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Abstract—The global outbreak of the 2019-nCoV pneumonia
has led to illness and loss of life for a large number of people.
Many countries built medical-emergency facilities in remote
areas to isolate infected people in an attempt to contain the
spread of the virus. Various wearable devices based on smart
new fabrics can collect life-relevant data from patients on a
continuous basis. However, the computing capacity and battery
energy of wearable devices are limited. Prolonging the life cycle
of the wearable medical-emergency system for as long as
possible, while guaranteeing the effectiveness of the monitoring
tasks for the users, is a great challenge. Therefore, Medical-
Emergency Response Wearable Networking Powered by UAV-
assisted (unmanned aerial vehicle) computing offloading and
wireless power transfer (WPT), known as MER-WearNet, is
presented in this paper. Due to the ultra-low delay demand in the
medical emergency scenario, the proposed scheme uses UAV to
charge the wearable devices wirelessly, so that the wearable
devices can obtain more energy and ensure the efficient
completion of the computing offloading in the shortest possible
time. The successive convex optimization (SCP) is used to solve
the joint optimization model. Finally, simulation experiments
verify the effectiveness of the proposed scheme.

Index Terms—Medical emergency, UAV, WPT, wearable
network.

I. INTRODUCTION

THE epidemic disease report of the World Health Organi-

zation (WHO) on May 20, 2020, included nearly 4.8

million confirmed cases and more than 310 000 deaths

from 2019-nCoV pneumonia globally, with these numbers con-

tinuing to rise [1]. In the epidemic disease report of the WHO on

April 11, 2020, 22 073 medical workers were confirmed as being

infected by 2019-nCoV [2]. Since the outbreak of the pandemic,

countries around the world have successively gone into lock-

downs, leading to global economy shrinking by about 1% [3].

The sudden outbreak of the 2019-nCoV pneumonia caused seri-

ous problems to medical systems and the economy in all coun-

tries. To prevent the further spread of 2019-nCoV, some

countries urgently built isolation hospitals in remote places, with

patients being treated and cured in these temporary isolation hos-

pitals. However, the question arises, about how life indicators

can be monitored continuously for 24 hours a day with models of

the vital signs being built. With the application of 5 G, the Inter-

net of Things, chips with low power consumption and themotiva-

tion of industrial design, various wearable devices based on new

smart fabrics play an increasingly important role in health moni-

toring. These devices become important entries and application

terminals for the Internet of Things in times of 5 G and will be

pivotal in the medical-emergency response to the 2019-nCoV

pneumonia [4], [5]. Smart wearable devices integrating AI and

wearable technology can collect the life indicators from patients

automatically, so that the doctor’s diagnosis and treatment can be

synced to the patient’s side. Additionally, the infection rate of

medical workers will be lowered by decreasing the contacts with

patients. Multiple wearable devices jointly monitor the user’s

various health data, such as monitoring the user’s body

temperature, heart rate, electrocardiogram (ECG), blood

pressure, blood oxygen, electroencephalogram (EEG), etc.

By analyzing multiple physiological indicators collected by

smart wearable devices, the patient’s health status can be

obtained in real time. However, the computing capacity,

battery energy and life cycle of smart wearable devices are

limited [6]. The challenges to guaranteeing the high-effi-

ciency charging of wearable devices in medical-emergency

response are as follows:

1) Real-time charging: Incomplete network facilities in

temporary medical-emergency locations cause difficul-

ties in guaranteeing real-time charging to various wear-

able devices in large numbers. In addition, the analysis

of the severity degree for patients should be updated in

real time based on changes in the physical signs. The

charging of wearable devices should also meet the
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requirement of a short delay in the medical-emergency

response.

2) Long-term monitoring: Due to the particular conditions

of the patients at medical-emergency locations, the con-

tinuous monitoring of patients’ health is required.

Therefore, the power supply of smart wearable devices

must not to be interrupted, and they must be charged

prior to any power failure.

3) Comfort of patients: During the pandemic, the patients

are in poor physical health. If the batteries of the wear-

able devices are frequently replaced, this will further

interfere with the patients’ care. Therefore, the require-

ment of maintaining high comfort levels for patients

must be considered.

Thanks to the rapid development of wireless power transfer

(WPT) technology, wireless charging can be used for smart wear-

able devices, thereby prolonging battery life and making frequent

battery changes unnecessary [7], [8]. In comparison with other

energy-harvesting technologies, such as wind and solar energy,

WPT utilizes radio-frequency signals to charge smart wearable

devices with a low power consumption and supply controllable

and stable energy [9]. On the other hand, the wireless communica-

tion link assisted by UAV has attracted a great deal of atten-

tion [10], [11]. During the pandemic, infected patients tend to be

kept in isolation in remote places formedical emergencies. There-

fore, the UAV can be used as the carrier of WPT that can charge

wearable devices and guarantee their long-term and effective

healthmonitoring [12]. In addition to being the carrier of the wire-

less-charging technology, it is also the carrier of edge computing

devices [13], [14], analyzing the physiological data of patients in

real time, building models of vital signs and assessing the severity

of the patients’ symptoms, which greatly increases the energy-

conversion efficiency of wireless charging and the communica-

tion performance of the medical-emergency response.

