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Abstract: Wireless charging is an important issue in wireless sensor networks, since it can provide
an emerging and effective solution in the absence of other power supplies. The state-of-the-art
methods employ a mobile car and a predefined moving path to charge the sensor nodes in the
network. Previous studies only consider a factor of the network (i.e., residual energy of sensor
node) as a constraint to design the wireless charging strategy. However, other factors, such as the
travelled distance of the mobile car, can also affect the effectiveness of wireless charging strategy.
In this work, we study wireless charging strategy based on the analysis of a combination of two
factors, including the residual energy of sensor nodes and the travelled distance of the charging car.
Firstly, we theoretically analyze the limited size of the sensor network to match the capability of
a charging car. Then, the networked factors are selected as the weights of traveling salesman problem
(TSP) to design the moving path of the charging car. Thirdly, the charging time of each sensor node
is computed based on the linear programming problem for the charging car. Finally, a charging
period for the network is studied. The experimental results show that the proposed approach can
significantly maximize the lifetime of the wireless sensor network.

Keywords: mobile charger; network size; moving path; optimization problem; wireless energy
transfer; wireless sensor network

1. Introduction

In recent years, many works have focused on employing wireless energy conversion technology
to charge the nodes in wireless sensor networks [1]. The wireless charging models can be simply
divided into point-to-point model [2–5] and point-to-multipoint model [6–9]. In the former case,
a mobile charger (MC), or a charging car, can only charge a single sensor node. In the latter case, the
MC can charge more than one sensor node simultaneously. In this paper, we focus on developing
an optimal wireless charging strategy based on the point-to-point model to prolong the lifetime of
sensor networks.

Many works have studied wireless charging based on the point-to-point model [2–5]. Peng et al.
proposed a charging scheme based on the residual energy of sensor nodes [3]. However, such a method
ignored the travelled distance of the MC. The extra travelled distance may waste energy of the MC.
In [2,4,5], researchers employed the traveling salesman problem (TSP) to design the moving path of
the MC. They selected the shortest distance between sensor nodes as the variable. However, it did
not consider the factor of residual energy of nodes. Some works [2,3,10] utilized a charging strategy
in which the charging car completely charges the sensor nodes one by one. Such a method did not
arrange the charging time for each sensor node. It may result in that the sensor nodes with very low
energy at the end of the moving path will turn off before the MC arrives.
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The traveling salesman problem (TSP) is one of the most famous algorithms in the field of
mathematics. Assuming that there is a traveler who wants to visit N cities, he has to choose a path to
follow. The path constraint is that the traveler visits each city once, and returns to the starting point.
The TSP algorithm aims to find out the shortest distance of all moving paths.

In this paper, we focus on developing a wireless charging strategy, which is called integrated
path and charging time scheme (IPCTS), to prolong the lifetime of the sensor network. The IPCTS is
studied based on the analysis of the travelled distance of MC and the residual energy of the sensor
nodes. We theoretically analyze the limited size of the sensor network to match the charging capability
of a MC. We consider the networked parameters as the inputs of a Hamilton circuit problem under
a given networked size. For the charging time allocation problem, we transform the maximum network
lifetime into charging time problem by using linear programming. The main contributions of this
paper are as follows:

• We first theoretically analyze the limited size of the sensor network to match the charging
capability of a MC.

• We consider two factors to design the moving path of the MC, including the residual energy of
nodes and the distance between nodes.

• To maximize the lifetime of network, we utilize the linear programming to compute the charging
time of each node.

The remainder of this paper is organized as follows: in Section 2, we review the related work
on wireless sensor networks published in recent years. Section 3 introduces our model and some
assumptions. In Section 4, the upper and lower limits of network size are analyzed. Section 5 designs
the moving path of a MC by the TSP problem. Section 6 models the charging time and solves the
optimization problem to obtain the charging time of each node. Section 7 introduces the charging
period. Section 8 presents simulation results. Section 9 concludes this paper.

2. Related Work

Wireless power transfer technology can be divided into three categories: inductive coupling [11],
microwave radiation [12] and magnetic resonance coupling [1]. In [13], Xie et al. were the first
to employ wireless power conversion technology to prolong the lifetime of network by deploying
a charging car into wireless sensor network. Since the wireless energy can be radiated in all directions
and in a particular direction, the charging model of MC can be divided into point-to-point model and
point-to-multipoint model.

