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Abstract
The unmanned aerial vehicle (UAV)-assisted wireless power and information system is one of the great choices for energy

supplement and information collection of the wireless sensor network (WSN). The ground wireless sensors are operating

by the harvested radio frequency (RF) energy from UAVs. The lifetime of the wireless sensor network is affected by the

minimal, mean and variance of harvested energy. In this paper, an energy-balanced path optimization of a single UAV is

proposed. The proposed framework (1) utilizes the Lagrangian method and an energy threshold to obtain a relaxation

solution without maximum speed constraint, (2) implements a genetic algorithm and continuous convex optimization

algorithm to obtain optimal trajectory and power allocation strategy. Numerical results show that the minimal, average and

variance of harvested energy of wireless sensors are improved under the different distributions of sensors. Based on the

proposed framework, the minimal operational requirement of the UAV could be used to guide the model selection of the

UAV.

Keywords UAV communication � Energy harvesting � Trajectory optimization � Data collection

1 Introduction

The Internet of Things (IoT) is growing rapidly and so

more and more wireless sensors are needed to enable IoT-

based services [1, 2]. Concurrently, emerging scenarios,

such as smart cities and intelligent manufacturing, further

drive the growth of wireless sensor network (WSN).

Thanks to energy harvesting (EH) advances, wireless sen-

sors are now harnessing the power of renewable energy

sources, such as solar, RF and vibration [3]. Simultaneous

information and power transfer over the wireless channel

utilizing RF-EH technique, and it is a great choice for

enabling and deploying WSN [4]. The RF power transfer

and wireless information highly rely on distance, and

‘‘near-far’’ fairness issue [5] is challenge with static RF

source. The received energy by the sensors varies signifi-

cantly with their distances to the RF energy source, and the

uneven harvested energy leads to poor overall

performance.

UAV-assisted wireless power and information systems

have attracted attention as the mobility of UAV could

relieve the severe impact of the distance [6–11]. The

overall metrics could be optimized by careful trajectory

design of the UAVs. The throughput is maximized in

UAV-assisted mobile relaying systems with trajectory

optimization [6, 7]. Besides UAV-assisted wireless infor-

mation system, UAVs can be deployed to charge ground

sensors via wireless power transfer (WPT) and collect

information via wireless information transmission (WIT)

[8–11]. In [8], the authors minimize the time required by a

UAV via jointly optimizing the trajectory of the UAV and
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the transmission scheduling for all the ground sensors. In

[10], the authors propose a reinforcement learning-based

approach to plan the route of UAV to collect sensor data

from sensor devices scattered in the physical environment.

The authors in [11] jointly optimize the sensors’ wake-up

schedule and UAV’s trajectory to minimize the maximum

energy consumption of all sensors, and then prolong the

lifetime of WSN. In [12], a two-way relay system with

multiple users and a multi-antenna relay employing SWIPT

strategy is considered to provide a rate-energy trade-off.

Previous works [13–16] have good performance on the

mean of harvested energy, while the harvested energy of

individual sensor must be above its operational level [17]

in practical scenarios, such like in EH-based WSN. The

minimal, mean and variance of harvested energies of all

ground sensors should be considered together when opti-

mizing the trajectory of UAV [18, 19]. Energy-balanced

path planning is needed to cover above three metrics. In

this paper, an alternate optimization framework is proposed

as follows: Firstly, without considering the UAV speed

constraint, the original non-convex problem is transformed

into a convex optimization problem. Then the lagrangian

method is used to obtain the optimal solution (relaxation

solution) of the convex optimization problem [20–22].

Secondly, the ant colony algorithm [23–25] is used to

obtain the optimized flight trajectory of the UAV based on

the known relaxation solution. Finally, considering the

maximal speed constraint of the UAV, previous UAV flight

trajectory is used as the initial value, and the UAV flight

trajectory and energy allocation strategy are obtained.

The main contributions of this paper include:

1. Comparing to [5], an energy neutral constraint of

ground sensor is introduced. In this paper, the minimal,

mean and variance of harvested energies of all ground

sensors have been considered for path planning of

UAV.

2. The proposed alternate optimization framework

obtains UAV flight trajectory and energy allocation

strategy to meet the energy-neutral constraint of

ground sensor and maximal speed constraint of UAV.