To address the limits of wearable-device charging and com-

puting power in the medical-emergency response scenario,

this article presents the Medical-Emergency Response Wear-

able Networking powered by UAV-assisted computing off-

loading and WPT (MER-WearNet). A wireless-charging

transmitter carried on the UAV was used to charge smart

wearable devices in real time. When multiple smart wearable

devices have obtained enough energy, due to their own limited

computing capabilities, they need to upload the collected data

to the UAV edge server for providing real-time patient health

analysis. According to the distance between smart wearable

devices and UAV, the current network environment and the

service demand of computing offloading, it is necessary to

determine the optimal charging time allocation, the computing

offloading sequence, and dynamically adjust the optimal hov-

ering position of UAV in the computing offload phase. In sum-

mary, the main contributions of this paper are as follows:

� This paper proposes a novel MER-WearNet schema,

namely wearable network for medical emergency

response. The wireless charging of UAV is used to

ensure the long-term continuous health monitoring of

smart wearable devices, and the joint optimization

model of charging time allocation, computing

offloading sequence decision and hovering positions of

UAV is established.

� We model the computing offloading sequence of smart

wearable devices as the traveling salesman problem

(TSP) and solves it based on genetic algorithm, and

then solves the charging time and the optimal hovering

positions of the UAV based on successful convex

optimization.

� The effectiveness of the proposed scheme is verified by

simulation experiments. The experimental results show

that the proposed scheme can make the energy obtained

by smart wearable devices through WPT meet the

requirements of computing task offloading, and greatly

reduce the delay of medical emergency response.

The reminder of this paper is arranged as follows. Section 2

summarizes the application scenarios of intelligent wearable

devices in the medical field, as well as the related work of

UAV WPT and computing offload. Section 3 introduces the

proposed smart wearable network architecture and the joint

optimization model of charging time allocation, computing

offloading sequence and hovering positions of UAV. Section

4 solves the joint optimization model. Section 5 conducts sim-

ulation experiments. Finally, Section 6 summarizes our work.

II. RELATED WORK

Smart wearable devices are widely used in medical health-

care, such as smart clothing and wearable effective robot pro-

posed by Chen et al. [15], [16], which can respectively

monitor physiological parameters such as ECG, blood pres-

sure, blood oxygen and psychological parameters such as

EEG, voice and tactile pressure. Shi et al. [17] proposed a

weight calculation method for heterogeneous wearable sensors

to reduce the interference caused by abnormal sensors in wear-

able devices and improve the accuracy of input data. There are

still some works focused on the design of networking proto-

cols in wearable networks, such as Liao et al. [18] proposed a

cooperative routing protocol based on incremental relay to

extend the lifetime of wearable networks. Kim et al. [19] pro-

posed an adaptive control algorithm for the WiFi coexistence

environment based on ZigBee to ensure the delay require-

ments of wearable sensors. Above work is mainly used for the

transmission of structured physiological data, and can not sup-

port large-scale multi-dimensional data transmission. In [20],

the author uses coordinator based MEC server to offload tasks

to improve the computing power of wearable devices. How-

ever, this paper assumes that the mobility of patients is based

on the nomadic mobility model, and the transition probability

of users in different locations in real life does not always fol-

low the existing prediction model.

Regarding offloading computing tasks to the UAV-driven

edge cloud, many research teams have carried out promising

work. Zhou et al. [9] studied the problem of computing rate

maximization in UAV enabled MEC wireless powered system

with causal constraints of energy acquisition and UAV speed

constraints under partial and binary offloading mode, and

gave the near optimal solution of CPU frequency, offloading
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time and transmission power. Yang et al. [10] studied the

problem of minimizing the sum of power consumption by

jointly optimizing user connections, power control, computing

power allocation and UAV path planning in a multi-UAV

MEC network, and proposed an iterative three sub-problem

solution algorithm. Bai et al. [21] proposed an energy effi-

ciency calculation offloading algorithm for UAV-MEC system

based on physical layer security, and found the best solution

for active and passive eavesdroppers. In the UAV cooperative

communication system, for the amplify and forward (AF) and

decode and forward (DF) protocol, Yin et al. [22] optimize

the UAV power profile, power splitting ratio profile and trajec-

tory to maximize the end-to-end throughput.

