; 8k; n: ð2Þ

Suppose that the line-of-sight (LoS) link is considered for
the communication channels of uplink and downlink in the

UAV-enabled WPCN system. According to the speciality of
the LoS links, we can easily model the power gain of commu-
nication channel between terrestrial user k and the UAV,
which is written as

Fig. 1 The system model.

Trajectory design and resource allocation for UAV 1789



hk½n� ¼ b0d
�2
k ½n� ¼ b0

q½n� � wkk k2 þH2
; ð3Þ

where b0 represents the reference channel power gain when the
reference distance is set one meter. According to Shannon the-
orem and channel gain, we can calculate the achievable infor-

mation rate of the uplink from user k to the UAV, which in
Bits/s/Hz is expressed as

Rk½n� ¼ Blog2 1þ PkhkðnÞ
r2

� �
¼ Blog2 1þ /k

q½n� � wkk k2 þH2

 !
;

ð4Þ
where Pk represents the transmit power of the kth user, B on

behalf of the channel bandwidth, r2 represents the noise power

at the users and /k ¼ Pkb0
r2 is defined as the signal-to-noise ratio

(SNR) of reference channel in uplink from the users to the
UAV. Based on the achievable information rate of the uplink,
we can calculate sum amount of information of the uplink

from user k to the UAV. Hence, this sum uplink amount of
information of the user k over N time slots is given by

Qk q½n�; sk½n�ð Þ ¼ B
XN
n¼1

sk½n�log2 1þ /k

q½n� � wkk k2 þH2

 !
: ð5Þ

At s0½n� subslot, all users can simultaneously harvest the

wireless energy signals broadcasted by the UAV and convert
them into energy with the linear conversion efficiency
g 2 ð0; 1� based on a simplified constant RF-to-DC energy

conversion model. At the nth time slot, the harvested energy
of the kth user from the UAV is formulated as

~Ek½n� ¼ gb0Pu½n�s0½n�
q½n� � wkk k2 þH2

; ð6Þ

where Pu½n� is behalf on the transmit power of the UAV which

can charge terrestrial users in the nth time slot. All users with-
out stored energy first harvest energy from the UAV at the nth
time slot, and then they can utilize the harvested energy to

transmit information to the UAV at next time slot due to
the energy processing delay of one time slot. In each time slot,
the energy consumption of each user for uplink data transmis-

sion can not be greater than its harvested energy. Thus, the
energy causality constraint for each user k is given by

Xn
i¼1

Pksk½i� 6
Xn�1

i¼1

gb0Pu½i�s0½i�
q½i� � wkk k2 þH2

; 8k; n 2 N̂; ð7Þ

where we define N̂ ¼ 2; 3 � ��;Nf g. According to the power
consumption model of the rotary-wing UAV in [24], it includes

the blade profile power consumption, the induced power con-
sumption and the parasite power consumption. The rotary-
wing UAV makes use of its propulsion power consumption

to keep it hovering or moving. In this paper, we adopt this
power consumption model of the rotary-wing UAV to calcu-
late its propulsion energy consumption in the UAV-enable

WPCN. The power consumption function of the rotary-wing
UAV with speed V is expressed as

PðVÞ ¼ P0 1þ 3V2

U2
tip

 !
þ Pi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ V4

4v40

s
� V2

2v20

 !1=2

þ 1

2
d0qsAV

3;

ð8Þ

where Utip and v0 denote the rotor blade speed and mean rotor

induced velocity of a rotary-wing UAV, respectively. q repre-
sents air density. s and A denote rotor solidity and disc area of

UAV, respectively. P0 is behalf on the blade profile power con-
stant and Pi represents the induced power constant. For the set-
ting value of every parameter in (8), we can obtain it from [24].