Based on the point-to-point charging model, Peng et al. did some work on how to maximize
the network lifetime in [3,14]. In [3], the authors first proved that the charging problem is
a non-deterministic polynomial complete (NPC) problem. Then, they proposed two heuristic
algorithms known as Greedy and GreedyPlus. The Greedy algorithm takes the remaining energy of
sensor node ascending order as the charging sequence, and the required charging time to prolong
network lifetime. The GreedyPlus takes a fixed time as the charging time for each sensor node by
a binary search. However, these heuristic algorithms do not consider the travelled distance of the
MC, which could increase the MC’s energy consumption and reduce the charging time for sensor
nodes. In [14], the authors computed the charging time by a binary search. As for charging sequence,
the authors analyzed three routing protocols: energy-minimum routing, energy-balanced routing
and charging-aware routing. According to the routing information, the nodes with large energy
consumption in the network are considered as the charging nodes; and the remaining energy ascending
order is used as the charging sequence.

In [2,4,5], the authors minimized the number of MCs needed to ensure that the network could run
persistently. In [2], the authors divided the whole network area into several sub-regions by a K-means
clustering algorithm. Then, they dispatched a MC for each sub-region to charge the sensor nodes in
the sub-region. In [5], the authors designed a Hamiltonian circuit between all nodes as the shortest
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charging path for the MC. Then, the charging path was divided into several sub-paths based on
the limited energy of the MC. Finally each sub-path dispatched a MC. In [2], Liang et al. proposed
a q-root TSP to dispatch multiple MCs, and minimize the number of deployed MCs. The authors first
introduced a tree decomposition algorithm with a provable 5-approximation ratio to find q closed
tours. Then, an approximation algorithm was proposed to minimize the number of MCs, according
to the total distance of each tour. However, a drawback of this strategy is that the complexity grows
exponentially with the number of to-be-charged nodes.

There was another study on maximizing network utility which is expressed as the amount of data
collected in the network [15,16]. In [16], the authors first selected a subset of the sensor nodes as anchor.
The sencar (called a multifunctional mobile entity) stops at the anchor position to charge the anchor
and collect data. Besides, the authors proposed an anchor selection algorithm based on remaining
energy to control the travelled distance of the sencar within a given threshold. In [15], the authors
combined flow conservation, energy balance and battery capacity as the constraints to maximize the
utility function and turn it into a non-convex optimization problem. Finally, the authors transformed
the original problem into a convex optimization method by using auxiliary variables.

As for point-to-multipoint charging model, researchers [6,17,18] maximized charge efficiency.
Xie et al. took the charge efficiency as an objective function and formulated a mixed nonlinear
program [17,18]. In [18], authors first addressed an ideal case assuming zero traveling time for the
charger. By adopting the discretization and logic point representation techniques, a provably near
optimal solution is obtained. Based on this solution, the authors further obtained the moving path of the
original problem by finding the shortest Hamiltonian cycle. With this moving path, a feasible solution
is further derived. In [17], the authors solved the mixed nonlinear programming. The discretization
and re-linearization techniques were used. The authors proved the error between the feasible solution
and the optimal solution. In [6], Qin et al. used cellular network topology and the center of cell as the
stop points for an MC. It can charge all sensor nodes in the cell. However, the authors do not illustrate
the stop time of the MC at each stop point. With the increase of network size, the travelled distance
will grow linearly because of increasing number of cells.

Besides the charging efficiency, [10] aimed to minimize the number the stop points of the MC.
In order to decrease the stop points, the authors used the overlapped portion of the energy reception
range of the node as the set of stop points for the MC and planned a Hamiltonian circuit in the set.
At each stop point, the MC charges the nodes within its charging radius and then moves to the next
stop point. In [19], the authors consider the limited total energy of the MC as a constraint to make
more nodes be charged. Based on the point-to-multipoint charging model, the authors first optimized
the moving path to reduce the travelled distance of the MC and proved that the path problem is
a non-deterministic polynomial (NP) hard problem. Finally, the authors proposed a heuristic algorithm
particle swarm optimization (PSO) algorithm to solve the moving path and maximize the number of
charging nodes.

In [20], Naranjo et al. proposed a P-SEP algorithm to select optimal cluster heads based on
heterogeneous sensor nodes. The cluster head transfers data to achieve energy load balancing. In [21],
Ahmadi et al. aimed to use an efficient routing algorithm to reduce communication cost under
the condition of maintaining k-coverage. In [22], Mostafaei et al. proposed an ICABC method
based on the ICA algorithm. The authors aimed to use the minimum number of sensor nodes to
guarantee barrier coverage. These approaches can prolong network lifetime by reducing the network
energy consumption. Compared with these approaches, we focus on how to design the optimal
charging algorithm.