Due to the remarkable characteristics of flexibility, mobility

and freedom from spatial constraints, the development of

WPT technology provides a new energy supply scheme for

battery driven terminal equipment [23]. At present, a lot of

work has focused on improving the communication energy

efficiency of IoT equipment by combining UAV and WPT

technology. Xu et al. [24], [25] studied how to maximize the

minimum energy received by sensor nodes through trajectory

design in the limited charging time of UAV. In [26], the author

proposes a successive hover-and fly scheme to search the opti-

mal hover point and hover time based on genetic algorithm.

The goal is to maximize the minimum energy harvested by all

devices. In [27], the author maximizes the throughput of the

network by jointly optimizing the trajectory design and wire-

less resource allocation of UAV. Du et al. [28] proposed a

new TDMA workflow model, and established a joint optimiza-

tion model of IOT device connection, computing resource

allocation, UAV hover time, wireless charging time and ser-

vice order, so as to minimize the total energy consumption of

UAV. In [29], the author first uses WPT technology to charge

sensor nodes, and periodically sends data to cluster heads, and

then uses UAV to send data to sink node for further processing

and analysis. The author uses Lagrange dual method and heu-

ristic algorithm to reduce the computational complexity and

obtain the optimal time allocation scheme. In [30], the author

uses deep Q-learning algorithm to manage the resources of

UAV assisted WPT network. Baek et al. [31] uses the

Lagrange multiplier method and the proposed geometry-based

update algorithm to jointly solve the hover position and hover

time of the UAV, thereby maximizing the minimum energy

remaining after the sensor node receives energy and consumes

energy for data transmission.

Although UAV-enabled computing offloading andWPT have

been well studied in above works, very few work has focused on

solving the problems of charging, data collection and computing

tasks offloading faced by smart wearable devices in the wearable

network for medical emergencies. Our work is based on the TSP

model and successive convex optimization in the work of [32].

Different from the work of [32], we introduce the process of

wireless charging before wearable devices offloading computa-

tion tasks to the UAV. Therefore, the minimum delay of the sys-

tem needs to be added with the charging time, and the energy

constraint of wearable devices is based on the energy harvested

in the previous charging process.

III. SYSTEM MODEL AND PROBLEM FORMULATION

With the help of UAV’s mobility, flexibility and better

computing power, UAV is used to charge multiple smart wear-

able devices worn by patients in infectious disease isolation

places, and then carry out data transmission. When the data

collection is completed, the UAV carries out multimodal data

analysis to provide reliable patient health analysis results.

This process mainly includes three stages: the wireless charg-

ing stage of UAV for smart wearable devices, the data trans-

mission stage of smart wearable devices (computing task

offloading stage), and the multimodal data fusion and analysis

stage in UAV edge server, as shown in Fig. 1. The main nota-

tion is shown in Table I.

A. UAV Charging Model With WPT

We consider the scenario of a UAV with N smart wearable

devices. The set of smart wearable devices is fwn; n 2
f1; 2; . . .; Ngg. The space between smart wearable device and

UAV is three-dimensional. When charging, the UAV can

charge multiple intelligent wearable devices at the same time,

and the location of the UAV is recorded as lUAV ð0Þ ¼
ðxð0Þ; yð0Þ; HÞ, the position of smart wearable device wn is

ln ¼ ðxn; yn; 0Þ. The height H of UAV is assumed to be fixed,

and H is the minimum height for UAV not to collide with

buildings, trees and other obstacles. The communication link

between UAV and smart wearable devices adopts Line-of-

Sight (LOS) mode. During charging, the distance between wn

and UAV is expressed as:

dw;n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xð0Þ � xnð Þ2 þ yð0Þ � ynð Þ2

q
(1)

The channel gain during charging is as follows:

hw;n ¼ b0

d2w;n þH2
¼ b0

xð0Þ � xnð Þ2 þ yð0Þ � ynð Þ2 þ H2
(2)

b0 is the power attenuation gain when the distance between

UAV and wearable devices is 1 m. During the charging time

t0, the energy collected by the wearable device wn is:

Eharvest;n ¼ mp0hw;nt0 (3)

Where m is the WPT energy conversion coefficient, p0 is the

communication power when UAV charges smart wearable

devices.