The total consuming energy of the rotary-wing UAV is
composed of communication energy and propulsion energy.
The communication energy consumption of the rotary-wing

UAV is written as Ec½n� ¼
PN

n¼1s0½n�Pu½n�. The propulsion

energy consumption of the rotary-wing UAV is expressed as

Ep½n� ¼
PN

n¼1h½n�P V½n�ð Þ, where V½n� ¼ q½nþ1��q½n�k k
h½n� denotes the

flight velocity of the rotary-wing UAV in the nth time slot

duration. Therefore, the total energy consumption of the
rotary-wing UAV is formulated as

Etot q½n�;Pu½n�; s0½n�; h½n�ð Þ ¼
XN
n¼1

s0½n�Pu½n�

þ
XN
n¼1

h½n�P q½nþ1��q½n�k k
h½n�

� �

¼
XN
n¼1

s0½n�Pu½n� þ
XN
n¼1

P0 h½n� þ 3x½n�2
h½n�U2

tip

� �

þPi

XN
n¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h½n�4 þ x½n�4

4v4
0

r
� x½n�2

2v2
0

� �1=2

þ 1
2
d0qsA

XN
n¼1

x½n�3
h½n�2 ;

ð9Þ

where x½n� , q½nþ 1� � q½n�k k represents the flight length of a

line segment for the rotary-wing UAV at the nth time slot
when the rotary-wing UAV flies from the nth location point
to the nþ 1th location point. The UAV energy minimization
problem with some constraint conditions is formulated as

ðP1Þ : min
q½n�;Pu ½n�;

s0 ½n�;sk ½n�;h½n�

Etot q½n�;Pu½n�; s0½n�; h½n�ð Þ ð10aÞ

s:t: Qk q½n�; sk½n�ð Þ P Qmin; 8k; 8n; ð10bÞ
q½nþ 1� � q½n�k k 6 minfxmax; h½n�Vmaxg; 8n; ð10cÞ
q½1� ¼ q½N�; ð10dÞ
sk½n� P 0; 8k; 8n; ð10eÞ
0 6 Pu½n� 6 Pmax

u ; 8n; ð10fÞ
ð1Þ and ð7Þ: ð10gÞ

From problem (P1), we can observe that the objective function
of (P1) is the minimization function of the sum energy con-
sumption for the rotary-wing UAV. (10b) denotes the mini-
mum throughput requirement for each user transmitting

information. (10c) indicates the flight distance constraint of
the rotary-wing UAV from the nth location point to the
nþ 1th location point at the nth time slot. (10d) indicates that

the rotary-wing UAV flies back to its starting point which is
same point with final point after the UAV accomplishing mis-
sion, and (10f) indicates maximum transmit power constraint

of the rotary-wing UAV at any n time slot. Although the con-
straints (1) and (10c)-(10f) are all convex, problem (P1) still is a
non-convex problem due to non-convex objective function Etot

and non-convex constraints (10b) and (7). Therefore, we need
to do some relevant convex processing for the non-convex
function and constraints in order to convert the non-convex
problem into convex problem.

1790 Z. Wang et al.



3. Proposed solution to problem (P1)

In this section, we first transform the non-convex function and
constraints into the convex ones by the Taylor expansion and

the successive convex approximation methods. Then, we can
solve the transformed convex problem to attain optimal solu-
tion via the presented efficient algorithm. From the objective

function (10a) or (9), we can observe that the second term
and the fourth term of the formula (9) are convex in regard
to variables q½n� and h½n�. Nevertheless, the first term in the for-
mula (9) is non-convex with regard to variables Pu½n� and s0½n�,
since it is a coupling function multiplied by Pu½n� and s0½n�. The
third term of the formula (9) is non-convex in regard to vari-
ables q½n� and h½n� and needs to be dealt with. We introduce

a slack variable l½n� and let the square of it to replace the third
term of formula (9). And one has

l½n�2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h½n�4 þ x½n�4

4v40

s
� x½n�2

2v20
: ð11Þ

By moving some terms on both sides of the Eq. (11), we can
obtain a new equation.

h½n�4
l½n�2 ¼ l½n�2 þ x½n�2

v20
: ð12Þ

In order to deal with the non-convex function of the first term

in the formula (9), we introduce slack variableZ½n� to transform
the coupling function to a linear function which is convex.

Z½n� ¼ s0½n�Pu½n�: ð13Þ
By introducing multiple relaxation variables and transform-

ing non-convex function into convex function for the first term
and the third term of the objective function (10a) or (9), the
objective function of problem (P1) with relaxation variables
can be rewritten as

Êtot q½n�;Z½n�; l½n�; h½n�ð Þ ¼
XN
n¼1

Z½n�

þ
XN
n¼1

P0 h½n� þ 3x½n�2
h½n�U2

tip

� �
þ Pi

XN
n¼1

l½n�

þ 1
2
d0qsA

XN
n¼1

x½n�3
h½n�2 :