In the previous work, [3] employed wireless charging to prolong the lifetime of the sensor network.
However, as for the charging sequence, the authors used the remaining energy ascending order as
the movement path of the MC, which only considers the energy factor of the nodes. The Greedy
algorithm [3] completely charges sensor nodes one by one. The GreedyPlus algorithm charges the
sensor nodes within a fixed time. In [14], authors combined the routing protocol to design the charging
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scheme. In [6,17], researchers used linear programming to compute the charging time based on
a point-to-multipoint charging model.

3. Model and Hypothesis

In this work, we assume that there is a MC, a base station and n similar sensor nodes in the
network. The base station can acquire the remaining energy and the energy consumption rate of the
sensor nodes. It generates a charging strategy for the MC. The charging strategy includes the charging
path of the MC and the charging time of each sensor node.

The MC moves with a constant velocity starting from the base station. Therefore, the energy
consumption of the MC is only related to the moving distance. The maximum amount of power carried
by MC is denoted as EMC. When a charging period is finished, the MC will return to the base station
to replenish its power. Assume that the output power of MC is Pout, and the wireless output range is
fan-shaped, then only one node can be charged. The reception power of sensor node is denoted as Pin.
The relationship between the output power of MC and the reception power of sensor node is [10]:

Pin = Pout × µ(d) (1)

In Equation (1), µ(d) is a function of the distance between the MC and sensor node within a range
of [0, 1]. In this work, we assume that the MC moves closely to the sensor node, thus, µ(d) = 1,
Pin = Pout.

We randomly deployed n sensor nodes in a rectangular area of dimensions L× L in the network.
The coordinates of the sensor nodes are denoted as (xi, yi). Each sensor node is equipped with
a rechargeable battery with a maximum capacity of Et. The energy consumption rate of node i is
denoted as Ci with a range of [Cmin, Cmax]. The nodes are not equal to probability values. We assume
that the energy consumption rate is subject to a Gaussian distribution. In the real scenario, the energy
consumption rate of sensor nodes is mostly around the mean value. Only a small part is particularly
high or low. Let the energy consumption rate of the sensor node be denoted as X, which is subjected
to a Gaussian distribution with mean µx and variance σ2

x . Table 1 describes the symbols used in this
paper and their respective meanings.

Table 1. Summary of notations.

Symbol Meaning

Et total battery capacity of sensor node
λi remaining energy of sensor node i

Pout output power rate of MC
Pin received power rate of sensor node
V set of charging nodes
Ci energy consumption rate of sensor node i
si sensor node i

CMC moving energy consumption of MC
v velocity of MC

EMC total energy of MC
n number of sensor node

nup maximum network size
nlow minimum network size

T charging period
Tcharge charging time of MC
Ttravel moving time of MC
Tback rest time of MC at base station
tschar the time to replenish electricity of MC
Emin remaining energy threshold
dij distance between sensor node i and node j
ti charging time of sensor node i
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4. Network Size Analysis

We aim to maximize the network lifetime using only one MC in the sensor network. As the energy
of this MC is limited, the network size cannot be too large. In this section, we analyze the size of the
network with reasonable number of sensor nodes.

4.1. Maximum Network Size

We assume that there are n nodes which need to be charged in the network. The energy
consumption rate Ci of each node is in the range of [Cmin, Cmax], and the probability of Ci is subject
to a Gaussian distribution expressed as X, X ∼ (µx, σ2

x). Similarly, the moving distance of the MC is
expressed as Y, Y ∼ (µY, σ2

Y).
The actual energy consumption rate of each node is unknown before the network is running,

but what is known is that the energy consumption rate is subject to a Gaussian distribution, so the
probability of energy consumption rate in µx ± σx is 68.5% and it can be up to 95.5% when the energy
consumption rate value is µx ± 2σx.

Taking µx ± σx as an example, the total energy consumption of the network is no more than the
chargeable charging capacity of the MC. The chargeable charging capacity is defined as the remaining
energy which the total energy carried by the MC minus the energy consumed by movement, that is,
the total energy that the MC can deliver to the sensor nodes. Then the following inequality holds:(

T − (n− 1)× (µY + σY)

v

)
× Pout ≥ n× (µX + σY)× T (2)

In Equation (2), T is the charging period, v is moving speed of the MC, Pout is the output power of
the MC, µY is the expected value of the moving distance of the MC and µX is the expected value of the
sensor node consumption rate. Further, Equation (3) is obtained by transposition of Equation (2):

n ≤ Pout × (v× T + (µY + σY))

T × v× (µX + σX) + (µY + σY)× Pout
(3)

The charging period consists of three parts: total moving time of the MC, Ttravel , charging time of
all sensor nodes, Tcharge, and the time that the MC takes to go back to replenish its energy at the base
station Tback. The charging period T can be denoted using Equation (4):