The harvested energies of all ground sensors are

balanced, and the throughput is maximized. Numerical

results show the performance under different sensor

distributions, and it demonstrates the effectiveness of

the proposed framework.

3. Given an EH-based WSN, the energy-neutral con-

straint of the ground sensor is determined. The

proposed alternate optimization framework could

obtain the minimal operational requirement of UAV,

which help guide the model selection of UAV.

Numerical results show the flight time to meet different

settings of energy-neutral constraints.

The rest of this paper is organized as follows: The second

section introduces the system model and the optimization

problem. The third section introduces the proposed

framework. The fourth section gives numerical results to

demonstrate the performance. Finally, conclusion is

presented.

2 System model

A wireless sensor network based on UAV-assisted wireless

power and information system is considered. As shown in

Fig. 1, the UAV serves a group of ground sensor equip-

ment, the number is known and it is N, where N[ 1. The

UAV hovered continuously from the initial position to visit

M track points, to transfer RF energy to ground sensors and

to collect information from the ground sensors within the

overall time T. The RF energy transfer and wireless

information collection share the same frequency

[5, 15]. The parameters of UAV-assisted wireless power

and information system are shown in Table 1.

Here, we define n 2 f1; � � � ;Ng,m 2 f1; � � � ;Mg and use

an;mðtÞ to represents the working mode of the UAV, define a

binary variable an;mðtÞ 2 f0; 1g; 8n;m; t, when an;aðtÞ ¼
1; ab;mðtÞ ¼ 0; 8a 2 f1; � � � ;Mg; b 2 f1; � � � ;Ng represents

the downlink wireless energy transmission mode.

an;aðtÞ ¼ 0; ab;mðtÞ ¼ 1; 8a 2 f1; � � � ;Mg; b 2 f1; � � � ;Ng,

which represents the uplink wireless sensor data transmis-

sion mode. The coordinates of UAV projected on the hori-

zontal plane are expressed as:

PmðtÞ ¼ xmðtÞ; ymðtÞ½ �T ; m 2 f1; � � � ;Mg; 0� t�T, and

have Pmð0Þ ¼ PmðTÞ. Suppose the UAV is flying on a hor-

izontal plane with a fixed height of H. When an;aðtÞ ¼
1; ab;mðtÞ ¼ 0; 8a 2 f1; � � � ;Mg; b 2 f1; � � � ;Ng , at any

given time t, 0� t�T, the distance between the UAV and

each user is expressed as follows:

dn;mðPðtÞÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PmðtÞ � gnk k2þH2

q

ð1Þ

It is assumed that the doppler effect caused by the

maneuverability of the UAV is well compensated at the

receiving end. The wireless channels between the UAV and

ground sensors are dominated by LoS link, the free-space

path model is assumed. At any given time t, 0� t�T, the

channel power gain between UAV and user n [5, 15] can be

expressed as:

hn;m PmðtÞð Þ ¼ l0d
�2
n;m PmðtÞð Þ ¼ l0

PmðtÞ � gnk k2þH2 ð2Þ

The UAV uses constant power PTm for wireless energy

transmission. When
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0� t�T; an;aðtÞ ¼ 1; ab;mðtÞ ¼ 0;
8a 2 f1; � � � ;Mg; b 2 f1; � � � ;Ng;

the energy collected by each user from the UAV can be

expressed as:

En;m PmðtÞ; an;mðtÞ
� �

¼ gPTman;aðtÞhn;m PmðtÞð Þ

¼ gPTml0an;aðtÞ
PmðtÞ � gnk k2þH2

ð3Þ

where 0\g 6 1 is the conversion efficiency of radio fre-

quency (RF) energy into direct current (DC). Ground

sensor equipment uses radio frequency energy to supply

energy, collect data and transmit it to the UAV wirelessly.

When an;aðtÞ ¼ 0; ab;mðtÞ ¼ 1; 8a 2 f1; � � � ;Mg; b 2 f1;

� � � ;Ng, the signal-to-noise ratio corresponding to user n

can be expressed as:

en;m CnðtÞ; hn;mðtÞ
� �

¼ CnðtÞhn;m PmðtÞð Þ
r2

ð4Þ

The achievable data transmission rate (bps/Hz) of each user

n is:

Fig. 1 Wireless sensor network supported by UAV.