B. Computing Offloading of Wearable Devices

After the charging is completed, the smart wearable device

needs to transmit collected data to UAV, perform multimodal

physiological data analysis and complete the offloading of the

computing task. We adopt the fly-hover mode in [32], that is,

when the smart wearable device wn is uploading data, the

UAV needs to fly to the best hovering point corresponding to

wn. The UAV will continue to fly to the next hovering point

for data transmission with the next wearable device after com-

pleting the computing task offloading of wn. The set of
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computing offloading sequence is expressed as F ¼ f eO1;eO2; . . . ; eONg, let fðnÞ ¼ fOn, which represents the index of

the smart wearable device. Then, the hovering position of

UAV is flUAV ðfð1ÞÞ; lUAV ðfð2ÞÞ; . . . ; lUAV ðfðnÞÞg. lUAV

ðfðnÞÞ ¼ ðxðfðnÞÞ; yðfðnÞÞ; HÞ is the best hovering position

of the UAV when the smart wearable device wfðnÞ offloads

computing task. The channel gain of the smart wearable

device wfðnÞ is as follows:

hc;fðnÞ ¼ b0

d2c;fðnÞ þH2

¼ b0

xðfðnÞÞ � xfðnÞ
� �2 þ yðfðnÞÞ � yfðnÞ

� �2 þ H2

(4)

The signal to interference noise ratio (SINR) is:

gðfðnÞÞ ¼ pfðnÞhc;fðnÞ
s2

(5)

Where pfðnÞ is the transmission power of the wearable

device wfðnÞ, and s2 is the white Gaussian noise. According to

Shannon’s theorem, the data transmission rate of wearable

device wfðnÞ is:

rðfðnÞÞ ¼ Blog 2ð1þ gðfðnÞÞÞ (6)

Among them, B is the data transmission bandwidth when

computing offloading. For wearable device wfðnÞ, if the hover-
ing time of UAV at corresponding hovering point lUAV ðfðnÞÞ
is th;fðnÞ, then the data transmission amount of wfðnÞ during
this period is:

sðfðnÞÞ ¼ rðfðnÞÞth;fðnÞ ¼ Blog 2ð1þ gðfðnÞÞÞth;fðnÞ (7)

Fig. 1. System architecture of MER-WearNet.

TABLE I
NOTATION TABLE
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Because in the medical emergency response scenario, smart

wearable devices need to complete the offloading of comput-

ing tasks in the shortest possible time, so each wearable device

needs to meet a certain amount of data transmission require-

ments sfðnÞ;min during the hovering time of the UAV, which is:

Blog 2ð1þ gðfðnÞÞÞth;fðnÞ � sfðnÞ;min (8)

Wearable devices consume a certain amount of energy during

data transmission. In the transmission time th;fðnÞ, the energy

consumed by wfðnÞ can be expressed as:

Econ;fðnÞ ¼ pfðnÞth;fðnÞ (9)

Since the energy collected by the wearable device wfðnÞ
during the charging process is Eharvest;fðnÞ, and the energy

consumed by data transmission cannot exceed the collected

energy. Therefore, there are the following constraints:

pfðnÞth;fðnÞ � mp0hw;fðnÞt0 (10)

C. UAV Flying Time

The flight distance of UAV from hovering position

lUAV ðfðnÞÞ to the next hovering position lUAV ðfðnþ 1ÞÞ is as
follows:

dfðnÞ;fðnþ1Þ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxðfðnþ 1ÞÞ � xðfðnÞÞÞ2 þ ðyðfðnþ 1ÞÞ � yðfðnÞÞÞ2

q
(11)

The flight time of UAV is calculated as follows:

tfly ¼
XN�1

n¼0

dfðnÞ;fðnþ1Þ
v

(12)

D. Problem Formulation

In the case of medical emergency, it is necessary to com-

plete data transmission in the shortest possible time in order to

get the patient’s health status analysis as soon as possible.

Therefore, the goal of this paper is to minimize the total time

for smart wearable devices to complete charging and comput-

ing tasks offloading. The optimization problem in this paper

can be summed up as P1:

P1 : min
t0;F;xðfðnÞÞ;yðfðnÞÞ

T ¼ t0 þ
XN
n¼1

th;fðnÞ þ tfly

s.t. C1 : v � vmax

C2 : pfðnÞth;fðnÞ � mp0hw;fðnÞt0; 8n 2 f1; 2; . . . ; Ng
C3 : Blog 2ð1þ gðfðnÞÞÞth;fðnÞ � sfðnÞ;min;

8n 2 f1; 2; . . . ; Ng

The constraint condition C1 indicates that the flight speed of

UAV between hovering points corresponding to each

wearable device does not exceed the maximum speed, while

C2 and C3 are the requirements of energy constraint and data

transmission amount respectively.

IV. PROBLEM SOLUTION

The variables to be solved for problem P1 include charging

time t0, computing offloading sequence F, and the hovering

position of UAV in each wearable device. Because the posi-

tion variable of UAV involved in constraint C3 is a non-con-

vex and non-concave function in the denominator of log

function, and the hovering sequence of UAV is also unknown,

P1 is difficult to solve. Therefore, we first determine the hov-

ering sequence of UAV, that is, the computing tasks’ offload-

ing sequence of wearable devices, and then solve the charging

time and hovering position.