T = Ttravel + Tcharge + Tback (4)

where:
Ttravel =

(n−1)×(µY+σY)
v

n×(µX+σX)×T
Pout

≤ Tcharge ≤
EMC−(n−1)×(µY+σY)×CMC

Pout

Tback =
2Lmax

v + tschar

(5)

In Equation (5), we assume that the time for the MC to replenish its energy at the base station is
a constant value, tschar. Lmax is the maximum distance between the MC and the charging sensor node.
According to the Equation (5), the charging period is given by the expression T ≤ (n−1)×(µY+σY)

v +
EMC−(n−1)×(µY+σY)×CMC

Pout
+ Tback. Taking the charging period T to Equation (3), then the maximum

network size nup is calculated as follows:

nup ≤
−b +

√
b2 − 4ac

2a
(6)
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a = (µY + σY)× (µX + σX)× (Pout − v× CMC)

b = (µX + σX)× v× EMC + (µX + σX)× v× (µY + σY)× CMC
−Pout × (µY + σY)× (µX + σX) + Pout × v× (µY + σY)× CMC + v× (µX + σX)× Pout × Tback

c = Pout × v× (EMC + (µY + σY)× CMC + Pout × Tback)

(7)

4.2. Minimum Network Size

Assume that there are n nodes (hollow dots) in the network to be charged, as shown in Figure 1.
The energy consumption rate of n nodes is maximized. The moving distance of the MC takes the max
value as Lmax at each time.

Figure 1. Situation where the MC must move the longest distance.

According to that the total energy consumption of the network is less than the energy capacity of
charging car, and we can get the following equation:

n ≤ Pout × (v× T × Lmax)

T × v× Cmax + Lmax × Pout
(8)

Further:

n ≤ Pout × (v× T + Lmax)

T × v× Cmax + Lmax × Pout
(9)

While taking the charging time to Equation (9), the minimum network size nlow can be obtained
as follows:

nlow ≤
−b +

√
b2 − 4ac

2a
(10)

a = Lmax × Cmax × (Pout − v× CMC)

b = Cmax × v× EMC + Cmax × v× Lmax × CMC
−Pout × Lmax × Cmax + Pout × v× Lmax × CMC + v× Cmax × Pout × Tback

c = Pout × v× (EMC + Lmax × CMC + Pout × Tback)

(11)

4.3. Scale Analysis

In this section, we firstly analyze the worst charging situation, that is, when the moving distance
of the MC reaches its maximum value at the same time as the energy consumption rate of each sensor.
In this situation, we regard nlow as the lower network size limit. When the number of sensor nodes is
less than nlow, we can make the network run continuously with one MC.

Then, we analyze the normal charging situation. That is, the moving distance of the MC has a value
µy ± σy, while the energy consumption rate of each sensor has the value µx ± σx. In this situation,
we regard nup as the higher network size limit. According to the characteristics of the Gaussian
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distribution, the probability of the higher limit is as high as 68.5%. To improve the accuracy of the
probability, we can take the energy consumption rate and the distance of MC value as µ± 2σ. When
the number of sensor nodes is greater than nup, we cannot prolong the network lifetime significantly
using one MC. When the number of sensor nodes is between nlow and nup, our charging scheme can
prolong the network lifetime greatly.

5. Plan Charging Path

In this section, we plan the moving path of the MC, which is a charging sequence, denoted
as V = {v1, v2, · · · , vn}. The MC moves starting from the base station and comes back to
replenish its energy. We set the base station as v0, the charging sequence can thus be denoted as
V = {v0, v1, v2, · · · , vn, v0}.

The problem when planning a moving path is equivalent to the charging sequence problem
of sensor nodes. Therefore, the moving path plan problem can be transferred to the TSP problem.
The traditional weight of a TSP considers the distance factor. In this work, we consider the distance and
the remaining energy of sensor node as the weights to calculate the optimal path, and then transform
it into a TSP problem.

We denote V = {v0, v1, v2, · · · , vn, v0} as the sensor nodes. The sensor network is represented in
the form of a graph G = (V, E; v, e), where V is the set of charging nodes, E is the edge between sensor
nodes, v is the weight of each sensor node, and e is the weight of the edge between sensor nodes.

Our goal is to find the best path in G. We make the weight of node be the remaining energy of the
sensor node, and the weight of the edge to be the distance between the sensor nodes as follows:

ω = α× v + (1− α)× e (12)

In Equation (12), ω is the weight, v is the remaining energy of sensor node, and e is the distance
between the sensor nodes. α is a constant between 0 and 1.