Table 1 Abbreviations
Parameter Meaning

N Number of ground users

M Number of UAV track points

T Total time to traverse M track points

an;mðtÞ UAV working mode

xmðtÞ The coordinates of the UAV projected on the X axis

ymðtÞ The coordinates of the UAV projected on the y axis

pmðtÞ UAV track point coordinates

H UAV flying height

gn Ground sensor device coordinates

dn;mðpðtÞÞ The distance between the UAV and the ground sensor

l0 Channel power gain per unit distance

hn;m PmðtÞð Þ User n channel power gain

PTm Transmission power

g Transmission efficiency

En;m PmðtÞ; an;mðtÞ
� �

Radio frequency energy transmitted on the downlink

CnðtÞ Energy consumed on the uplink

r2 Noise power

en;m CnðtÞ; hn;mðtÞ
� �

User n corresponds to the signal-to-noise ratio

Rn;m an;mðtÞ;PmðtÞ;CnðtÞ
� �

User n achievable data transmission rate

Pth Energy threshold

Wireless Networks (2022) 28:2047–2059 2049
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Rn;m an;mðtÞ;PmðtÞ;CnðtÞ
� �

¼ ab;mðtÞ log2 1 þ en;m CnðtÞ; hn;mðtÞ
� �� �

ð5Þ

Therefore, the average upload rate of N users can be

expressed as:

R ¼ 1

T

X

T

t¼0

Rb;m an;mðtÞ;PmðtÞ;CnðtÞ
� �

The maximum speed of UAV and energy neutrality of the

UAV are expressed as follows:

_PmðtÞ
�

�

�

��Vmax; 0� t�T ð6Þ

X

T

t¼0

ab;mðtÞCnðtÞ�
X

T

t¼0

En;m an;aðtÞ;PmðtÞ
� �

; 0� t�T ð7Þ

The energy neutral of ground sensor node is the energy

collected by each user node must be greater than the set

energy threshold Pth. The optimization goal is to maximize

the system throughput under the condition of meeting

energy neutral and UAV’s maximum speed constraint. The

mathematical expression of the optimization problem is:

max
an;mðtÞ;CnðtÞ;PmðtÞf g

min
n2f1;���;Ng

Rn;m an;mðtÞ;PmðtÞ;CnðtÞ
� �� �

The optimization variables include UAV trajectory

PmðtÞf g, transmission mode an;mðtÞ
� �

, and user uplink

energy consumption CnðtÞf g. For the convenience of rep-

resentation, let A ¼ an;mðtÞ; 8t; n;m
� �

,

Q ¼ PmðtÞ; 8t;mf g, P ¼ CnðtÞ; 8t;mf g. Define function:

xðA;Q;PÞ ¼ min
n2f1;���;Ng

Rn;m an;mðtÞ;PmðtÞ;CnðtÞ
� �� �

Regarding xðA;Q; PÞ as a function of A, Q, P, the opti-

mization problem can be further described as (OP1):

max
x;A;Q;P

xs.t:
1

T

X

T

t¼0

Rn;m ab;mðtÞ;PmðtÞ;CnðtÞ
� �

�x;

8n 2 f1; � � � ;Ng;m 2 f1; � � � ;Mg
ð8Þ

Pth �En;m an;aðtÞ;PmðtÞ
� �

; 8n 2 f1; � � � ;Mg; 0� t�T

ð9Þ
X

T

t¼0

ab;mðtÞCnðtÞ�
X

T

t¼0

En;m an;aðtÞ;PmðtÞ
� �

8n 2 f1; � � � ;Ng;m 2 f1; � � � ;Mg
ð10Þ

_PmðtÞ
�

�

�

��Vmax; 0� t�T; 8m 2 f1; � � � ;Mg ð11Þ

X

N

n¼1

an;mðtÞ� 1; 0� t�T; 8m 2 f1; � � � ;Mg ð12Þ

X

M

m¼1

an;mðtÞ� 1; 0� t�T; 8n 2 f1; � � � ;Ng ð13Þ

0� PTm �PTmax;m 2 f1; � � � ;Mg ð14Þ

where (10) denotes energy threshold constraint of the

ground sensor node, (11) denotes the energy neutral con-

straint of the UAV, and (12) is the maximum speed con-

straint of the UAV. The objective function of the problem

is a non-concave function. Constraints (11) and (12) are

non-convex, and there are coupled variables A, Q and P,

which contain infinite optimization variables in continuous

time. It is difficult to obtain the optimal solution for this

problem. In order to solve this complicated optimization

problem, the specific solution is given in the third section

below.