A. Determining the Computing Offloading Sequence of

Wearable Devices

If the hovering position of UAV is known, problem P1 can

be decomposed into two subproblems: the minimization of

flight time, the minimization of the sum of charging time and

hovering time, which can be attributed to P2.1 and P2.2

respectively. Problem P2.1 can be expressed as:

P2:1 : min
F

tfly ¼
XN�1

n¼0

dfðnÞ;fðnþ1Þ
v

s.t. C1 : v � vmax

It is obvious that UAV uses the maximum speed to fly

between the hovering points to minimize the flight time. Then

the main solution of P2.1 is that the UAV has the smallest fly-

ing distance between N hovering points, which requires deter-

mining the hovering sequence F. Referring to [32], the UAV

flight distance minimization problem can be solved by solving

TSP to determine the computing offloading sequence of wear-

able devices. Assuming that the N hovering positions of the

UAV are just above each wearable device, we use the genetic

algorithm to solve TSP of P2.1. Set the population size as M,

the population of each generation in the evolution process is

expressed as Zk, and k is the number of generations. Genetic

algorithm for TSP includes initialization of population, calcu-

lation of fitness, selection of parent chromosomes, crossover

and mutation. The specific process is as follows:

(1) Initialize the Population: M paths are generated ran-

domly, and M chromosomes are obtained. Each path corre-

sponds to a computing offloading sequence of wearable

devices. Each path is composed of the location of N wearable

devices and the location of UAV when charging.

(2) Calculate the Fitness Value: We set the fitness function

to the reciprocal of the sum of distances in P2.1, which is

fk
m ¼ 1PN�1

n¼0
dfðnÞ;fðnþ1Þ

. fkm represents the fitness function value

of them-th chromosome in the k-th generation population.

(3) Select Parent Chromosomes: The roulette algorithm is

used to select two chromosomes from the current population
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as parent chromosomes. Calculate the cumulative probability

of each chromosome fitness function value, and then the par-

ent chromosomes are determined according to the cumulative

probability range of the generated random number. The single

probability of each chromosome is calculated as: prkm ¼
fkmPM

m¼1
fkm

, and the cumulative probability is calculated as:

cprkm ¼ cprkm�1 þ prkm. The two selected chromosomes are

recorded as Ck
1 , C

k
2 .

(4) Crossver: Determine whether to perform the crossover

operation according to the crossover probability a. Two inter-

sections e1 and e2 are generated randomly, and the wearable

device index numbers of chromosome Ck
1 and Ck

2 from e1 to

e2 are exchanged. If there are duplicate wearable devices in

the chromosomes after crossover, perform the deduplication

operation again to obtain two new son chromosomes.

(5) Mutation: After crossover, we decide whether to mutate

the two son chromosomes according to the mutation probabil-

ity �. Randomly generate two mutation points m1, m2, and

reverse the positions of the two daughter chromosomes from

m1 tom2.

The process of (2)–(5) is repeated until M new populations

are generated, and then the next generation cycle is carried out

until the set maximum generation number. Select the chromo-

somewith the largest fitness function value fk
m in all generations,

then we can determine the hovering sequenceF� of UAV.
P2.2 is the minimization of the sum of charging time and

hovering time. When the hovering position of UAV is deter-

mined, P2.2 has nothing to do with hovering sequence. Since

we assume that the UAV hovers just above each wearable

device, the distance between UAV and wearable device at

each hovering point is calculated to be 0. The problem P2.2

can be expressed as:

P2:2 : min
t0;th;n

T1 ¼ t0 þ
XN
n¼1

th;n

s.t. C2 : pnth;n � mp0hw;nt0; 8n 2 f1; 2; . . . ; Ng

C3 : Blog 2 1þ pnb0

s2H2

� �
th;n � sn;min;

8n 2 f1; 2; . . . ; Ng

The variables to be solved in P2.2 include the charging time

t0 and the hover time th;n at each wearable device. The prob-

lem can be solved by linear programming (LP). When the hov-

ering position of the UAV is known, P2.1 and P2.2 determine

the computing offloading sequence and charging time of wear-

able devices, and then the overall minimum time of the two

stages can be determined. The solving process of P2.1 and

P2.2 is attributed to Algorithm 1.