When α = 0, the path we figured out is the shortest path. When α = 1, the path figured out is the
ascending sequence by remaining sensor node energy. Equation (12) can be represented as:

ω = α× λi
ci

+ (1− α)× di
v

(13)

In Equation (13), λi is the remaining energy of sensor node i, ci is the energy consumption rate
of sensor node i, di is the distance between sensor nodes, and v is the speed of the MC. Therefore,
we transform the two different dimensions into one weight. After determining the weight, we can
transform the path problem into a TSP problem.

6. Charging Time Plan

It is necessary to determine the charging time of each sensor node. Our goal is to maximize
the network lifetime by ensuring that the remaining energy of all the sensor nodes at any time is
greater than Emin. Thus, the charging time of a sensor node in a charging period should meet the
following constraints:

1. The charging time of each node cannot be too long, otherwise, the remaining energy of the
post-charged node will be less than Emin.

2. The charging time of each node cannot be too short; otherwise, the remaining energy of the
previous-charged node may be less than Emin at the end of the period.

3. The total energy demand for all sensor nodes should be less than the rechargeable battery of MC.

According to the three constraints above, we transform the charging time problem into
an optimization problem.
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6.1. Upper Limit of Charging Time

As shown in Figure 2, the car is a MC. The hollow circles are sensor nodes which need to be
charged. The charging sequence is denoted as V = {v1, v2, v3, v4}. We set the charging time of
sensor node as ti. The constraint is that ti cannot be too large, otherwise, the remaining energy of the
post-charged node will be less than Emin.
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Take node 2 as an example, in Equation (14), when the MC arrives at node 2, the remaining energy
of node 2 must more than the given threshold, as follows:

λ2 −
(

d1,2

v
+ t1

)
× C2 ≥ Emin (14)

In Equation (14), t1 is the charging time of sensor node 1, λ2 is the remaining energy of sensor
node 2, C2 is the energy consumption rate of sensor node 2, and d1,2 is the distance between sensor
node 1 and 2. Further, the constraint condition can be denoted as Equation (15):

λi −


i−1
∑

j=0
dj,j+1

v
+

i−1

∑
j=0

tj

× Ci ≥ Emin, i = 1, ..., |V| (15)

where, |V| is the set of charging nodes.

6.2. Lower Limit of Charging Time

The charging time of each node cannot be too short. Otherwise, the energy of previous-charged
sensor node will be less than Emin at the end of a period. As shown in Figure 2, taking node 1 as
an example, the remaining energy of node 1 must be more than the given threshold at the end of
charging period, as follows:

λ1 + t1 × Pout −
(

t2 + t3 + t4 +
d1,2 + d2,3 + d3,4

v

)
× C1 ≥ Emin (16)

Further, the constraint condition can be denoted as Equation (17):

λi + ti × Pout −
( |V|

∑
j=i+1

tj +
∑
|V|−1
i di,i+1

v

)
× Ci ≥ Emin, i = 1, ..., |V| (17)
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6.3. Energy Constraint

We consider the total energy of the MC is limited. Therefore, the required energy to be charged
of all sensor nodes cannot be more than the remaining energy of the MC, and is limited as shown by
Equation (18):

Pin ×
|V|

∑
i=1

ti ≤ EMC − n× Lmax × CMC (18)

In Equation (18), EMC is the total energy of MC, CMC is the energy consumed by the MC and Pin
is the received power of the sensor node.

6.4. Problem Formulation

In order to maximize the lifetime of the sensor network, the MC should deliver the energy to the
sensor nodes under the constraint that the remaining energy of each sensor node should always be
more than Emin. Therefore, maximizing the charging time of each sensor node becomes the objective
function. We transform the charging time problem into an optimization problem as follows:

max
|V|

∑
i=1

ti (19)



λi −


i−1
∑

j=0
dj,j+1

v +
i−1
∑

j=0
tj

× Ci ≥ Emin

λi + ti × Pout −
(
|V|
∑

j=i+1
tj +

∑
|V|−1
i di,i+1

v

)
× Ci ≥ Emin

Pin ×
|V|
∑

i=1
ti ≤ EMC − n× Lmax × CMC

i = 1, ..., |V|
d0,1 = 0, t0 = 0

(20)

In the optimization process, we need to analyze the feasibility region of the charging time.
Considering the best charging path on which the moving distance of the MC is zero, which means
Lmax = 0. Take it to the Equation (18), the upper bound of feasibility region is tupper ≤ EMC

n×Pin
. Due

to the fact the charging time cannot be a negative number, the lower bound of the feasibility region
should be greater than zero, tlower ≥ 0. Therefore, the charging time feasibility region is [0, EMC

n×Pin
].

