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Abstract: A safe charging algorithm in wireless rechargeable sensor network ensures the charging
efficiency and the electromagnetic radiation below the threshold. Compared with the current charging
algorithms, the safe charging algorithm is more complicated due to the radiation constraint and the
mobility of the chargers. A safe charging algorithm based on multiple mobile chargers is proposed
in this paper to charge the sensor nodes with mobile chargers, in order to ensure the premise of
radiation safety, multiple mobile chargers can effectively complete the network charging task. Firstly,
this algorithm narrows the possible location of the sensor nodes by utilizing the charging time and
antenna waveform. Secondly, the performance of non-partition charging algorithm which algorithm
allow chargers to charge different sensors sets in a different cycle is evaluated against the one of
partition charging which does not allow for charging different ones. The moving distance of the
charger node will be reduced by 18%. It not only improves the safety level which is inversely
proportional to electromagnetic radiation but also expands the application scope of the wireless
sensor nodes.

Keywords: wireless sensor networks; safe charging; multiple mobile chargers

1. Introduction

Wireless sensor nodes widely exist in the Internet of things, these nodes are typically
battery-powered and the amount of power they can use is relatively limited. Generally, most of the
wireless sensor nodes are deployed outdoors, i.e., trees by the river, the roof of buildings and objects
in the water. In these conditions, the battery cannot be replaced easily by us because of sensor nodes
housed in a sealed waterproof case. As the development of the Internet of things, there are a trillion
wireless sensor nodes all around the world while a million nodes need daily battery replacements.
It is difficult and unrealistic to change batteries one by one in practical appliance. Therefore, how to
prolong the network survival time has become an urgent problem and also a research hot area [1].

The current research mainly focuses on the following two aspects: (1) Energy saving. For example,
nodes working in a low duty cycle mode maximize energy savings and prolongs the lifetime of the
network by reducing the power consumption of sensor node [2]. In addition, some methods are
scheduled according to the length of the data packet, so as to obtain a reasonable and effective energy
management strategy [3]. However, the sensor data can not be uploaded to the sink node or the
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cloud server of the Internet of things in real-time. (2) Energy harvesting. Another way to solve the
energy problem is powered from multiple low-level energy harvesting sources, including solar energy,
wind energy, vibration energy, RF energy and more [4], especially in the usage of wireless power
technology [5] in recent years. Currently, the emphasis has been placed on energy harvesting as the
most important means of maintaining the wireless sensor network [1]. The Wireless Rechargeable
Sensor Network (WRSN) has become a newly emerging research area of sensor network that utilizes
RF charging as a convenient and efficient charging method [6] for sensor nodes or devices.

There is a great number of research works dedicated to wireless rechargeable sensor networks.
Currently, the research directions of wireless rechargeable sensor networks are mainly divided into
two aspects: on one hand, it is hardware which many researchers are trying to improve the efficiency
of charging by the internal design of the sensor node and energy harvesting or wireless charging
technology for improving the performance of the wireless rechargeable sensor networks; on the
other hand, the researches focus on software improvement [7–9]. Some algorithms pay attention to
optimizing the number of chargers, aiming to find the minimum number of charging nodes that satisfy
the regional charging task, such as the algorithm in static scene [10] and the algorithm in dynamic
scene [11], in order to improve the utilization of chargers. The other charging algorithms consider
that the energy value of the sensor nodes needs to remain above a threshold to stabilize the operation.
In order to reduce the charging delay, some algorithms for minimizing the charging delay are proposed,
such as [12–15].

When most research resources were placed on the charging efficiency, there is a potential problem
with the electromagnetic radiation exposure problem. In some literature, high electromagnetic
radiation exposure has been recognized as a potential hazard to humans, including mental illness [16],
tissue damage [17] and brain tumors [18]. There is also some tangible evidence that pregnant women
and children are more vulnerable to high electromagnetic radiation [19]. For example, children’s heads
absorb electromagnetic waves twice that of adults [20] under the same condition. In recent research,
the radiation safety problem of wireless charging has begun to attract attention. Radiation safety
charging algorithms in static scenes have been proposed, such as the Safe Charging for Wireless Power
Transfer algorithm (SCWPT) [12], the Safe Charging with Adjustable PowEr algorithm (SCAPE) [21,22]
and so on. The research scenario of these literature is that the chargers and sensor nodes are all
stationary, and the radiation exceeding the standard value is avoided by controlling the switching
sequence and time of each charger. The main difference is that SCWPT is based on the case where
the charging voltage is variable, while SCAPE is based on the case where the voltage is not variable.
Unfortunately, to the best of our knowledge, in the current algorithms, the safe charging algorithm is
relatively few. The safe charging algorithm in the scene of static chargers is mainly studied. In this
scenario, the charging node only responsible for charging some fixed number of sensor nodes has low
usage efficiency and charging efficiency.