B. Optimal Charging Time Allocation and Hovering Position

Solution

After the computing offloading sequence is determined by

genetic algorithm, P1 is still difficult to solve because the con-

straint C3 is a non-convex and non-concave function. According

to [32], [33], we introduce the slack variable fvðf�ðnÞÞg, and
then obtain the lower bound r̂ of the data transmission rate r
through the first-order Taylor expansion. In the i-th iteration, bri
is convex with respect to ðxðf�ðnÞÞ � xf�ðnÞÞ2 þ ðyðf�ðnÞÞ �
yf�ðnÞÞ2. bri is obtained by the following transformation:

B log 2 1þ g f�ðnÞð Þð Þ
� � Ai f

�ðnÞð Þ x f�ðnÞð Þ � xf�ðnÞ
� �2�

þ y f�ðnÞð Þ � yf�ðnÞ
� �2� xi f

�ðnÞð Þ � xf�ðnÞ
� �2

� yi f�ðnÞÞ � yf�ðnÞ
� �2� �

þ Bi f
�ðnÞð Þ

, driðf�ðnÞÞ (13Þ

Where,

Ai f
�ðnÞð Þ ¼

B pf�ðnÞb0=s
2

� �
log 2e

H2 þ xi f
�ðnÞð Þ � xf�ðnÞ

� �2 þ yi f
�ðnÞð Þ � yf�ðnÞ

� �2 þ pf�ðnÞb0=s
2

� �
� 1

H2 þ xi f
�ðnÞð Þ � xf�ðnÞ

� �2þ yi f
�ðnÞð Þ � yf�ðnÞ

� �2�
(14)

Algorithm 1. Time minimization based on genetic algorithm

and linear programming

Input:

The location of smart wearable device ln, and the location lUAV ð0Þ
of the UAV in the WPT phase;

Genetic algorithm related parameters: population size M , cross-

over probability a, mutation probability �;
Output:

Charging time t0, computing offloading sequence F�, minimized

overall time T ;
1: Initialize the population and randomly generateM sequences;

2: for k ¼ 1; 2; . . .;MaxGeneration do

3: form ¼ 1; 3; 5; . . .;M do

4: Calculate the fitness function value and cumulative proba-

bility ofM chromosomes respectively;

5: Select two chromosomes Ck
1 ; C

k
2 from Zk according to the

cumulative probability;

6: Perform a crossover operation on Ck
1 , C

k
2 according to the

crossover probability, and perform a deduplication opera-

tion on the wearable device that is repeated after the cross-

over to generate two new chromosomes;

7: According to the mutation probability, two mutation points

are randomly generated, and the mutation position is

reversed;

8: end for

9: end for

10: Select the chromosome corresponding to the largest fkm from all

populations, determine the sequencer F�, and obtain the mini-

mum flight time tfly;
11: Solve the LP problem in P2.2, and get the sum of the minimum

charging time and hovering time T1;

12: Calculate the minimum total time T ¼ T1 þ tfly.
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and

Bi f
�ðnÞð Þ ¼ B�

log 2 1þ pf�ðnÞb0=s
2

H2 þ xi f
�ðnÞð Þ � xf�ðnÞ

� �2 þ yi f
�ðnÞð Þ � yf�ðnÞ

� �2
 !

(15)

Then P1 is transformed into P3:

P3 : min
t0;x f�ðnÞð Þ;y f�ðnÞð Þ;v f�ðnÞð Þ

T ¼ t0 þ
XN
n¼1

th;f�ðnÞþ

XN�1

n¼0

df�ðnÞ;f�ðnþ1Þ
vmax

s.t. C2 : pf�ðnÞth;f�ðnÞ � mp0hw;f�ðnÞt0; 8n 2 f1; 2; . . . ; Ng
C3 : v f�ðnÞð Þth;f�ðnÞ � sf�ðnÞ;min; 8n 2 f1; 2; . . . ; Ng
C4 : driðf�ðnÞÞ � v f�ðnÞð Þ; 8n 2 f1; 2; . . . ; Ng

After introducing the slack variable vðf�ðnÞÞ in P3, the left

vðf�ðnÞÞth;f�ðnÞ of constraint C3 is still non-convex. To solve

the problem, referring to [34], we replace vðf�ðnÞÞth;f�ðnÞ
with

ðvðf�ðnÞÞþth;f�ðnÞÞ2�ðvðf�ðnÞÞ�th;f�ðnÞÞ2
4 . Then apply the first-

order Taylor expansion to ðvðf�ðnÞÞ þ th;f�ðnÞÞ2. In the i-th
iteration, the inequality constraint C3 in P3 is transformed into

the following formula:

vi f
�ðnÞð Þ þ ti;h;f�ðnÞ

� �2
4

þ v f�ðnÞð Þ þ th;f�ðnÞ � vi f
�ðnÞð Þ � ti;h;f�ðnÞ

� �
2

� vi f
�ðnÞð Þ þ ti;h;f�ðnÞ

� �
2

� v f�ðnÞð Þ � th;f�ðnÞ
� �2

4
� sf�ðnÞ;min � 0;