6.5. Complexity Analysis

Our IPCTS approach includes charging path design and charging time computation. For the
charging path design part, we solve the TSP problem by using a greedy algorithm to get a Hamiltonian
circuit. To solve TSP, we calculate the distance between the each node and the charging car. It is
therefore the complexity in the charging path design part is O(n2). For the charging time computation
part, the complexity is also O(n2). Therefore, the overall complexity of IPCTS is O(n2).

7. Charging Period Determination

In [15], the charging period of the MC is a constant value T, but in fact, the charging period is
a changeable variable. If the charging period T is too short, the MC may not have enough time to
charge all sensor nodes. On the contrary, if the charging period is too long, the MC may stay at the
base station for a long time. Therefore, we do not make the charging time a constant in this work.
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The charging period consists of three parts: total moving time of the MC, total charging time of
all sensor nodes and the rest time of the MC at base station, which are denoted as Ttravel , Tcharge and
Tback, respectively. We denote the kth period as Tk, and get the following equation:

Tk = Tk
travel + Tk

charge + Tk
back (21)

Let a set of charging nodes are V = {Φ}, the sensor nodes in V are sorted by their remaining
energy from low to high, s1, s2, . . . , sn. Assume that the node set is N, the number of nodes which need
not to be charged is N −V, and they should meet the constraint as follows:

∑
i∈|N|−|V|

(
λi − Ci × Tk

)
> Emin, i = 1, ..., |N| − |V| (22)

This means that even if the sensor nodes in the set of N −V are not charged in the Tk period, the
remaining energy of the nodes within the set is more than the given threshold Emin at any time.

1. Let V = V ∪ {s1, s2}, calculate Tk
travel , Tk

charge and Tk
back according s1, s2, then calculate Tk.

2. Determine whether V satisfies the Equation (22)
3. If V satisfies the Formula (22), let V = V ∪ {Si+1} and turn to 1, if not, turn to 4.
4. Return V and Tk.

8. Simulations

In this section, we demonstrate the effectiveness of our charging strategy through simulations.
We explore the influence of parameters on the network lifetime by different experimental parameters.
In [3], in order to prolong the network lifetime, Peng et al. proposed a heuristic algorithm called
Greedy. The Greedy algorithm firstly gives a constant k, and the remaining energy of the lowest k
nodes can be charged at each period. The charging sequence is sorted by k nodes in ascending order
with remaining energy. In addition, the MC charges k nodes for each period. However, the optimal
value of constant k is not easy to prove. The authors showed by experiments that the optimal value is
5. In this work, we also set the value of k be 5.

8.1. Parameter Settings

We deploy the sensor nodes randomly in a network. The number of sensor nodes increases from
40 to 70. The area is set from 50 m × 50 m to 200 m × 200 m. Other experimental parameters are set as
shown in Table 2.

Table 2. Experimental parameter setting.

Parameters Value

Total energy of MC: EMC 10,000 J
Power out rate of MC: Pout 5 J/s

Moving consumption of MC: CMC 30 J/m
Speed of MC: v 5 m/s

Initial energy of sensor node: Et 1000 J
Mean and variance of Gaussian distribution X~N (3, 1)
energy consumption rate range of node (mj) (0, 6)

8.2. Result

The experimental platform is Eclipse Java EE IDE for Web Developers. All simulation results
are averaged 100 times. Firstly, we randomly deploy 50 nodes in a 50 m × 50 m area. The relevant
information of each node is shown in Table 3. According to the theoretical analysis and calculation, the
upper and lower limits of the network size are 5 and 71, respectively.
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Table 3. Node coordinates and energy consumption rate.

Node ID Coordinate
(m)

Energy
Consumption

Rate (mj)
Node ID Coordinate

(m)

Energy
Consumption

Rate (mj)

0 (41.95, 3.56) 3.38 25 (7.39, 20.22) 3.67
1 (25.38, 0.78) 2.46 26 (25.38, 29.44) 2.85
2 (47.40, 34.26) 3.61 27 (21.45, 38.71) 2.49
3 (25.97, 47.81) 2.94 28 (4.27, 34.78) 2.88
4 (13.87, 1.48) 1.04 29 (14.06, 24.00) 1.65
5 (27.51, 29.14) 4.50 30 (19.38, 10.81) 3.04
6 (32.80, 42.98) 2.62 31 (21.51, 38.23) 3.57
7 (11.72, 6.57) 2.12 32 (49.64, 21.09) 3.23
8 (11.10, 10.76) 3.20 33 (27.82, 40.46) 4.31
9 (35.86, 44.93) 1.25 34 (31.20, 48.94) 3.01