3 Alternate optimization (AO) framework

As the original problem (OP1) is a non-convex optimiza-

tion problem, an alternate optimization (AO) framework is

presented in Fig. 2. Firstly, without considering the maxi-

mum speed constraint of the UAV, the non-convex prob-

lem (OP1) is transformed into a convex optimization

problem (OP2). With the solution of relaxation problem

(OP2), the UAV flight trajectory optimization is trans-

formed into a traveling salesman problem. The shortest

flight trajectory of the UAV based on the relaxation solu-

tion is obtained.

Secondly, (OP1) is discretized into (OP3) where maxi-

mum speed constraint of the UAV is considered. Based on

(OP3) and relaxation solution of (OP2), A UAV trajectory

optimization update method (OP4) is proposed to solve the

UAV flight trajectory and energy allocation strategy via the

alternative optimization algorithm of genetic algorithm and

continuous convex optimization. The UAV’s flight trajec-

tory can maximize the throughput of the wireless sensor

network under the conditions of satisfying the maximum

speed constraint of the UAV, the neutral energy constraint

of the ground user, and meeting the energy threshold

constraints of all nodes.

The flow of framework is given:

(a) Initialization Sensor node location gn. Node weight

Wn.

(b) Calculation The relaxation problem solution Pm

without the maximum speed constraint.

(c) Repeat Judge whether the relaxation solutions

P�
m; a

�; b�; c� obtained by using the gradient descent

method and the Karush-Kuhn-Tucher condition meet

the node energy threshold. If not return to step b,

otherwise proceed to step d.
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(d) Set Obtain the optimal solution for the relaxation

problem, Pm ¼ P�
m; a ¼ a�; b ¼ b�; c ¼ c�.

(e) Optimization The ant colony algorithm is used to

optimize the flight trajectory of the UAV based on

the known relaxation solution, and the trajectory is

used as the initial value to alternately optimize the

UAV flight trajectory Q and the energy allocation

strategy A, P to get the optimal solution of the

general problem:P�
m½k�; a�n;m½k�;C�

n ½k�.
(f) The end: Obtain the optimal solution to the original

problem.

3.1 The optimal solution of the relaxation
problem

Firstly, the non-convex optimization problem (OP1) is

converted into a convex optimization problem (OP2).

By relaxing the binary variables to continuous variables,

and without considering the maximum speed constraint of

the UAV, the non-convex optimization problem can be

rewritten as (OP2):

ðOP2Þ : max
x;A;Q;P

x

s.t:
1

T

X

T

t¼0

Rn;m ab;mðtÞ;PmðtÞ;CnðtÞ
� �

�x; 8b 2 f1; � � � ;Ng; 8m 2 f1; � � � ;Mg
Pth �En;m an;aðtÞ;PmðtÞ

� �

; 8a 2 f1; � � � ;Mg; 0� t�T

X

T

t¼0

ab;mðtÞCnðtÞ�
X

T

t¼0

En;m an;aðtÞ;PmðtÞ
� �

0� PTm �PTmax;m 2 f1; � � � ;Mg

Construct the lagrangian function according to the relax-

ation problem, that is, using the existing mathematical

model Rn;m, En;m can construct a Lagrange function:

Ln; m fA;Q; Pg;R; an; bn; cnð Þ

¼ 1 � anð Þxþ ab;mðtÞ
an
T

log2 1 þ en;m QnðtÞ; hn;mðtÞ
� �� �

� 	

� ab;mðtÞ bnQnðtÞ þ cnPthð Þ þ cn þ bnð Þ gPTml0an;aðtÞ
pmðtÞ � gnk k2þH2

 !

ð15Þ

Secondly, consider using the UAV working mode an;mðtÞ to

decompose the convex optimization problem into several

Fig. 2 The flow chart of proposed framework
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equivalent sub-optimization problems [26, 27]. When the

UAV is working in the downlink wireless energy trans-

mission mode, there are

an;aðtÞ ¼ 1; ab;mðtÞ ¼ 0; 8a 2 f1; � � � ;Mg; b 2 f1; � � � ;Ng.