As the size of wireless sensor networks expands, multiple mobile chargers should be added and
moved in the sensor networks [23,24]. However, safety problems have been taken into concern. In order
to balance the relationship between charging efficiency and radiation safety in mobile conditions,
this paper proposes a safe charging algorithm based on multiple mobile chargers.

The main contributions of this paper are as follows:

• The mobile chargers can find and charge the wireless sensor nodes quickly by using the charging
time and antenna waveform.

• The non-partition charging algorithm is designed based on the solution of Multiple Traveling
salesman Problem with a fixed depot, which is better than the performance of the partition
one. In this algorithm, the performance of the chargers is fully utilized relative to partition
charging one.

• This paper proposes a safe charging algorithm based on multiple mobile chargers, which can
minimize total charge time and improve some performance, ensuring electromagnetic radiation
below the safe threshold.
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The remainder of the paper is organized as follows. In the Section 2, we express the basic model,
node position correction method, and propose a safe charging algorithm based on multiple mobile
chargers. Section 3 describes the details about the algorithm. Simulates and analyzes results are
presented in the Section 4. Section 5 summarizes and discusses the future work.

2. Model and Algorithm

2.1. Basic Model

According to the Friis transmission equation [25], when electromagnetic wave propagates in
space, the energy of wave attenuates with increased travel distance. The empirical model relationship
of energy received and transmitted can be expressed as Equation (1):

Pr(d) =
α

(d + β)2 (1)

where, d is the actual distance between the sensor node and the charger, α = GsGrη
Lp

( λ
4π )

2
Pt, β are the

adjusted parameters in the short distance and Pt is the transmitted energy of the chargers. If D is used
as the farthest distance where the sensor nodes can effectively receive energy, the charging model can
be expressed as the following Equation (2):

Pr(d) =

 α
(d+β)2 , d ≤ D

0, d > D
(2)

As the transmitted power increases, the intensity of the electromagnetic radiation also increases.
The transmitted power and the intensity of the electromagnetic radiation have a positive correlation
relationship. If E is used to indicate the intensity of electromagnetic radiation, P is the energy received
by a sensor node, this model can be expressed as E(d) = k ∗ P(d), where d is the distance between the
charging node and the sensor node, the constant k is the coefficient of the fitted line.

E(d) = k ∗ ∑
i∈M

Pi(di) (3)

Assuming that the electromagnetic radiation density is also superimposed, the Equation (3)
can be obtained, where M indicates that M chargers are working in the wireless rechargeable
network, di indicates the distance between the ith charger and the sensor nodes and E(d) indicates the
electromagnetic radiation density generated by the final superposition of all chargers.

2.2. Node Position Correction

Since distance has a large influence on charging efficiency, the possible area of the sensor node
should be further divided and narrowed. Therefore, the chargers can be closer to the sensor node to
improve the charging efficiency. In this paper, the charging time and antenna waveform of sensor
nodes are used for position correction.

2.2.1. Localization Using Charging Time

As shown in the Figure 1, the location of a sensor node is A, and the charger charges the two
positions P1 and P2 at the same time. With the same charge capacity, the charge time at P1 is less than
the one of P2, so P1 must be considered closer to A than P2. Then it must be located on the near P1

side of the vertical bisector of the P1 and P2 lines, which is the shaded area in the Figure 1. Assuming
that another charge is made after these two charges and the charging position is P3, there could be
three wires between the three charging positions, and three vertical bisectors can also be generated,
as shown in the Figure 1.
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Figure 1. Schematic diagram of possible area segmentation.

Based on the discussed above, assume that a possible region R of a sensor node calculated
previously and its corner point set vR = {v1, v2, v3, v4, v5}, as in Figure 2, and an additional vertical
line l = (pi, pj) generated by a new charger stop position, where, pi and pj are the intersection point of
l and the edges which belong to the possible location area R. In this type of positioning algorithms,
the center of gravity of the possible location area is taken as the position of the node. The smaller the
possible location area is, the more accurate node position will be. In the Figure 2, R is split into two
sub-areas R1 and R2 after being split by the intersection line l = (pi, pj). Since the diameter of the
area is positively correlated with the size of the error, the optimal segmentation line is to minimize
the diameter of the sub-area to obtain a more accurate node position. Firstly find the point set pij and
pm, pij satisfies d(pij, vi) = d(pij, vj), pm satisfies l(pm, vk) ⊥ l(vi, vj), where d(pij, vi) is the distance
between line pij and point vi, and so to d(pij, vj). Calculate the distance between each point in the
two point sets to all the corner points and find the two points with the smallest sum of the distances.
The line connecting the two points is the optimal dividing line. The optimal segmentation line is the
mid-perpendicular line of the current charging stop position and the optimal stop position. By this
method, a better charging stop position [26] can be found.