10 (31.38, 43.16) 3.35 35 (25.50, 41.09) 1.77
11 (27.55, 34.19) 2.12 36 (11.61, 6.41) 3.90
12 (26.33, 14.06) 2.96 37 (8.02, 39.95) 3.55
13 (3.05, 32.65) 2.73 38 (47.20, 39.34) 2.13
14 (46.80, 10.19) 4.95 39 (38.88, 15.44) 3.16
15 (47.94, 13.53) 3.52 40 (11.92, 37.94) 3.38
16 (8.60, 47.63) 2.54 41 (38.83, 26.64) 3.18
17 (33.16, 31.55) 4.38 42 (21.79, 33.42) 2.17
18 (1.67, 4.09) 4.90 43 (26.61, 40.30) 2.65
19 (7.56, 26.88) 3.58 44 (41.52, 23.88) 3.76
20 (40.26, 12.48) 2.41 45 (11.21, 7.08) 2.57
21 (0.04, 14.33) 2.23 46 (2.31, 35.18) 3.29
22 (42.39, 47.80) 4.17 47 (31.17, 40.64) 3.86
23 (49.66, 12.87) 1.88 48 (32.04, 25.34) 2.55
24 (25.14, 20.98) 2.78 49 (6.55, 20.90) 1.66

Figure 3 shows the effect of different charging schemes on the network lifetime, when the number
of nodes increases from 40 to 70 in the 100 m × 100 m area. TSPFull is a charging scheme which
takes the Hamilton circuit as the charging path and uses the node energy to calculate the charging
time. It can be seen that as the number of nodes increases, the network lifetime is gradually shortened.
In contrast to Greedy Algorithm, IPCTS has a similar network lifetime as the Greedy one. However,
with the network size gradually expanding, the IPCTS’s network lifetime is longer than those of the
other two charging schemes. This is because of the fact that with the increase of the number of sensor
nodes, the Greedy algorithm and TSPFull only charge five nodes, and most of the other nodes do not
get an opportunity to charge. Therefore, their lifetime falls faster.
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Figure 4 also shows the effect of different charging schemes, when the number of nodes increases
from 40 to 70 in the 100 m × 100 m area. EnLin is a charging scheme which takes the ascending of
remaining energy as the charging path of the MC and calculates the charging time of each node using
linear programming. TSPLin considers the Hamiltonian circuit as the charging path, and uses linear
programming to calculate the charging time of each node. Although the three charging schemes use
linear programming to compute the charging time for each sensor node dynamically, they are different
in moving path designs. Figure 4 shows that with the increasing number of nodes, the network lifetime
of the three charging schemes decreases. The IPCTS considers the remaining energy of node and
the length of charging path of MC, and its network lifetime is longer than those of the other two
charging schemes.
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Figure 5 shows the effect of different area size on the network lifetime. The number of nodes is
selected to be 40 and 70 in this simulation. As can be seen from Figure 5, with the increase of the area,
the network lifetime gradually reduces. This is because that with the increasing area size, the distance
between the nodes increases, resulting in an increase in the moving path length of the MC. In addition,
the MC consumes more energy on the moving path. Figure 6 shows the effect of different moving
speeds of the MC to prolong the network lifetime. The area is 100 m × 100 m. In Figure 6, with the
moving speed increasing, the network lifetime increases gradually. This is because of the fact that in
the case of a constant area size, the reduction of moving time can bring an increase for charging time,
and save MC energy consumption. Therefore, the network can get more energy replenished, and the
fewer the number of nodes, the longer the lifetime.
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9. Conclusions

In this paper, we explore how to charge sensor nodes through a MC in a wireless rechargeable
sensor network to prolong the network lifetime. Since our MC has limited energy, we theoretically
analyze the size of the network that a single MC can serve. We propose a charging scheme called
IPCTS under a given network size to deal with the problem of charging sequence and the charging
time. For the charge sequence problem, we plan the charging path as a classic TSP problem. For the
charging time problem, we guarantee that the remaining energy of sensor node is greater than a given
threshold at any time and transformed it into an optimization problem. The simulation experiments
show that our charging scheme can significantly prolong the network lifetime.

Acknowledgments: This work is supported by National Science Foundation of China (No. 61370087), Zhejiang
Provincial Science and Technology Program (No. 2017C01065, 2017C01022).

