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Abstract

The advancement of Internet of Things technology has
made continuous environmental monitoring a crucial re-
quirement for various applications. To address the issue
of the network life cycle, Wireless Rechargeable Sensor
Networks (WRSNs) have emerged as a promising solution.
This research is focused on WRSN applications in indoor
settings such as the Industrial Internet of Things and indoor
greenhouses. In such scenarios, rechargeable wireless sens-
ing devices can gather the required information, reducing
equipment costs and eliminating the inconvenience of wired
sensors. This study proposes the utilization of a genetic al-
gorithm to optimize the deployment of chargers in indoor
environments. Compared to greedy algorithms, this approach
can determine the best solution for charger deployment and
minimize deployment expenses.

Keywords: Wireless rechargeable sensor network (WRSN),
Wireless sensor network (WSN), Power consumption,
Network planning

1 Introduction

Wireless sensor networks (WSNs) [1-3] have become
increasingly prevalent in modern life as people seek to ob-
tain information about a variety of subjects using Internet of
Things (IoT) technology. For instance, individuals may want
to monitor the health of elderly family members and improve
their quality of life. Various sensors can be utilized to gath-
er data such as heart rate, blood pressure, and sleep quality,
enabling children to respond to any issues promptly. In other
cases, the military may use WSN to collect useful data to en-
sure the accuracy of commands and prevent the unnecessary
sacrifice of soldiers during warfare. Additionally, WSN can
be utilized to investigate dangerous environments such as
volcanoes and underwater locations that are inaccessible to
humans. Sensors have proven to be an effective technology
for sensing and monitoring conditions in such harsh envi-
ronments [4]. It is clear that WSN technology is gradually
impacting our daily lives.

Despite its advantages, WSN technology still faces some
inherent limitations. WSNs are comprised of wireless sensors
and relay nodes that collect and transfer data. However, this
process requires power, and the energy of the sensor nodes is
limited by their battery capacity. If these sensors are situated
in harsh environments, it may not be feasible to replace the
battery immediately. As a result, the network can become
paralyzed if the relay node runs out of energy. To address this
issue, researchers have proposed various solutions to improve
the network lifetime [5-8]. Some scholars suggest that all
sensor nodes should not operate simultaneously to avoid un-
necessary power waste. Instead, proper scheduling of sensor
working time can facilitate efficient energy utilization. How-
ever, the longevity of WSNs is still determined by the upper
limit of the battery’s capacity.

To address these issues, researchers have proposed the
wireless rechargeable sensor network (WRSN) [9-11], which
leverages advancements in wireless power transfer tech-
nology. WRSNSs consist of chargers, sensor nodes, and sink
nodes, with chargers serving as the primary power source.
Different wireless power transfer technologies are suitable for
various environments, enabling users to select the appropriate
charging method based on their needs.

Wireless charging technologies can be classified into
two categories based on their suitability for different envi-
ronments. The first category involves converting renewable
energy into alternating current for use by equipment, but it is
limited to specific environments. In such cases, sensor nodes
may run out of energy when renewable sources are unavail-
able. The second category comprises wireless power transfer
technologies such as magnetic induction, magnetic reso-
nance, laser light, and microwave conversion. Among these
technologies, microwave conversion is ideal for long-dis-
tance transmission and is well-suited for use in WRSNS.

WRSN can be roughly divided into two types: indoor
environment and outdoor environment. The deployment
strategy of chargers needs to consider various impacts from
those different environments. Most studies focus on outdoor
scenarios and little research on indoor scenarios.

Wireless sensor networks have proven to be highly
beneficial in indoor settings [12-13], such as in factories
where sensors can be used to improve production quality.
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Consequently, this study concentrates on optimizing charger
deployment in indoor environments, a challenging task that
depends on several factors, including sensor placement, RF
interference, and charging efficiency. Achieving the optimal
solution requires balancing these metrics while considering
trade-offs between them.

In previous work, we have proposed the Moveable-Char-
ger-Based Algorithm (MCBA) [14] to deploy chargers.
However, MCBA has some defects that it is easy to fall into
local optimum because MCBA is a greedy-based algorithm.
In order to solve this problem and reduce deployment cost,
we try to use the meta-heuristic algorithm to design a charger
deployment algorithm.