Figure 2. Schematic diagram of the possible area.

2.2.2. Localization Using Antenna Waveform

As shown in Figure 3, the point A is the location of the charger, and the four adjacent rings are
the communication coverage when the antenna gains are 3 dB, 5 dB, 7 dB and 9 dB, respectively.
The size of the gain is inversely proportional to the wireless bandwidth. A typical sensor node uses an
omnidirectional antenna below 9 dB, so the communication range is an approximate circle. To verify
the above physical characteristics, the experiment uses the self-designed wireless rechargeable sensor
node to divide the sensor node-centered direction into 32 parts and measure the communication
range of the node in each direction as the Figure 4. The experimental scene is shown in the Figure 5,
the wireless charger is the POWERCAST transmitter TX91503 and the sensor node is the self-designed
PCB circuit board which has a led status for showing the received energy. The test results are shown
in the Figure 6. It can be seen from the experimental results in Figure 6 that the communication
range of the sensor node is not a complete circle, but an approximate circle. At the same time, a low
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antenna gain signal source is set outdoors, with the signal source as the center and the length of 3 m
as the radius. The 32 points are measured at equal intervals on the circle, and the signal strengths of
32 positions are measured. The measurement results are shown in Figure 7. As shown in the figure,
the signal strengths at different positions are different on the ring at the same distance from the signal
source. The intensity of the signal has peaks and troughs, of which the trough is relatively obvious.
Around the peak, there are more positions similar to the peak signal strength, but there are fewer
similar signal strengths near the trough while the similar signal strengths are fewer near the trough.
Since the signal source uses a low-gain antenna, its waveform is shown in Figure 7.

Figure 3. Schematic diagram of the possible area.

Figure 4. Pratical experimental sensor node.

Figure 5. Experimental scene graph having the charger and wireless sensor node.

The mobile chargers are carried by robots. When the chargers start charging at a certain position,
it rotates at the center of its current position. Once a fixed angle is rotated, the sensor node records
the signal strength correspondingly. The final sensor node will get signal strength data similar to the
Figure 7. The sensor node notifies the charger of several stronger angles about the signal. When it
turns these angles, the charger finds the direction in which the strongest position of the antenna
signal is pointed. Then the sensor node is in the direction indicated by the charger. However it is
difficult to determine the maximum value, so the largest part of the value is treated as the maximum
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value, thus a shadow area is formed as shown in the Figure 8. At the same time, in order to calculate
easily, the rectangular area in the figure is used instead of the actual area for segmentation. This area
is further superimposed with the existing possible areas to further narrow down the possible area.
The positioning effect is shown in the Figure 9, where R1 is the possible position area obtained by the
previous positioning algorithm, and R2 is the position after the waveform is used. The resulting area R3

is the intersection of R1 and R2, which is the possible area of sensor node after waveform positioning.
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Figure 6. Sensor node communication range diagram.
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Figure 7. Sensor node charge signal strength.

Figure 8. Charging coverage in rectangular area.
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Figure 9. Charging coverage after waveform positioning.

2.3. Network Radiation Analysis

2.3.1. Charging Area Discretization

For measuring the effect of a charger’s radiation on the environment, a large number of points
should be measured. In order to solve or simplify this problem, when a robot with a charger rotates,
the area to be charged by a charger can be divided by a discretization method. It converts the
continuous values from 0 to D into a series of values. Suppose a charger covers an area in the range of
0 to D, centered on the location of the charger, using a set of concentric circles D[1], D[2], D[3]...D[G]

divides the radiation area, and the change in energy value between concentric circles is fixed. G means
that it is the number of the circles. Correspondingly, the energy of each ring after discretization is
labeled as P[1], P[2], P[3]...P[G], and for each block is shown in Equation (4), where ci represents the
ith charger, ki represents the k areas of the ith charger and Aci (ki) represents the energy value of the ki
area of the cith charger. For example, in Figure 10, G = 3, at this time, the effective charging range
of each charger is divided into three parts and the radiation intensity of the positions of the sensor
nodes S1 and S2 can be considered to be the same. According to the step of discretization in the
Figure 10, the shaded area can be expressed as Ac1(3) ∩ Ac2(2) ∩ Ac3(3). The higher the value of G,
the more the number of concentric circles and the more accurate the calculation will be, with the higher
computational complexity. Therefore, the selection of the G value needs to balance accuracy and time.