So the convex optimization problem can be transformed

into:

Ln;a fA;Q; Pg;R; an; bn; cnð Þ ¼ 1 � anð Þx

þ cn þ bnð Þ gPTml0an;aðtÞ
PmðtÞ � gnk k2þH2

 !

ð16Þ

When the UAV is working in the uplink wireless data

transmission mode, there are

an;aðtÞ ¼ 0; ab;mðtÞ ¼ 1; 8a 2 f1; � � � ;Mg; b 2 f1; � � � ;Ng.

The convex optimization problem can be transformed into:

Lb; m fA;Q; Pg;R; an; bn; cnð Þ ¼ 1 � anð Þx� ab;mðtÞ bnQnðtÞ þ cnPthð Þ

þ ab;mðtÞ
an
T

log2 1 þ en;m QnðtÞ; hn;mðtÞ
� �� �

� 	

ð17Þ

where

Cn,max 0;� an
Tbncn ln 2


 �

� r2H2

l0


 �� � 

;Qj ¼ 0;

8j 2 f1; � � � ;Ng; j 6¼ n:

The gradient descent method and Kuhn-Tucker conditions

are used to iteratively solve the sub-problems in order to

obtain the solution of the convex optimization problem.

Finally, consider the node energy threshold constraint.

That is, initialize the weight of each node Wn. Then cal-

culate the energy value collected by each node, and com-

pare the energy value of each node En;m an;aðtÞ;PmðtÞ
� �

and

the set energy threshold Pth. If the energy value collected

by the node is greater than the set threshold, update the

node weight. Otherwise, recalculate the UAV flight path

pmðtÞ.

3.2 Optimizing UAV trajectory based
on relaxation solution

Firstly the UAV flight trajectory optimization problem is

converted into a traveling salesman problem. In order to

use the standard traveling salesman optimization method to

solve the UAV flight trajectory, a virtual hovering posi-

tion, that is, M ? 1 hovering positions, is added. The dis-

tance between them is dMþ1;n ¼ dn;Mþ1 ¼ 0; 8n 2 f1;

� � � ;M þ 1g. This virtual hovering position is a virtual

node, which does not physically exist. After the solution is

finished, delete the path related to the virtual position.

Then, based on the known flight track points of the

UAV, a continuous hovering UAV flight trajectory design

scheme is proposed. First, we define a set of binary vari-

ables fa;b
� �

; 8a; b 2 f1; � � � ;Mg; a 6¼ b , here fa;b ¼ 1 and

fa;b ¼ 0 indicate whether the UAV is flying from position a

to position b, da;b ¼ pa � pbk k represents the distance of

the UAV from a to b. Then use the traveling salesman

optimization problem to solve the UAV flight trajectory

optimization problem, and most of the traveling salesman

problem is solved by the ant colony algorithm. Here, the

ant colony algorithm is used to solve the shortest UAV

flight trajectory under M hovering coordinates. [27, 28].

The flight trajectory related to the virtual node is deleted,

and the UAV flight trajectory that meets the energy

threshold of all nodes is obtained.

3.3 UAV trajectory and energy allocation
strategy for solving non-convex problems

The convex optimization problem is transformed into

multiple sub-problems through the UAV working mode.

The problem (OP2) could be discretized into (OP3). The

period T is divided into K time periods, expressed as:

k ¼ 1; � � � ;K. The length of each time period dt can be

expressed as: dt ¼ T
K. In this way, when each k is divided

into M sub-time periods, an;a½k�; 8a 2 f1; � � � ;Mg represent

the time for the UAV downlink wireless energy transmis-

sion. In addition, N sub-times ab;m½k�; 8b 2 f1; � � � ;Ng
represent the time for user uplink wireless data transmis-

sion. And the energy consumed by wireless data trans-

mission is Cn½k�. In this way, even at the maximum speed

Vmax, it can be ensured that the position of the UAV can be

approximately unchanged in each small period of time, and

the accuracy requirements can be met by selecting the size

of K.