ð14Þ

In (14), we can observe that each term of equality is convex via

convex processing. Because the non-convex constraint (10b)
needs to be dealt with, a slack variable Sk½n� is introduced.
In order to tackle the non-convex constraint (7), we introduce

slack variables Ak½i�. Thus

Sk½n�2 ¼ Bsk½n�log2 1þ /k

q½n� � wkk k2 þH2

 !
; ð15Þ

Ak½i�2 ¼ gb0Z½i�
q½i� � wkk k2 þH2

: ð16Þ

Based on the equality (15), we put the square of slack vari-
able Sk½n� into the left part of the constraint (10b). Therefore,

the constraint (10b) becomes
PN

n¼1Sk½n�2 P Qmin. Similarly, we

put the square of slack variable Ak½i� into the right part of the

constraint (7) based on the equality (16). So, the constraint (7)

is rewritten as
Pn

i¼1Pksk½i� 6
Pn�1

i¼1Ak½i�2. Based on the above

processing, (P1) can be reformulated as

ðP1:1Þ : min
q½n�;sk ½n�;h½n�;Z½n�

l½n�;Sk ½n�;Ak ½n�;s0 ½n�

Êtot q½n�;Z½n�; l½n�; h½n�ð Þ ð17aÞ

s:t:
XN
n¼1

Sk½n�2 P Qmin; 8k; ð17bÞ

Sk ½n�2
sk ½n� 6 Blog2 1þ /k

q½n��wkk k2þH2

� �
;

8k; 8n;
ð17cÞ

Xn
i¼1

Pksk½i� 6
Xn�1

i¼1

Ak½i�2; 8k; n 2 N̂; ð17dÞ

Ak½n�2
Z½n� 6 gb0

q½n� � wkk k2 þH2
; 8k; 8n; ð17eÞ

h½n�4
l½n�2 6 l½n�2 þ q½nþ 1� � q½n�k k2

v20
; 8n; ð17fÞ

l½n� P 0; 8n; ð17gÞ
0 6 Z½n� 6 Pmax

u s0½n�; 8n; ð17hÞ
ð1Þ; ð10cÞ � ð10eÞ: ð17iÞ

Notice that the inequality constraints (17c), (17e) and

(17f) in (P1.1) are obtained from (15), (16) and (12).
Although the constraint (10b) of problem (P1) is introduced
the slack variable Sk½n� to tackle its non-convexity, the

equivalence between the convex tackled inequality constraint
with the slack variable and the original inequality should
also be considered. By adding the constraint condition

(17c) in problem (P1.1), the constraint conditions of the
combination of (17b) and (17c) is equivalent to the con-
straint (10a) of problem (P1). By introducing the inequality
(17e) in problem (P1.1), the combination of the inequality

(17d) and (17e) is equivalent to the inequality (7). Due to
minimize the objective function, the constraint condition
(17f) is introduced to attain the lower boundary value of

the objective function. The constraint condition (17h) of
problem (P1.1) is obtained from the inequality (10f) of prob-
lem (P1.1) and the Eq. (13). Therefore, problem (P1.1) is

equivalent to problem (P1). Due to the non-convex con-
straints (17b)-(17f), (P1.1) is still a non-convex problem.
By utilizing the first-order Taylor expansion to tackle the

non-convex constraint (17b), we have

Sk½n�2 P S
ðfÞ
k ½n�2 þ 2S

ðfÞ
k ½n� Sk½n� � S

ðfÞ
k ½n�

� �
; ð18Þ

where S
ðfÞ
k ½n� denotes the value of Sk½n� at the fth iteration. For

the convex disposal of Ak½i�2 in (17d), we adopt same process-
ing method which is the first-order Taylor expansion to attain

lower bounded. Thus, the convex disposal of Ak½i�2 is as

follows.

Ak½i�2 P A
ðfÞ
k ½i�2 þ 2A

ðfÞ
k ½i� Ak½i� � A

ðfÞ
k ½i�

� �
; ð19Þ

where A
ðfÞ
k ½i� denotes the value of Ak½i� at the fth iteration. The

right hand side (RHS) of inequality (17c) is not a concave
function in regard to variable q½n�. Via using the first-order
Taylor expansion, the global lower bound for the RHS of
(17c) can be given as
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Blog2 1þ /k

q½n� � wkk k2 þH2

 !