P(k) = ∩ci∈C Aci (ki), where, ci ∈ {c1, c2, ..., cG} (4)

Figure 10. Charging area schematic.
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2.3.2. Radiation Analysis

When a sensor node receives energy from multiple chargers, it can be represented by the
Equation (5). Correspondingly the radiation intensity can be expressed as the Equation (6). The distance
from the charger to the sensor node is a constant between the charging power and the radiation intensity.
Charging collection means that the charger in the collection is charging at the same time.

P(sj) =
M

∑
j=1

Pr(d(si, cj)) (5)

E(sj) = k
M

∑
j=1

Pr(d(si, cj)) (6)

E(sj) ≤ Rt (7)

All points in the coverage of all chargers need to be checked when we check radiation status.
Discretize the area firstly and the radiation intensity values are calculated. By comparing the maximum
radiance value with the threshold Rt, you can know if the radiation safety is met. If the radiation is
safe, it can be charged directly.

2.4. Partition Charging Algorithm

Suppose the number of sensor nodes charged by a charger is Nx, and the number of nodes that
need to be charged at the same time is Ns, where Ns < Nx. The partition charging algorithm is divided
into two steps: (1) The charger in each partition plans its path according to request information and
sorts ascending by path length. (2) Considering edge nodes in the algorithm and using the greedy
algorithm to calculate the optimal global charging strategy.

2.4.1. Edge Node Definition

When the charger is charging for a sensor node, the sensor node is defined as an edge node
when the distance from the charger to the boundary of the partition is less than the charging effective
distance D. As shown in the Figure 11, S1 is the edge node and the excessive radiation should be
considered when charging. S2 is a non-edge node charged directly.

Figure 11. Edge node diagram.

2.4.2. Single Partition Path Plan

In the wireless rechargeable sensor network, there are N sensors to be charged, and other sensors
are not considered and marked temporally. The charger calculates the deadline when each sensor starts
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charging and wait time for charging after arrival according to the request information. The charger
should charge these sensors before the deadline of each one and the charger will plan a shortest path
according to these limit values. Set deadline of the sensor si to be Ti, the start charging time in the
planning path to be ti and the distance for each node to be di, the path plan problem can be expressed
as follows:

min
Nx

∑
i=0

di s.t.Ti > ti, (i = 1, 2, 3, . . . , Nx) (8)

If there are Nx nodes to be charged in the area, the charging path scheme has ANx
Nx

. As a result
of the deadline for every node, the options available will be greatly reduced. The charger lets only
several possible schemes left and then sorts each scheme according to the length of the path from small
to large. The reason why the optimal solution is not directly selected is that the optimal solution of a
single region may not be the one entirely.

2.4.3. Overall Area Path Plan

The distribution of the overall area is shown in Figure 12. Each partition describes the charger
and the sensors to be charged. Now we need to consider finding an optimal charging algorithm for
the entire area comprehensively. In the algorithm for the whole region, obtain the optimal solution
of each partition and calculate whether the edge node of the partition has a charging conflict. If the
charging conflict occurs in some regions, the second optimal solution of each conflict region will be
used instead of the optimal one. The solution is calculated to find the optimal solution that satisfies the
overall safety conditions. If it is still impossible to avoid the charging conflict, the latter third optimal
solution will be added for testing, until a solution that satisfies the safe condition has been selected.

Figure 12. Overall area diagram.

2.5. Non-Partition Charging Algorithm

In an overall area, there are N sensor nodes to be charged, M chargers. The nodes that do not
need to be charged are independent of the algorithm, so they are not considered for the time being.
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As shown in the Figure 13, the dot in the figure is the node to be charged and the triangle is the
charging node. Each charger is responsible for charging a certain number of sensor nodes and the
sensor node should be safely charged before it expires.

Figure 13. Schematic of non-partition.

2.5.1. Charging Path Calculation

In order to find the optimal charge scheme, this problem can be converted into a multiple traveling
salesman problem (MTSP) with a depot. In the literature [27], the variants of MTSP have been well
defined and explained. The multiple traveling salesman problem consists of four subproblems and in
this paper, one of them is solved, that is, finding the optimal charge scheme problem. Given a group of
N wireless rechargeable sensors, the distance between any two sensors and M chargers starting from a
fixed point, finding the nearly equal shortest tour for all chargers is our objective. The solving of MTSP
is NP-hard, so the research of solvers is done by a few researchers all around the world which are used
with some intelligent algorithms. In this paper, we solve MTSP-fixed with the heuristic algorithm by
gurobi. According to the practical scene, the robots carried with the charger cost more energy and time
in the moving action than that using for charging.