8n 2 f1; 2; . . . ; Ng (16)

Then P3 can be transformed into P4:

P4 : min
t0;x f�ðnÞð Þ;y f�ðnÞð Þ;v f�ðnÞð Þ

T ¼ t0 þ
XN
n¼1

th;f�ðnÞþ

XN�1

n¼0

df�ðnÞ;f�ðnþ1Þ
vmax

s.t. C2 and C4

ð16Þ

During each iteration, P4 can be solved with the standard

convex optimization toolkit CVX [35]. In the initial iteration,

the hover position of the UAV is set to be directly above

each wearable device. After finding the optimal UAV hover-

ing position x�ðf�ðnÞÞ; y�ðf�ðnÞÞ in each iteration, xiðf�ðnÞÞ
and yiðf�ðnÞÞ in the next iteration is replaced with

x�ðf�ðnÞÞ; y�ðf�ðnÞÞ until the algorithm converges to the opti-

mal value and no longer changes. The successive convex opti-

mization is summarized as Algorithm 2.

V. EXPERIMENT

A. Simulation Setting

We assume that multiple smart wearable devices are ran-

domly distributed in an area of 10m� 10 m. Unless other-

wise specified, the number of smart wearable devices in this

paper is 15. When charging, the UAV is in the center of the

area, the height of the UAV is 10 m, and the maximum flight

speed is 5 m/s. The energy conversion efficiency m during

charging is 0.8, the charging power p0 is 1 W, the channel

gain b0 when the distance is 1 m is �30 dB, and the white

Gaussian noise s2 is 10�9W . When wearable devices offload

computing tasks, the power pn of data uploading is 0.0011 w,

the bandwidth B is 20 MHz, and the requirement of data trans-

mission is 14Mbits. The specific parameter settings are shown

in Table II.

B. Performance Analysis

Fig. 2 shows the evolution process of the shortest flight dis-

tance corresponding to the number of different wearable devi-

ces when the UAV hovers just above the wearable devices.

With the increase of the number of wearable devices, the short-

est flight distance of UAV converges more and more slowly.

Algorithm 2. SCP-based hovering position and charging time

solutiong

Input:

Data transmission requirements Sn;min for smart wearable devices;

Charging power p0, UAV position lUAV ð0Þ in WPT;

Output:

Charging time t0, N hovering positions fðxðf�ðnÞÞ; yðf�ðnÞÞÞ, mini-

mum time T ;
1: According to Algorithm 1, determine the computing offloading

sequence F� of wearable devices;
2: Initialize the position of UAV at N hovering points x1ðf�ðnÞÞ

¼ xf�ðnÞ; y1ðf�ðnÞÞ ¼ yf�ðnÞ;
3: while i � max iteration do

4: Use the CVX toolkit to solve the convex optimization problem

in P4, and get the hover position x�ðf�ðnÞÞ; y�ðf�ðnÞÞ and the

charging time t�0;
5: Updated xiþ1ðf�ðnÞÞ ¼ x�ðf�ðnÞÞ, yiþ1ðf�ðnÞÞ ¼ y�ðf�ðnÞÞ;
6: Update Aiþ1ðf�ðnÞÞ;Biðf�ðnÞÞ; ð driðf�ðnÞÞÞ according to for-

mula (14), (15) and (13);

7: update i ¼ iþ 1;
8: end while

TABLE II
SIMULATING SETTING
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Figs. 3(a) and 3(b) show the shortest flight path of UAV hover-

ing just above the wearable devices when the number of wear-

able devices is 15 and 25 respectively, and the final hovering

path obtained by SCP algorithm. In fact, by analyzing the red

path in Fig. 3, it is found thatN hovering points of UAV consti-

tute a straight line. In this case, no matter what the hovering

sequence of UAV is, the sum of the flight distances of UAV at

each hovering point is the same, which leads to that the total

time has nothing to do with the computing offloading sequence

of wearable devices. Therefore, the computing offloading

sequence can be given randomly, and then the hovering

position, charging time allocation and total time can be

obtained directly by using Algorithm 2.

Fig. 4 shows the iterative process of solving problem P4

based on SCP algorithm to get the total time. We can find that

in the second or third iteration, the algorithm can converge to

the optimal value. The different number of wearable devices

does not have much effect on the total time. Although the total

time of 25 and 30 wearable devices is larger, the total time of

N ¼ 20 is smaller than the total time of N ¼ 15. Therefore,
in the network architecture mentioned in this article, even if

the number of wearable devices is increased, the overall delay

of the system will not necessarily increase accordingly. In the

case of medical emergency, if the number of patients or wear-

able devices is increased, UAV can still transmit enough

energy for these devices, so that these wearable devices can

ensure effective data acquisition and transmission, and ensure

that the analysis results of patients’ vital signs are not affected.

given randomly, and then the hovering position, charging time

allocation and total time can be obtained directly by using

Algorithm 2.