This paper is structured as follows: Section II provides an
overview of related work on charger deployment. Section III
formulates and describes the proposed method for addressing
the charger deployment problem. Section IV presents and
analyzes the simulation results. Finally, Section V offers con-
cluding remarks on the paper and discusses future work.

2 Background and Related Works

To clearly present our thesis, we will introduce the back-
grounds of WRSN, previous works and some metaheuristic
algorithm as follows.

2.1 Wireless Rechargeable Sensor Network

Wireless charging technologies can be classified into two
categories based on their environment. The first type involves
the conversion of renewable energy sources, such as wind
and solar power, into alternating current to power equipment.
However, this method is subject to weather conditions and
may not be reliable at all times. The second type comprises
wireless power transfer technologies, which include Magnetic
Induction, Magnetic Resonance, Laser light, and Micro-wave
conversion.

® Magnetic Induction

Magnetic induction is based on the principle that an elec-
tric current produces a magnetic field, which can induce a
current in a receiver when there is a change in the magnetic
field, according to Faraday’s law. The main advantage of
magnetic induction is its ease of manufacturing. However, it
has a limitation in that the distance between the charger and
receiver cannot exceed Smm, and the power consumption
increases as the distance increases. Magnetic induction is
commonly used in applications such as electric toothbrushes,
wireless car charging, and more [15].

® Magnetic Resonance

The addition of capacitors, inductors, and other electron-
ic components to the circuit can cause the detuning of the
resonant circuit. If the device vibrates at the same frequency
as the charger, it will generate current. The advantage of
magnetic resonance is that it allows for long-distance power
transmission, with a maximum distance of up to 3 meters.
However, it can be difficult to maintain the same vibra-
tion frequency over a long period of time. Wireless phone
charging is a common application that uses magnetic reso-
nance. [16].

®  Laser light sensor

The principle behind laser light sensor charging is similar
to that of solar energy generation, where the equipment re-
ceives power through the absorption of laser light. However,
due to the high power output of laser light, it can pose a risk
to human safety and must be used in an obstacle-free envi-
ronment. Therefore, this charging technology is not common-
ly used in daily human life. Nevertheless, laser sensors have
the advantage of a long transmission distance and excellent
charging efficiency. [17].

® Micro-wave conversion

Radio frequency (RF) is a form of energy that can trans-
mit both power and information. Microwave conversion, on
the other hand, involves collecting RF energy and converting
it into current. There are two types of microwave conver-
sion: directional and omnidirectional antennas. The former
has a concentrated power and longer charging distance, but
a smaller charging area, while the latter has a fully charged
area. Each type of antenna has its own suitable environment.
Microwave conversion has the lowest charging efficiency
among the four wireless power transfer technologies. Nev-
ertheless, it is still useful because of its longer charging dis-
tance and smaller environmental impact compared to other
methods. [18].

For the indoor scenarios, RF charging is a promising
technology in WRSN. There is some research that used RF
wireless power transfer of the directional antenna to provide
energy to sensor nodes. In [19], the authors proposed two de-
ployment algorithms, including the greedy heuristic node-
based NB-GCS and point-pair-based PB-GCS algorithm de-
ployment methods. In [20], the authors measured received
energy of directional antenna angle form 0 to 180°. Due to
the limited charging range of directional chargers, it is easy
to increase deployment costs. Therefore, in [14], the authors
proposed a concept of a charger with a motor to expand the
charging area and proposed an MCBA algorithm to deploy
chargers.

Although MCBC can find good suitable charging po-
sitions, it still has some disadvantages. For example, since
MCBA is a greedy-based algorithm, it is easy to fall into lo-
cal optimum, which increases unnecessary deployment costs.
To solve this problem, we use metaheuristic algorithms [21]
to deploy chargers because each metaheuristic algorithms
have own mechanism to avoid fall into local optimum quick-

ly.
3 Problem Definition

The WRSN scenario can be classified into indoor and
outdoor scenarios, with each environment influencing prob-
lem definition and solution code. For the purposes of this
paper, our focus is on the deployment problem specifically
within indoor scenarios.