2.5.2. Charging Path Allocation

Among many results of SCBMC (Safe Charging Based on Multiple Mobile Chargers) algorithm
based on MTSP-fixed, selecting the uniform distribution of subpath as the final path allocation.
Considering the energy using the process of moving action is more than the energy using charging
consumption for every node. In order to meet the challenge of nodes’ continual work, except for
the timely charging work, the charging circuit or capacitor should keep the charging power above
the threshold of Pmax in the duty cycle. Then when these chargers will charge for every node, firstly
they judge the safety status in the neighbor area. After confirming the safety, the chargeable sensor
nodes can request for charging. The entire safe charging process can follow the flow chart as shown
in Figure 14.
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Figure 14. The flowchart of non-partition algorithm.

3. Algorithm Descriptions

The SCBMC algorithm proposed in this paper includes two steps, as the Algorithm 1. The first step
is the MTSP-fixed algorithm for solving the optimal subroute allocation for the chargers. The second
one is the charging decision and time consumption calculation step. In details, in the subroute allocation
step, we can get the ith subroute, where i ∈ {1, 2, 3, 4} in the Figure 15 for example. Therefore, the ith
subroute belongs to the ith charger for moving later on. There are Ni sensors marked as si,j, where
j ∈ {1, 2, ..., Ni}. For simplification of computation, we assume that the waiting time slot and charging
time slot is equivalent, both marked as t. The charging decision process should be acted according to
the Equations (6) and (7). At last, the total delay time should be the last charger that has completed the
subroute moving and charging tasks.

Figure 15. Schematic of sub route allocation.
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Algorithm 1: SCBMC algorithm based on MTSP-fixed.
Get the value of N, number of chargers;
Get the value of M, number of sensors;
Get the value of possible coordinates of sensors;
Get the value of IterMax, the maximum number of iteration;
Decide the coordinate of the depot as (0, 0);
Plot the coordinate points of rechargeable sensors;
Decide the charging rectangle area according to the depot, sensors and charger;
iternumber=0;
while σSubRoute <σ or iternumber<IterMax do

run once MTSP-fixed algorithm;
get once IterMaxiternumber;
SubRoute[iternumber]=OpRouteiternumber;
iternumber++;

end
Calculate the SubRoutei;
TimeCost=0;
while Charge Cycle is uncompleted. do

delay time slot t;
for SubRoutei in 1,...,M do

Corresponding nodes calculate the RF sum using the Equation (6);
if Meeting the safety condition in Equation (7) then

Charge for rechargeable sensor node si,j;
j++;

end
TimeCosti++;

end
end
ToTalDelyTime= max(TimeCosti);
return ToTalDelyTime;

4. Simulation Test and Performance Analysis

In order to verify our algorithm, we test our framework by coding in python 3.7 importing the
matplotlib, numpy and pandas packages. Gurobi [28] is used for solving the multiple travelling
salesman problem. All tests are run on a desktop with a 1.8 GHz Intel i5-8250U processor and
8 GB of memory. Unless otherwise specified, the following default parameters setup is used in the
simulation. It is supposed that there are 16 wireless rechargeable sensor nodes and 4 robots with
chargers distributed in a 100 m × 100 m area. Regarding the charging model and EMR model, the EMR
threshold is set to Rt = 125 µW/cm2. To simplify the experiment, the size of the waiting time slot and
charging time slot are both set as 5 s.

4.1. Simulation Experiment Data Analysis

These main parameters are as follows:
Charging delay time: The time from charging request sending to being charged by the charger.
Charger moving distance: The distance traveled by the charger to charge sensor nodes during the

movement in the network.
Total number of messages: The total number of information related to charging between the

charger and the sensor node during the entire network operation.
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4.1.1. Performance Comparison with Sensor Node Number Change

Among these experiments, the sensor nodes number gradually increases from 60 to 150. As shown
in the Figure 16, non-partition algorithm can handle it due to the uneven energy consumption in
different regions, so its charging delay is lower than the one of the partition algorithm. As shown in
the Figure 17, the partition algorithm prefers the charger in this area to the non-partition algorithm,
which tends to choose the nearest charging node, so The non-partitioned algorithm moves at a
lower distance than the partition algorithm. As shown in the Figure 18, the node with non-partition
algorithm needs to communicate with all chargers every charge, while the partition node only needs
to communicate with the chargers it is responsible for in its area. The partition algorithm is better than
the non-partition algorithm.
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Figure 16. Total delay time varies with sensor nodes number.
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Figure 17. Moving distance of charger varies with sensor node number.
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Figure 18. Total number of messages varies with sensor node number.