ðOP3Þ : max
fA;P;Qg

x

s.t:
1

T

X

N

n¼1

Rn;m ab;m½k�;Pm½k�;Cn½k�
� �

�x; 8n 2 f1; � � � ;Ng;m 2 f1; � � � ;Mg
ð18Þ

Pth �En;m an;a½k�;Pm½k�
� �

; 8k 2 f1; � � � ;Kg ð19Þ

X

N

n¼1

ab;m½k�;Cn½k� �
X

N

n¼1

En;m an;a½k�;Pm½k�
� �

;

8k 2 f1; � � � ;Kg
ð20Þ

kPm½k þ 1� � Pm½k�k2 �V2
max; 8k 2 f1; � � � ;K � 1g

ð21Þ
X

M

a¼1

an;a½k� þ
X

MþN

b¼Mþ1

ab;m½k� � dt; 8k 2 f1; � � � ;Kg ð22Þ

0� PTm �PTmax; 8m 2 f1; � � � ;Mg ð23Þ

In the original problem, where (21) denotes the

2052 Wireless Networks (2022) 28:2047–2059
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discretization of node energy threshold constraints. (22)

denotes the discretization of energy neutral constraints.

(23) is the discretization of UAV maximum speed con-

straints. A method of continuously approaching UAV flight

trajectory is updated. According to the nature of the

inequality, continuous approximation obtains the optimal

Rn;m ab;m½k�;Cn½k�; Pm½k�
� �

, and obtains the updated UAV

flight trajectory piþ1
m ½k�. The inequality can be expressed as

follows:

Rn;m ab;m½k�;Cn½k�; Pm½k�
� �

�Ri
n;m ab;m½k�;Cn½k�; Pm½k�
� �

ð24Þ

The result after each iteration should satisfy this inequality,

otherwise the result of this iteration is discarded, and the

next iteration is entered. And the known flight trajectory of

the UAV is taken as the initial value, and the equivalent

expression of Ri
n;m ab;m½k�;Cn½k�; Pm½k�
� �

can be obtained:

Ri
n;m ab;m½k�;Cn½k�; Pm½k�
� �

,ab;m½k� log2 1 þ en;m Cn½k�; hn;m½k�
� �� �

�
en;m Cn½k�; hn;m½k�
� �

ab;m½k� log2 Ck½k� � Ci
k½k�

� �

Ci
k½k� þ H2 þ nCn½k�ab;m½k�

ð25Þ

Here Ci
k½k�, Pi

m½k� � gn
�

�

�

�

2
, Ck½k�, Pm

i½k� � gnk k2
, n ¼

l0=r
2 . Load the above constraint conditions to get a

mathematical model for updating the flight trajectory of the

UAV (OP4), which can be expressed as:

(OP4):

Piþ1
m ½k� ¼ max

Pm½k�
min

k2f1;���;Kg

1

T

X

N

n¼1

Ri
n;m ab;m½k�;Pm½k�;Cn½k�
� �

ð26Þ

s.t: Pth �En;m an;a½k�;Pm½k�
� �

;

8k 2 f1; � � � ;Kg; n 2 f1; � � � ;Ng
X

N

n¼1

ab;m½k�;Cn½k� �
X

N

n¼1

En;m an;a½k�;Pm½k�
� �

;

8m 2 f1; � � � ;Mg; k 2 f1; � � � ;Kg
Pm½k þ 1� � Pm½k�k k2 �V2

max; 8k 2 f1; � � � ;K � 1g
X

M

a¼1

an;a½k� þ
X

MþN

b¼Mþ1

ab;m½k� � dt; 8k 2 f1; � � � ;Kg

0� PTm �PTmax; 8m 2 f1; � � � ;Mg

Given the energy allocation strategy and the known flight

trajectory of the UAV as the initial value, the mathematical

model is used to iteratively update the UAV trajectory

piþ1
m ½k�.

Finally, the optimal UAV flight trajectory and energy

allocation strategy are solved, substitute the updated UAV

flight trajectory into the original discretized mathematical

model, reconstruct the constraints of the problem and use

genetic algorithm to find the optimal energy distribution

strategy ab;m½k�;Qn½k�. In this way, the UAV trajectory

pm½k� and the corresponding energy distribution strategy

ab;m½k�;Qn½k� are continuously alternately optimized and

calculated, until the accuracy requirements are met and the

optimal solution of the original problem p�m½k� and

a�n;m½k�;Q�
n½k�.