3.1 Network Model

A wireless rechargeable sensor network model is given
as follow. CC = { ¢, ¢,, ..., ¢,, } 1s set of candidate chargers,
SN = { sn,, sn,, ..., sn, }is set of sensor nodes, and FP = { fp,,
fPs ., D, } 18 set of the final position of deployed chargers.
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Sensor nodes will be deployed randomly in the 3-dimension
space. Each sensor node can receive power from chargers.
To reduce the interference of obstacles, chargers will be de-
ployed on the ceiling. The chargers will produce and emit
radio waves. Each charger has own Effective Charging Dis-
tance (ECD) that sensor can get better-charging efficiency
when the distance from sensor nodes to chargers is closer.
Assuming that the height of the indoor scenario is less than
ECD, we can ensure effective charging for each sensor. In
this paper, we use MCBA [14] to find deployment locations
of candidate chargers and adopt the concept of a charger with
a motor to expand the charging area.

3.2 Wireless Charging Model

The variability in power consumption among sensor
nodes, owing to their distinct sensing functions and power
requirements, represents a crucial deployment consideration.
Consequently, the received power of each sensor are define:

sn _Gchﬂ A C
()= L, |4z(d;,+p) & o

Where ES;’ (d ) represent that j* sensor received power

from " charger. P,(; represents that transferred power from

j" charger to " sensor. G. is antenna gains of chargers. G,
represents the antenna gains of sensor nodes. # means a val-
ue of rectifier efficiency, L, is polarization loss, A is RF
wavelength, £ indicate an adjustable parameter in indoor
environment. To ensure that each sensor can be charged, the
first step is to find the power required by the most pow-
er-hungry sensors. If the provided power can meet the re-
quirements of the most power-hungry sensor, all of the sen-
sors can receive sufficient power in this scenario. In view of
this, the ECD is defined in Eq. (2).

R= A -B.

PCMapr Q)
thGsUij (di,j)

Where ER is ECD, PC,,,, isthe maximum power con-
sumption of all sensors. / is the number of chargers required
for the most power-hungry sensors. We assume that

B (d) = PCyyy , the most power-hungry sensor will run out

the power which received from chargers. In other words, all
sensor nodes will receive sufficient power when the distance
from the sensor to the charger is between ER . According to
this assumption, ER is also equal to d;; . Eq. (2) can be de-
duced by Eq. (1). We assume that all of the chargers will pro-
vide the same power to have better fairness. The charging ef-
ficiency is better when effective charging distance is less than
R and vice versa.

3.3 Linear Programing Model
The main goal of this paper is to reduce deployment cost.

For better readability, we define a linear programming model
for this problem as follows:

Minimize F
S.t.
Z lfj (d) 2PVVI‘ P
Jj=1
INESNE 3)
d;; ER,
0" <0<180°,
0" <0'<180°,
SOz n.

The main goal of this thesis is that minimize the number
of chargers F; and make sure that each sensor can continue
to work; it is given by:

SC

F=""
SO

>

SC represents the total number of covered sensors. Note
that each sensor node may be covered more than once. O is
a number of covered overlaps for all sensors.

A large number of chargers will lead to more deployment
cost. Conversely, fewer chargers will cause the power of the
sensor node to be exhausted. Therefore, the most important
thing is to balance the two metrics. To make this research
closer to reality, we define some constraints. The first restric-
tion is to make sure that sensor nodes can continue work.
Therefore, sensor nodes collect totally power must larger or
equal than power consumption. According to the energy con-
servation law, the power provided by the charger needs to be
greater than the received power of the sensor node because of
transmission loss, which is shown in the second restriction.
To guarantee sensor nodes will be charged exactly, the third
restriction is to restrict effective charging distance. The fourth
limit condition limits the horizontal movement angle of the
motor (6), so the value is defined between 0 © and 180 °. Fifth
restriction limits the rotation angle of motor. 8’ is the rotation
angle of motor, between 0° to 360°. Figure 1 shows 6 and
6" . The final restriction is to ensure any sensor node will be
covered at least one charger.

Figure 1. Rotation angle of motor
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To evaluate the performance of our proposed method,
we prove the lower bound of the number of chargers in this
study.