4.1.2. Performance Comparison with Chargers Number Change

In these experiments, the chargers number increased from 2 to 7. As shown in the Figure 19,
the number of chargers is negatively correlated with total delay time. The charging delay of the
non-partition algorithm is lower than that of the partition algorithm. As shown in the Figure 20,
since the partition algorithm will select the charger as much as possible rather than the non-partition
algorithm, it will tend to choose the nearest charger, so the moving distance of non-partition algorithm
is lower than the partition algorithm. As shown in the Figure 21, since the non-partition algorithm
needs to communicate with all chargers for each charging, the partition algorithm is superior to the
non-partition algorithm.
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Figure 19. Total delay time varies with charger number.
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Figure 20. Charger node distance varies with charger number.
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Figure 21. Total message number varies with charger number.

4.2. Comparison between SCBMC, SCWPT and SCAPE

The main difference between SCBMC, SCWPT and SCAPE algorithm in the scene include charging
methods, mobility and distribution density. The different charging methods make the energy utilization
different, calculated according to the Equation (2). Since the SCBMC algorithm selects the sensor node
near the charger for charging, charging efficiency is relatively stable. While the SCWPT algorithm
has lower charging efficiency when there are fewer nodes in the area. As node number increases,
the charging efficiency increases gradually. When there are 10 sensor nodes, the charging efficiency
is higher than the SCBMC algorithm. It can be seen that SCWPT is suitable in high density sensor
networks. When the density is low, the SCBMC algorithm is more efficient. With the decreasing of
the density of sensor nodes, the SCWPT algorithm will face unusable conditions, while the SCBMC
algorithm can be used at any node density. From the Figures 22 and 23, as the sensor network area
expands, chargers number increases in these algorithms. The growth rate of the SCWPT and SCAPE
algorithm is faster than that of the SCBMC algorithm and the number of chargers required in a
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large-scale network is more. The SCBMC algorithm can cover a larger area because the charger can
move, so when the network area increases, the number of required chargers grows slowly.

Figure 24 depicts the radiation metric for each algorithm. As we see, the radiation safety
level of the SCBMC algorithm outperforms that of the SCWPT algorithm and the SCAPE algorithm.
The waiting time slot and charging time are both the same, therefore the average radiation value of the
SCBMC algorithm usually equal to half of the EMR threshold. According to the literature of SCWPT
and SCAPE, the radiation values of them are just a little bit below the threshold. In details, the radiation
value of the SCBMC is 65 µW/cm2, however, the radiation value of the SCWPT is 110 µW/cm2 and
the radiation value of the SCAPE is 105 µW/cm2. At the same time, ensuring the safety threshold
value, the total moving distance of chargers can be kept to a minimum.

In this subsection, the robustness against the different number of the chargers and sensors about
the proposed methods is tested on simulation programming implemented in python. The gurobi solver
can solve the unique solution in a relatively short period of time. At the same time, for simplification
in computation, the waiting time and charging time have been set to slot t. Therefore, the unique
solution for the minimum total distance also ensures the robustness of the algorithm.
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Figure 22. Comparison between SCBMC, SCWPT and SCAPE about network area expansion.
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Figure 23. Comparison between SCBMC, SCWPT and SCAPE about total received energy.
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Average Radiation Comparison
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Figure 24. Comparison between Safe Charging Based on Multiple Mobile Chargers algorithm (SCBMC),
Safe Charging for Wireless Power Transfer algorithm (SCWPT) and Safe Charging with Adjustable
PowEr algorithm (SCAPE) about average radiation.

5. Discussion

The background of wireless charging technologies has been reviewed extensively first, and then
with the boom of the wireless network, the safety problem about charging has been taken into
consideration. The classical models of energy transmission have been modeled by us. Use the charging
time and the antenna waveform to further segment and narrow the possible location of the node
to improve the charging effectiveness. This paper proposes a safe charging algorithm for wireless
rechargeable sensor networks under multiple mobile chargers. This type of charging problem is
converted into a MTSP-fixed problem and the subroute of every charger can be solved robustly.
After the confirmation of the subroute, every charger move, wait and charge the rechargeable sensors
along the way of subroutes which ensure that the EMR value is not greater than the healthy level.
The simulation results show that the SCBMC algorithm has better charging effectiveness than others
below the safe threshold.