4 Experiments

4.1 Experiments design

In this section, numerical simulation results will be given

to verify the performance of the proposed UAV flight

trajectory and transmission energy distribution strategy in

wireless sensor networks. The experimental setting is

shown in Table 2.

In the simulation, the UAV flight height H, the number

of ground user nodes N, and the UAV received noise power

r2 parameters are set. And when the reference distance

d0 ¼ 1 m, the channel power gain l0, energy collection

efficiency g, the maximum speed of the UAV Vmax, the

transmission power PT of the UAV. Var is used to repre-

sent the variance of energy collected by ground sensors,

which is used to evaluate the fairness of energy collected

by each sensor.

4.2 UAV trajectory simulation with constant
threshold

The proposed framework is firstly validated under a con-

stant energy threshold. In this case, N = 9 ground users are

randomly distributed in a two-dimensional area of 20 9 20

m2. Figure 3 shows the flight trajectory of the UAV before

and after the energy threshold is set. According to the

simulation results in Fig. 3, there are 12 best hovering

positions for the UAV, and comparing the flight trajectory

after setting the energy threshold, the best hovering posi-

tion of the UAV is changed and the flight trajectory of the

UAV is improved. Figure 4 shows that the continuous

Table 2 Experimental parameter setting table [5, 15]

Parameter Value Parameter Value

H 5 m N 9

r2 -80 dBm l0 -30 dB

g 50% Vmax 10 m/s

PT 40 dBm
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hovering flight trajectory and the alternately optimized

flight trajectory obtain higher public throughput than the

static hovering, and when the flight time is small, the

alternately optimized flight trajectory is better than the

continuous hovering flight trajectory. However, if T is large

enough, the throughput obtained by the multi-position

continuous hovering flight trajectory will gradually

approach the throughput obtained by the alternately opti-

mized UAV flight trajectory. This verifies that the relax-

ation solution is effective as the initial value of the

alternate optimization, and the proposed alternate opti-

mization algorithm is feasible to solve the UAV trajectory

planning and transmission energy allocation

scheme optimization.

Figures 5 and 6 are the simulation results of the average

throughput of the uplink sensor data transmission and the

energy collected by the user nodes before and after the

energy threshold is set. With the threshold optimization,

the minimal, average and variance of harvested energy are

improved. In Fig. 5, the minimal harvested energy has been

guaranteed so that the energy collected by each sensor

device is greater than the energy consumed by the sensor

data collection. Meantime, it can be seen that the energy

collected by the ground user node has been effectively

balanced, ensuring the normal operation of the ground

sensor node far away from the UAV. Figure 6 shows that

after setting the energy threshold, the average throughput

of the system has increased significantly, which further

verifies that setting the energy threshold can improve the

Fig. 3 UAV flight trajectory before and after threshold optimization

Fig. 4 The relationship between uplink throughput and flight time

Fig. 5 The energy collected under the random distribution of user

nodes

Fig. 6 Average uplink throughput under the random distribution of

user nodes
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performance of the system and ensure the overall lifespan

of the sensor network.

Figures 7 and 8 show the result under the Poisson dis-

tribution with a Poisson coefficient of 0.06 for the user

nodes. The proposed framework has similar performance

as under the random distribution. In Figs. 9 and 10, the

number of user nodes increases, setting the energy

threshold can also effectively balance the energy collected

by the user nodes, and the public throughput of the sys-

tem’s uplink sensor data remains relatively stable.

4.3 UAV trajectory simulation with different
threshold

The proposed framework is then analyzed under a variable

energy threshold. The ground user nodes obey the random

distribution, different energy thresholds are set, and the

energy collected by the user nodes and the throughput of

uplink sensor data transmission are simulated and ana-

lyzed. The simulated energy threshold is

Pth ¼ 0:3 � 10�3 J, Pth ¼ 0:6 � 10�3 J and Pth ¼
0:9 � 10�3 J [29, 30], which represents low,middle,high

energy requirement, respectively.