P G
ðfÞ
k ½n� � kðfÞk ½n� q½n� � wkk k2 � qðfÞ½n� � wk

�� ��2� �
,

R
ðfÞ
k q½n�ð Þ; ð20Þ

where G
ðfÞ
k ½n� ¼ Blog2 1þ /k

H2þ qðfÞ½n��wkk k2

� �
and

kðfÞk ½n� ¼ Bðlog2eÞ/k

H2þ qðfÞ½n��wkk k2
� 	

H2þ qðfÞ½n��wkk k2þ/k

� 	. qðfÞ½n� denotes the

value of q½n� at the fth iteration.
Because the RHS of inequality (17e) is not a concave func-

tion with respect to q½n�, we need to convert the RHS of
inequality (17e) into the first order linear function with vari-
able q½n� by applying the first-order Taylor expansion method.

So, the lower bound for the RHS of (17e) is written as

gb0
q½n��wkk k2þH2

P
gb0 2 qðfÞ½n��wkk k2þH2� q½n��wkk k2
� 	

qðfÞ½n��wkk k2þH2
� 	2 :

ð21Þ

Because the RHS of inequality (17f) is not a concave func-
tion, it needs to be tackled by applying the first-order Taylor

expansion. Therefore, the global concave lower bound of the
RHS in (17f) can be given as

l½n�2 þ q½nþ1��q½n�k k2
v2
0

P lðfÞ½n�2

þ2lðfÞ½n� l½n� � lðfÞ½n�� 	� qðfÞ½nþ1��qðfÞ½n�k k2

v2
0

þ 2
v2
0

qðfÞ½nþ 1� � qðfÞ½n�� 	T
q½nþ 1� � q½n�ð Þ

, FðfÞ l½n�; q½n�ð Þ;

ð22Þ

where lðfÞ½n� and qðfÞ½n� are the fth iteration value of l½n� and
q½n�, respectively. By dealing with non-convex constraints

(17b)-(17f) of (P1.1) and obtaining their corresponding lower
bound, new optimization problem can be reformulated as

ðP1:2Þ : min
q½n�;sk ½n�;h½n�;Z½n�

l½n�;Sk ½n�;Ak ½n�;s0 ½n�

Êtot q½n�;Z½n�; l½n�; h½n�ð Þ ð23aÞ

s:t:
XN
n¼1

S
ðfÞ
k ½n�2 þ

XN
n¼1

2S
ðfÞ
k ½n� Sk½n� � S

ðfÞ
k ½n�

� �
P Qmin;

8k; 8n;
ð23bÞ

Sk½n�2
sk½n� 6 R

ðfÞ
k q½n�ð Þ; 8k; 8n; ð23cÞ

Xn
i¼1

sk½i�Pk 6
Xn�1

i¼1

A
ðfÞ
k ½i�2

þ
Xn�1

i¼1

2A
ðfÞ
k ½i� Ak½i� � A

ðfÞ
k ½i�

� �
; 8k; n 2 N̂;

ð23dÞ

Ak ½n�2
Z½n�

6 gb0 2 qðfÞ½n��wkk k2þH2� q½n��wkk k2
� 	

qðfÞ½n��wkk k2þH2
� 	2 ;

8k; 8n;

ð23eÞ

h½n�4
l½n�2 6 FðfÞ l½n�; q½n�ð Þ; 8n; ð23fÞ

ð1Þ; ð10cÞ � ð10eÞ; ð17gÞ; ð17hÞ: ð23gÞ

(P1.2) can be verified to be a convex optimization problem
according to the convex disposal of the objective function and
all constraints. Problem (P1.2) can be effectively solved by

applying standard convex optimization techniques and CVX
[32]. If the constraints of problem (P1.2) are satisfied based
on global lower bounds in (20)–(22), then it can also ensure

to satisfy problem (P1.1). The original problem (P1) is a
non-convex problem, which is hard to be solved. In order to
find the solution efficiently, the original problem (P1) needs

to be disposed into a convex problem. The problem (P1.2) is
obtained by applying the convex optimization technique to dis-
pose the non-convex original problem. Due to the global lower
bounds in (18)–(22), when the constraints (23b)-(23f) of the

problem (P1.2) are satisfied, then, those for the original prob-
lem (P1) are also guaranteed to be satisfied. The feasible region
of the problem (P1.2) is generally a subset region of the origi-

nal problem (P1). Therefore, the optimum solution of the
problem (P1.2) is the sub-optimum solution of the original
problem. In order to solve (P1.2), we present an efficient algo-

rithm which is summarized as Algorithm 1. According to
[32,33], the total complexity of Algorithm 1 is calculated as

O L lnðe�1ÞK7
2N

7
2

� �
, where L represents the iteration number

of continuous convex approximation and e represents the
accuracy threshold. K and N denote the number of terrestrial
users and time slots, respectively.