However, there are some limitations to our proposed SCBMC algorithm. The first limitation of
SCBMC is that most of it is performed in only simulations. In the future, we will establish a test-bed
to verify all the simulations. The second main limitation of SCBMC is that we suppose the charging
area discretization. In the future, we will explore a more fine-grained discretization method for EMR.
The third limitation of SCBMC is that we do not consider a longest delay minimization problem for
sensor charging under multiple chargers because this is another NP-hard problem. In the future,
we will investigate a novel safety algorithm that meets this condition.
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coupled magnetic resonances. Science 2007, 317, 83–86. [CrossRef] [PubMed]
6. Zhang, F.; Liu, X.; Hackworth, S.; Sclabassi, R.; Sun, M. Wireless energy delivery and data communication

for biomedical sensors and implantable devices. In Proceedings of the 2009 IEEE 35th Annual Northeast
Bioengineering Conference, Boston, MA, USA, 3–5 April 2009; pp. 1–2.

7. He, S.; Chen, J.; Jiang, F.; Yau, D.; Xing, G.; Sun, Y. Energy provisioning in wireless rechargeable sensor
networks. IEEE Trans. Mob. Comput. 2012, 12, 1931–1942. [CrossRef]

8. Dai, H.; Xu, L.; Wu, X.; Dong, C.; Chen, G. Impact of mobility on energy provisioning in wireless rechargeable
sensor networks. In Proceedings of the 2013 IEEE Wireless Communications And Networking Conference
(WCNC), Shanghai, China, 7–10 April 2013; pp. 962–967.

9. Chiu, T.; Shih, Y.; Pang, A.; Jeng, J.; Hsiu, P. Mobility-aware charger deployment for wireless rechargeable
sensor networks. In Proceedings of the 2012 14th Asia-Pacific Network Operations and Management
Symposium (APNOMS), Seoul, Korea, 25–27 September 2012; pp. 1–7.

10. Dai, H.; Wu, X.; Xu, L.; Chen, G.; Lin, S. Using minimum mobile chargers to keep large-scale wireless
rechargeable sensor networks running forever. In Proceedings of the 2013 22nd International Conference on
Computer Communication and Networks (ICCCN), Nassau, Bahamas, 30 July–2 August 2013; pp. 1–7.

11. Fu, L.; Cheng, P.; Gu, Y.; Chen, J.; He, T. Minimizing charging delay in wireless rechargeable sensor networks.
In Proceedings of the 2013 Proceedings IEEE INFOCOM, Turin, Italy, 14–19 April 2013; pp. 2922–2930.

12. Dai, H.; Liu, Y.; Chen, G.; Wu, X.; He, T.; Liu, A.; Ma, H. Safe charging for wireless power transfer. IEEE/ACM
Trans. Netw. 2017, 25, 3531–3544. [CrossRef]

13. Fu, L.; Cheng, P.; Gu, Y.; Chen, J.; He, T. Optimal charging in wireless rechargeable sensor networks.
IEEE Trans. Veh. Technol. 2015, 65, 278–291. [CrossRef]

14. Lin, C.; Han, D.; Deng, J.; Wu, G. P2S: A Primary and Passer-By Scheduling Algorithm for On-Demand
Charging Architecture in Wireless Rechargeable Sensor Networks. IEEE Trans. Veh. Technol. 2017, 66, 8047–8058.
[CrossRef]

15. Zheng, K.; Wang, H.; Li, H.; Xiang, W.; Lei, L.; Qiao, J.; Shen, X. Energy-efficient localization and tracking of
mobile devices in wireless sensor networks. IEEE Trans. Veh. Technol. 2016, 66, 2714–2726. [CrossRef]

16. Ntzouni, M.; Skouroliakou, A.; Kostomitsopoulos, N.; Margaritis, L. Transient and cumulative memory
impairments induced by GSM 1.8 GHz cell phone signal in a mouse model. Electromagn. Biol. Med. 2013,
32, 95–120. [CrossRef] [PubMed]

17. Olteanu, M.; Marincas, C.; Rafiroiu, D. Dangerous temperature increase from em radiation around metallic
implants. Acta Electroteh. 2012, 2, 175–180.

18. Havas, M.; Marrongelle, J.; Pollner, B.; Kelley, E.; Rees, C.R.; Tully, L. Provocation study using heart rate
variability shows microwave radiation from 2.4 GHz cordless phone affects autonomic nervous system.
Eur. J. Oncol. 2010, 1638, 187–218.