As shown in Figs. 11 and 12 the collected energy of

each sensor node is effectively balanced, the

Fig. 7 Energy harvesting under the obey poisson distribution of user

nodes

Fig. 8 Average uplink throughput under the obey poisson distribution

of user nodes

Fig. 9 N = 15, The energy values collected under the random

distribution of user nodes

Fig. 10 N = 15, Average uplink throughput under the random

distribution of user nodes
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improved average common throughput of sensor

node further ensures the overall lifespan of the entire

sensor network. When the energy threshold is set to

Pth ¼ 0:3 � 10�3 J, compared with Fig. 6, it can be seen

that after the energy threshold is set, the energy collected

by the ground sensor nodes cannot be effectively balanced.

When the energy threshold is set to Pth ¼ 0:6 � 10�3 J, the

energy collected by ground sensors can be effectively

balanced, and the average throughput of the system’s

uplink sensor data transmission can be improved. There-

fore, in order to maximize the system throughput, ensure

that the ground sensor nodes use the collected energy to

upload sensor data information to the greatest extent, and

ensure the overall life of the sensor network, it is necessary

to set an effective energy threshold. According to different

energy thresholds, the change of the energy collected by

the user node over time is simulated, and the variance of

the energy collected by the node is solved. The following

gives the node-free energy threshold, low energy threshold,

and high energy threshold, the changes in the energy col-

lected by the node over time (Fig. 12).

Figures 13, 14 and 15 show the average energy collected

by the ground user node and the variance of the energy

collected by the node under no energy threshold, low

energy threshold: Pth ¼ 0:6 � 10�3 J, high energy thresh-

old: Pth ¼ 5 � 10�3 J, respectively. By comparing the case

of the no energy threshold in Fig. 13 with the lower energy

threshold in Fig. 14. When the flight time can meet a cycle

of flight, after setting the energy threshold constraint, the

variance of the energy collected by the node is significantly

reduced, indicating that a lower energy threshold can

effectively balance the energy collected by each ground

Fig. 11 The energy value collected by the node under different

thresholds

Fig. 12 The average uplink throughput of different thresholds

Fig. 13 No energy threshold, average energy and variance of energy

over time

Fig. 14 Low energy threshold, average energy and variance of energy

over time
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node. Figure 15 setting the high energy threshold, without

UAV resource restrictions, the ground nodes can collect

more energy. However, considering that the high energy

threshold requires more flight time to meet its energy

threshold constraint, the energy value collected by the user

node will never meet the set energy threshold, and the

energy threshold constraint will become invalid. In dif-

ferent application scenarios, the energy required by the

sensor to work normally varies greatly, this framework is

suitable for setting different energy thresholds. In actual

deployment, the energy required by the sensor is often

determined in advance, and the energy collected by the

sensor node can be guaranteed based on the energy

threshold. Based on proposed framework, the minimum

energy requirement of the UAV can be used to guide the

model selection of UAV in practical scenarios.

5 Conclusions

In this paper, by alternately optimizing the UAV flight

trajectory and the transmission energy allocation strategy,

the flight trajectory of the UAV is optimized to maximize

the wireless sensor network throughput when considering

the overall life of the wireless sensor network and all

constraints. In order to solve this complicated problem,

firstly, the maximum speed constraint of the UAV is

ignored, and the non-convex optimization problem is

transformed into a convex optimization problem. Secondly,

the convex optimization problem is solved by judging

whether each relaxation solution meets the energy thresh-

old. The energy collected by each ground user node is

required to be greater than the energy consumed by the

uplink data transmission. Thirdly, on the basis of the

known relaxation solution, the UAV flight trajectory opti-

mization is transformed into a travelling salesman problem,

and a UAV flight trajectory is optimized using the ant

colony algorithm. Finally, considering the non-convex

optimization problem with the maximum speed constraint

of the UAV, an approximation UAV trajectory update

method is designed by using the known UAV trajectory as

the initial value, and alternately optimizing the UAV flight

trajectory and energy transmission, resource allocation

strategy.

A discrete UAV flight trajectory is obtained after per-

forming alternate optimization in this paper. Numerical

results show that setting the energy threshold can effec-

tively balance the energy collected by each ground user

node. The UAV flight path in the wireless sensor network

satisfies the constraints and maximizes the throughput of

the wireless sensor network. A continuous and smooth

trajectory of UAV has advantages in implementing UAV

flight control and decreasing UAV energy consumption. In

addition, multiple UAVs cooperatively assisting wireless

power and information transfer could be expanded.
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