Fig. 5 shows the impact of minimum data transmission

requirements on the overall service time. Fig. 5(a) shows the

change of total system time with the increase of charging

power in WPT stage and different data transmission require-

ments. It can be seen that under the four data transmission

requirements, the larger the charging power is, the smaller the

total time is. The total time required by the system will also

increase with the demand for data transmission. This is

because the higher the charging power, the wearable device

can collect enough energy in a shorter time to complete the

data transmission requirements, that is, the charging time is

shorter, so the overall time is shorter. The higher the require-

ment of data transmission, the more transmission time is

needed, and more charging time is needed to obtain more

energy to ensure the data transmission, so the total time is

more. In Fig. 5(b), with the increase of transmission band-

width, the transmission time required to complete the data

transmission is reduced, so the total time is reduced. In Fig. 5

(c), with the increase of flight speed, the flight time of UAV

decreases, resulting in the decrease of total time. However,

compared to the impact of charging power and transmission

Fig. 2. Iterative process of UAV shortest flight distance in Algorithm 1.

Fig. 3. The initial shortest flight path and final hovering position of UAV.

Fig. 4. Convergence process of minimum time under different number of
wearable devices.

306 IEEE TRANSACTIONS ON NETWORK SCIENCE AND ENGINEERING, VOL. 9, NO. 1, JANUARY/FEBRUARY 2022

Authorized licensed use limited to: The Chinese University of Hong Kong CUHK(Shenzhen). Downloaded on January 14,2022 at 01:32:29 UTC from IEEE Xplore.  Restrictions apply. 



bandwidth on the total time, the flight speed has a slower

impact on the total time, and the rate at which the total time

decreases is slower.

Fig. 6 shows the impact of different schemes on the overall

system time. We compare the proposed MER-WearNet

scheme with the three schemes, namely, the scheme of UAV

hovering directly above the wearable device in Algorithm 1,

the static UAV scheme, and randomly assigning association

schema after obtaining the hovering trajectory of UAV

according to Algorithm 2. In the static UAV scheme, it is

assumed that the UAV is always in the center of the region.

As can be seen from Fig. 6, with the increase of charging

power, transmission bandwidth and maximum flight speed,

the total time of MER-WearNet proposed in this paper is

smaller than that of the other three schemes. In Algorithm 1,

when the UAV hovering position is directly above the wear-

able device, although the transmission distance decreases, the

data transmission rate increases and the transmission time

decreases, but the charging time and flight time increase more,

so the total time required is the most. In the static UAV

scheme, the UAV is always in the charging position, which

leads to the decrease of UAV flight distance and flight time,

but the data transmission time is still larger than that of MER-

WearNet. When the hovering position of UAV is determined,

it takes more time to randomly allocate the association

between UAV and wearable device than computing offloading

sequence corresponding to the shortest distance determined by

genetic algorithm in MER-WearNet. In Fig. 6(c), with the

increase of flight speed, since the flight distance of static UAV

is 0, the total time will not change with the flight speed. In the

random association schema, although the flight distance is the

same as that of MER-WearNet, since the connection method

between the UAV and the wearable device is random, the data

transmission time and charging time are random. The total

time of MER-WearNet decreases as the flight speed increases.

Fig. 7 is the total time comparison of the four schemes

under different number of wearable devices. Under the four

schemes, the larger the number of wearable devices does not

necessarily increase the total time, but the total time of MER-

WearNet is the smallest. Fig.refharvestenergy shows the

energy harvested by 15 smart wearable devices. It can be seen

that the energy collected by each device is above 0.14 mW.

Fig. 5. The impact of data transmission requirements on the total time.

Fig. 6. Comparison of the total time obtained by different schemas.

Fig. 7. The impact of the number of smart wearable devices on the results.
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VI. CONCLUSION

In this paper,WPT technology and UAVmobile edge technol-

ogy are combined to solve the bottleneck problem of limited bat-

tery energy and computing power of intelligent wearable

devices, and extend the life cycle of wearable network. AnMER-

WearNet scheme was proposed, which uses WPT technology to

solve the power supply problem of wearable devices worn by

patients in medical emergency scenarios, and establishes a joint

optimization model of charging time allocation, wearable com-

puting offloading sequence and hovering position of UAV. Then

it is solved based on genetic algorithm and SCP. The simulation

results show that the proposedMER-WearNet scheme can effec-

tively reduce the total time of the system and meet the delay

requirements in medical emergency scenarios.
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