Proof: the lower bound of the number of chargers

In order to determine that the metaheuristics can run suc-
cessfully, the length of the solution must be defined firstly.
Since the candidate position is found by the gravity center
of the triangle, the maximal number of candidate positions
can be estimated as long as the number of triangles generated
by the sensors is found. The equation for triangle finding is
shown as follows:

Ns(Ns—1)(Ns—-2) '

3
5 ©))

However, this is an upper bound of the number of candi-
date positions. Because each sensor has a limited transmis-
sion radius, this situation only presents a high density sce-
nario where all the sensors can cover each other. Therefore,
the transmission range of each sensor must be considered, as
shown in the following restriction:

Ri+Rj>CiCj s “4)

where C represents the center of the circle and R is the
radius. It guarantees that an overlapping area exists between
two such circles so that some unnecessary cases will be
avoided, which includes sensors too far away. In other
words, we only find the triangles in the neighborhood of each
sensor. According to the above equation, the set of sensors’
neighborhood Nb = {Nb,, Nb,, ..., Nb,,} can be obtained;
thus, we can derive the new number of triangles. Two cases
should be determined first. Because we know that the number
of sensors may not be divisible, hence in the first case, the
number of the sensors in the neighborhood is equal to 3
(including itself) that is noted as n,,,,. It also represents the
number of centers of the circle than can be derived by using
the following:

= Nypyee + Niessihree > (5)

Since the main goal of this paper is to find maximal cov-
erage but without minimal chargers, we must prove that the
low bound is there. The low bound is a way to evaluate the
availability of the proposed method. The proof is shown as
follows:

k
manﬂer—a, m,neN. (6)
i=1

Where m and n are the length and width of the space,
k
3 i° —a is total covered area by charger.
i=1

Nl NZ Nm
Za1+ ay+...+ »a, =N, @)
i=1 i=1 i=1

N,

m
a, represents charger N, covered number of a,
i=1
sensor nodes. N is total number of sensor nodes. A ={ a,, a,,
..., a, } is a decreasing series, the max(A) =a, .

Goal: 3 'k : inf (S)
Proof:

(1)(2) SN, N+ .+ N, >k if ”51_1’)1’20(@) = 0,

Assume L <k st L< Y N;
i=1
~ Jay >a; st max(A) #a; >< . 3k :inf (S)

4 Proposed Mechanism

This paper introduces a GA-based Charger Deployment
Algorithm (GACD) aimed at minimizing the deployment
cost. GACD comprises three steps, with the chromosome
representing the solution and the gene representing a can-
didate position. The first step involves selection, whereby a
superior solution is identified based on the fitness function (F)
to enhance convergence. The second step is crossover, where
chromosomes exchange genes, resulting in better solutions as
superior chromosomes are selected in the selection step. The
final step, mutation, offers an opportunity for genes to alter
their status in each chromosome, thus enhancing the solu-
tion’s ability to avoid local optima.

Figure 2 shows the coding diagram of GACD. First step
is to create L chromosomes because it needs different chro-
mosomes for evolution, so genes of chromosome have differ-
ent status. In second step, we need to calculate F. Third step
is selection which can choose a better solution by F. Fourth
step is crossover. Fifth step is mutation. All of the above steps
will repeat until the termination criterion is not met.

Table 1 shows the pseudo-code of the GACD algorithm.
First step is to randomly create the initial chromosomes
which length is N, that is shown in line 1 of Table 1. Note
that each status of gene will be created randomly that making
sure the biological diversity. Then, each chromosome will
calculate the F that is shown in line 3 of Table 1. Next step
is selection that randomly choosing two chromosomes to
compare them with F then save the better one that is shown
in line 4 of Table 1. Next step is crossover that randomly
choosing two chromosomes then exchanging the gene ran-
domly that is shown in line 5 of Table 1. Next step is muta-
tion. randomly choosing genes to exchange their status. For
example, a candidate charger will change its status from “to
be deployed” to “not to be deployed” that is shown in line 6
of Table 1. Finally, repeating this process until termination
criterion is met so that the best chromosome will be found.
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Figure 2. The coding diagram of GACD

Table 1. GA-based Charger Deployment algorithm (GACD)

GA-based Charger Deployment algorithm (GACD)

—

Randomly create the initial chromosome which length is
N,
2. Repeat

3 Calculate the F' n for each chromosome
4 Selection

5. Crossover

6 Mutation

7. Until the termination criterion is met

8. Select the best solution as FP

5 Simulation Results

We adopt Matlab (Version 7.11, R201b) as experiment
platform. The scenario of our thesis is in 30 x 25 x 3 indoor
environment. Number of sensor nodes set as 50 to 400 and
there are randomly deployed. The effectual charger distance
is 5 m. The details of simulation parameters are shown in Ta-
ble 2. Figure 3 shows the charger deployment results for 400
sensor nodes. The blue points are the sensor nodes, and the
green circles are the area covered by the chargers.