4. Simulation results

In the simulation, the flight altitude of the rotary-wing UAV is

fixed at certain altitude H ¼ 5 m. Considering the stability of
the air-to-ground communication link, the rotary-wing UAV’s
flight speed cannot exceed its maximum flying speed

Vmax ¼ 5 m/s. The transmit power of user k is set as
Pk ¼ 10 dBm, 8k 2 K. There is the existence of noise interfer-
ence in the communication channel of the uplink and downlink

and the value of noise power is set as d2 ¼ �90 dBm. When
the reference distance is set one meter, we define the value of
the reference channel power gain as b0 ¼ �30 dB. The sum

bandwidth of communication channel is set as B ¼ 1 MHz
in the rotary-wing UAV-enabled WPCN. When the terrestrial
users harvest energy from the rotary-wing UAV in the air,
their energy conversion efficiency is set as b0 ¼ �30 dB. Fur-

thermore, the simulation setting value for parameters of (8)
is obtained from [24]. We consider K ¼ 7 terrestrial users
and use the pink squares to make marks about their horizontal

positions in Figs. 3 and 4. Suppose that the collecting informa-
tion throughput of the rotary-wing UAV from each user has
same and minimum throughput requirement as Qmin.

Fig. 2, shows the energy consumption curves of the rotary-
wing UAV under different minimum throughput requirements
Qmin for the four design schemes, which are the optimized path
discretization (OPD) design with the variable Pu½n�, the opti-

mized path discretization (OPD) design with the fixed Pu, the
flying and hovering communication (FHC) design and the
traveling salesman problem (TSP) design, respectively. As

shown in Fig. 2, when the Qmin increases, it is observed that
UAV energy consumption all increases for the four schemes.
When the throughput requirement Qmin is very small, the gaps

among the four curves are also very small. As the throughput
requirement Qmin increase, the gaps between the curves based
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on the OPD design and the curves based on the FHC design
and the TSP design become more larger. It indicates that the
energy consumption of the rotary-wing UAV based on the

OPD design is less than that of the rotary-wing UAV based
on the FHC and the TSP design. In Fig. 2, notice that the
UAV energy consumption based on ODP design with variable

Pu½n� scheme is lower than those of ODP design with fixed Pu

scheme. This because the UAV sends power at every time slot
and transmits energy inefficiently at some time slots so as to
increase the communication energy consumption of the UAV

under the OPD design with fixed Pu. However, based on
OPD design with variable Pu½n�, the UAV flies above each user
on the ground and transmits energy efficiently to every user so

as to reduce the communication energy consumption of the
UAV. From Fig. 2 and above statement, it can show that
the scheme of the UAV energy consumption based on ODP

design with variable Pu½n� is an optimal scheme among those
four schemes.

As shown in Fig. 3, it can be seen that three optimized tra-
jectories of the UAV based on the OPD and optimized Pu½n�
under three different throughputs Qmin ¼ 600 Kbit,
Qmin ¼ 1 Mbit and Qmin ¼ 60 Mbit are analyzed. When there
is high throughput requirement in Fig. 2, such as

Qmin ¼ 60 Mbit, we can clearly observe that the UAV needs
to detour its trajectory towards each user in order to accom-
plish the higher throughput mission. However, when there is

low throughput requirement, such as Qmin ¼ 600 Kbit, the
UAV flies around the geometric centroid of all users in order
to reduce its energy consumption for the lower throughput
mission.

Fig. 4 shows the energy and information transmission
scheduling for the UAV and users under throughput
Qmin ¼ 60 Mbit. We can observe that the UAV flies to the

nearest position directly above each user and delivers energy
to users. That is because the distance between the UAV and
user k is the shortest as the UAV closing to above user k, and

the UAV can deliver more power to user k quickly. It is

Table 1 The iterative optimization algorithm.

Algorithm 1: The iterative algorithm for ðP1Þ
1: Initialization: Find a feasible qð0Þ½n�; hð0Þ½n�;Pð0Þ

u ½n�; sð0Þ0 ½n�,
sð0Þk ½n� and set accuracy threshold e; e > 0 and l ¼ 0.