19. Edwards, M.; Saunders, R.; Shiota, K. Effects of heat on embryos and foetuses. Int. J. Hyperth. 2003,
19, 295–324. [CrossRef] [PubMed]

20. Gandhi, O.; Morgan, L.; Desalles, A.; Han, Y.; Herberman, R.; Davis, D. Exposure limits: The underestimation
of absorbed cell phone radiation, especially in children. Electromagn. Biol. Med. 2012, 31, 34–51. [CrossRef]
[PubMed]

http://dx.doi.org/10.1155/2018/8035065
http://dx.doi.org/10.1016/S1389-1286(01)00302-4
http://dx.doi.org/10.1109/5.371974
http://dx.doi.org/10.1126/science.1143254
http://www.ncbi.nlm.nih.gov/pubmed/17556549
http://dx.doi.org/10.1109/TMC.2012.161
http://dx.doi.org/10.1109/TNET.2017.2750323
http://dx.doi.org/10.1109/TVT.2015.2391119
http://dx.doi.org/10.1109/TVT.2017.2683493
http://dx.doi.org/10.1109/TVT.2016.2584104
http://dx.doi.org/10.3109/15368378.2012.709207
http://www.ncbi.nlm.nih.gov/pubmed/23320614
http://dx.doi.org/10.1080/0265673021000039628
http://www.ncbi.nlm.nih.gov/pubmed/12745973
http://dx.doi.org/10.3109/15368378.2011.622827
http://www.ncbi.nlm.nih.gov/pubmed/21999884


Sensors 2020, 20, 2937 19 of 19

21. Dai, H.; Liu, Y.; Chen, G.; Wu, X.; He, T.; Liu, A.; Zhao, Y. SCAPE: Safe charging with adjustable power.
IEEE/ACM Trans. Netw. 2018, 26, 520–533. [CrossRef]

22. Li, L.; Dai, H.; Chen, G.; Zheng, J.; Yang, Z.; Zeng, P. Radiation Constrained Fair Wireless Charging.
In Proceedings of the 2017 14th Annual IEEE International Conference on Sensing, Communication,
and Networking (SECON), San Diego, CA, USA, 12–14 June 2017.

23. Lin, C.; Hua, H.; Shan, L.; Mamat, A.; Jie, W. Dynamic Mobile Charger Scheduling in Heterogeneous Wireless
Sensor Networks. In Proceedings of the 2015 IEEE 12th International Conference on Mobile Ad Hoc and
Sensor Systems, Dallas, TX, USA, 19–22 October 2015.

24. Han, G.J.; Wu, J.W.; Wang, H.; Guizani, M.; Ansere, J.A.; Zhang, W.B. A Multicharger Cooperative Energy
Provision Algorithm Based on Density Clustering in the Industrial Internet of Things. IEEE Internet Things J.
2019, 6, 9165–9174. [CrossRef]

25. Franek, O. Phasor Alternatives to Friis’ Transmission Equation. IEEE Antennas Wirel. Propag. Lett. 2018,
17, 90–93. [CrossRef]

26. Shu, Y.; Cheng, P.; Gu, Y.; Chen, J.; He, T. TOC: Localizing wireless rechargeable sensors with time of charge.
ACM Trans. Sens. Netw. 2015, 11, 1–22. [CrossRef]

27. Tang, H.; Tan, K.; Yi, Z. Columnar competitive model for solving multi-traveling salesman problem.
Neural Netw. Comput. Models Appl. 2007, 53, 145–160.

28. Gurobi. Gurobi Optimization. Available online: www.gurobi.com (accessed on 10 April 2020).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/TNET.2018.2793949
http://dx.doi.org/10.1109/JIOT.2019.2928557
http://dx.doi.org/10.1109/LAWP.2017.2776523
http://dx.doi.org/10.1145/2700257
www.gurobi.com
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Model and Algorithm
	Basic Model
	Node Position Correction
	Localization Using Charging Time
	Localization Using Antenna Waveform

	Network Radiation Analysis
	Charging Area Discretization
	Radiation Analysis

	Partition Charging Algorithm
	Edge Node Definition
	Single Partition Path Plan
	Overall Area Path Plan

	Non-Partition Charging Algorithm
	Charging Path Calculation
	Charging Path Allocation


	Algorithm Descriptions
	Simulation Test and Performance Analysis
	Simulation Experiment Data Analysis
	Performance Comparison with Sensor Node Number Change
	Performance Comparison with Chargers Number Change

	Comparison between SCBMC, SCWPT and SCAPE

	Discussion
	References