Table 2. Simulation parameters

Parameters Value

Size of the venue 30 x 25 x 3
The number of sensor nodes 50-400
Effectual charger distance Sm

Figure 3. Charger deployment results for 400 sensor nodes

Figure 4 shows the convergence curve of GACD. GACD
will converge at 30-40 iterations. The green line is lower
bound of number of chargers. The lower bound value is based
on the result that the charging areas do not overlap. Although
the number of chargers used by GACD is slightly higher than
the Lower bound, it is understandable because the sensor
nodes are randomly distributed, so the charging ranges will
overlap at a certain density.

We compare the number of chargers deployed by MCBA
and GABC when the number of sensing nodes increases from
50 to 400, as shown in Figure 5. As the number of sensing
nodes increases, the number of chargers used by MCBA is
significantly higher than GABC. The reason is that the de-
ployment method adopted by MCBA is based on the greedy
method. In the process of finding solutions, it will preferen-
tially find the location where can cover the largest number of
sensing nodes. It will cause some edge nodes to require more
chargers for coverage. In other words, it is easy to fall into
the optimum solution when number of sensing nodes increas-
es. For GACD, when the number of sensing nodes is greater
than 300, the number of deployed chargers tends to be stable.
The reason is that in the same space, the increase in sensor
density allows the charger to cover more sensing nodes. For
GACD, about 24 chargers can serve almost sensor nodes. Of
course, this will change due to the different distribution of
sensor nodes.

Figure 6 shows the comparison of computer processing
time and number of sensing nodes Although the proposed
GACD can reduce the probability of falling into local opti-
mum, it also takes more calculation time. An increase in the
number of sensing nodes will inevitably lead to an increase
in the computer processing time of the algorithm However,
GACD requires a lot of computer processing time compared
with MCBA. The reason is that the complexity of GACD
results in a large amount of computer processing time. How-
ever, the deployment of the charger is a prior work, so it is
acceptable to increase the time cost in exchange for the de-
ployment cost.

The results show that the metaheuristic-based method
algorithm can discover more solution space than the greedy-
based algorithm. Compared with the single-solution algo-
rithm, the multi-solution algorithm can provide better quality
due to the designed strategy being different and the concept.
However, although the GACD has good performance, they
still need more computation time for calculating the fitness
function within any solution. Therefore, GACD is still suit-
able for a one-time operating scenario. In addition, since the
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original GA has more diversified searching capabilities, it
may be suitable for the multiple categories sensors scenario.
The detailed comparison as shown in Table 3.

—GA
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Figure 4. The convergence curve of GACD
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Figure 5. Comparison of the number of sensor nodes and the
chargers
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Figure 6. Comparison of computer processing time and
number of sensing nodes

Table 3. Comparison of GACD and MCBA

Name GACD MCBA

Category Multi-solution Single-solution

Strate Metaheuristic-based Greedy-based

gy method method
Status of Part of sensors will  Part of sensors will
coverage
. . be covered be covered

(iteration)
Deciding Deciding

Concept deployment status  deployment status by
randomly greedy rules

6 Conclusion and Future Work

WSNs often face the challenge of limited lifespan, mak-
ing WRSN an important technology. Proper charging plan-
ning can achieve energy-saving and sustainable development
of WSN. This study focuses on indoor charger deployment,
utilizing chargers with motors to expand the charging area
and reduce obstacle interference. To address the local op-
timum problem with greedy algorithms, we propose the
GACD algorithm, which removes bad solutions through
selection, improves solutions through crossover and avoids
local optimum with mutation. Simulation results demonstrate
that the GACD algorithm effectively reduces deployment
costs. Future work will consider radio wave interference and
charger scheduling to establish a complete indoor charging
mechanism.
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