2: repeat

3: Calculate the current values of slack variables

lðfÞ½n�;ZðfÞ½n�,
S
ðfÞ
k ½n� and A

ðfÞ
k ½i�, based on (11), (13), (14) and (16).

4: Solve P1:2 for given qðfÞ½n�; lðfÞ½n�; hðfÞ½n�;SðfÞ
k ½n�;AðfÞ

k ½i�
and sðfÞk ½n� by using the CVX, and denote the optimal

solution

as qopt½n�; hopt½n�;Popt
u ½n�; sopt0 ½n� and soptk ½n�.

5: Update the local value qðfþ1Þ½n� ¼ qopt½n�,
Pðfþ1Þ
u ½n� ¼ Popt

u ½n�; hðfþ1Þ½n� ¼ hopt½n�,
sðfþ1Þ
0 ½n� ¼ sopt0 ½n� and sðfþ1Þ

k ½n� ¼ soptk ½n�.
6: Update l ¼ fþ 1.

7: until convergence.
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Fig. 4 Energy and information transmission scheduling for the

UAV and users.
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observed that each user is scheduled to send information to
the UAV mainly in some time slots after it harvests large
energy. In Fig. 4, we can observe that a user and the UAV

are scheduled to transmit their information and broadcast
energy within a schedule interval, respectively. For instance,
the user 5 is scheduled to transmit its information to the

UAV and the UAV is scheduled to broadcast energy to all
users from t ¼ 335 s to t ¼ 476 s. When the UAV leaves from
its initial point, the schedule time of schedule interval for

each user gradually decreases in turn. This is because the
UAV is scheduled every time to broadcast energy signal to
all users and the later scheduled users have harvested suffi-
cient energy previously. Therefore, the later scheduled users

will spend less time or not need to spend time to harvest
energy. Then the total schedule time will decrease in the later
schedule interval.

According to the energy causality inequality (7), the total
energy consumption of each user should be less than or equal
to the total harvested energy of each user. As shown in Fig. 5,

the total energy consumption of each user is almost equal to
the total harvested energy of each user. This indicates that
the harvested energy of each user is fully used to transmit

information. It also indicates that energy utilization of users
is very high.

Fig. 6 shows the change of transmit power for the UAV
with optimized Pu½n� and fixed Pu based on Qmin ¼ 60 Mbit.

We can observe that the transmit power for the UAV with
optimized Pu½n� suddenly increases to the large value from zero
at certain times. That is because the UAV is scheduled at cer-

tain times to deliver energy to users quickly. It is clearly
observed that the mean transmit power of the UAV with opti-
mized Pu½n� is less than the constant transmit power of it with

fixed Pu. Therefore, the sum energy consumption of the UAV
based on the optimized Pu½n� is lower than that based on fixed
Pu under the same throughput requirements.

In Fig. 7, the convergence of Algorithm 1 is shown. We ran-
domly enumerate three throughput requirements which are
Qmin ¼ 60M, Qmin ¼ 40M, and Qmin ¼ 20M in order to
observe the convergence of Algorithm 1. The simulation of

algorithm convergence for three throughput requirements is

based on the given total discrete point N or total time slot

numbers N� 1 previously. As the number of iteration
increase, the rotary-wing UAV’s energy consumptions are
rapidly close to a certain value based on random three

throughput requirements. It indicates that Algorithm 1 can
converge quickly by a few iterations. It is also proved that
our presented algorithm is an efficient algorithm based on

the trajectory optimization and resource allocation.

5. Conclusions

In this paper, we study a rotary-wing UAV-enabled WPCN
system. In the WPCN system, the rotary-wing UAV played
the role of the hybrid access point, where the UAV charged

the terrestrial users in downlink and collected information
from them in uplink. During communication tasks being car-
ried out in uplink and downlink, we studied the energy con-
sumption model of the UAV, which included the
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communication energy consumption and the propulsion
energy consumption. We aimed to minimize sum energy con-
sumption of the rotary-wing UAV by jointly optimizing the

UAV trajectory, the power allocation of the UAV, the schedul-
ing strategy, and the time allocation. An efficient iterative
algorithm was presented to achieve the minimum energy con-

sumption of the UAV. Simulation results showed that our pre-
sented scheme is better than other benchmark schemes in the
aspect of energy consumption.
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