Author Contributions: This paper was prepared through a collective effort of all of the authors. In particular:
Weijian Tu has contributed: the objective function definition, constraints definition, performing the simulations,
analysis of the results, preparation of diagrams and figures, preparation of the text; Xianghua Xu has contributed:
the concept of the research, state-of-the-art and references, optimization algorithm concept; Tingcong Ye has
contributed: the compilation of the references, preparation of the text and its revision; Zongmao Cheng has
contributed: the interpretation of the simulation results, description of the optimization algorithm, formal
definition of the optimization problem.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kurs, A.; Karalis, A.; Moffatt, R.; Joannopoulos, J.D.; Fisher, P.; Soljai, M. Wireless Power Transfer via Strongly
Coupled Magnetic Resonances. Science 2007, 317, 83–86. [CrossRef] [PubMed]

2. Liang, W.; Xu, W.; Ren, X.; Jia, X.; Lin, X. Maintaining sensor networks perpetually via wireless recharging
mobile vehicles. In Proceedings of the 2014 IEEE 39th Conference on Local Computer Networks, Edmonton,
AB, Canada, 8–11 September 2014; IEEE: Piscataway, NJ, USA, 2014; pp. 270–278.

3. Peng, Y.; Li, Z.; Zhang, W.; Qiao, D. Prolonging Sensor Network Lifetime Through Wireless Charging.
In Proceedings of the 2010 IEEE 31st Real-Time Systems Symposium, RTSS 2010, San Diego, CA, USA,
30 November–3 December 2010; IEEE: Piscataway, NJ, USA, 2011; pp. 129–139.

4. Wang, C.; Li, J.; Ye, F.; Yang, Y. NETWRAP: An NDN Based Real-TimeWireless Recharging Framework for
Wireless Sensor Networks. IEEE Trans. Mob. Comput. 2014, 13, 1283–1297.

5. Hu, C.; Wang, Y. Minimizing the number of mobile chargers in a large-scale wireless rechargeable sensor
network. In Proceedings of the 2015 IEEE Wireless Communications and Networking Conference, New
Orleans, LA, USA, 9–12 March 2015; IEEE: Piscataway, NJ, USA, 2015; pp. 1297–1302.

6. Qin, Z.; Zhou, C.; Yu, Y.; Wang, L. A practical solution to wireless energy transfer in WSNs. In Proceedings
of the 2013 International Conference on ICT Convergence, Jeju Island, Korea, 14–16 October 2013; IEEE:
Piscataway, NJ, USA, 2013; pp. 660–665.

http://dx.doi.org/10.1126/science.1143254
http://www.ncbi.nlm.nih.gov/pubmed/17556549


Sensors 2017, 17, 1560 14 of 14

7. Lu, X.; Wang, P.; Niyato, D.; Dong, I.K. Wireless Charging Technologies: Fundamentals, Standards, and
Network Applications. IEEE Commun. Surv. Tutor. 2016, 18, 1413–1452. [CrossRef]

8. Kurs, A.; Moffatt, R.; Soljacic, M. Simultaneous mid-range power transfer to multiple devices. Appl. Phys. Lett.
2010, 96, 044102. [CrossRef]

9. Zhang, S.; Qian, Z.; Kong, F.; Wu, J. P3: Joint optimization of charger placement and power allocation
for wireless power transfer. In Proceedings of the IEEE INFOCOM—2015 IEEE Conference on Computer
Communications, Hong Kong, China, 26 April–1 May 2015; IEEE: Piscataway, NJ, USA, 2015; pp. 2344–2352.

10. Khelladi, L.; Djenouri, D.; Lasla, N.; Badache, N.; Bouabdallah, A. MSR: Minimum-Stop Recharging
Scheme for Wireless Rechargeable Sensor Networks. In Proceedings of the 2014 IEEE 11th Internanational
Conference on Ubiquitous Intelligence and Computing, and 2014 IEEE 11th International Conference on
Autonomic and Trusted Computing, and 2014 IEEE 14th International Conference on Scalable Computing
and Communications and Associated Workshops (UTC-ATC-ScalCom), Bali, Indonesia, 9–12 December 2014;
IEEE: Piscataway, NJ, USA, 2015; pp. 378–383.

11. Jiang, B.; Smith, J.R.; Philipose, M.; Roy, S. Energy Scavenging for Inductively Coupled Passive RFID Systems.
IEEE Trans. Instrum. Meas. 2007, 56, 118–125. [CrossRef]

12. Sample, A.P.; Yeager, D.J.; Powledge, P.S.; Mamishev, A.V.; Smith, J.R. Design of an RFID-Based Battery-Free
Programmable Sensing Platform. IEEE Trans. Instrum. Meas. 2008, 57, 2608–2615. [CrossRef]

13. Xie, L.; Shi, Y.; Hou, Y.T.; Sherali, H.D. Making sensor networks immortal: An energy-renewal approach
with wireless power transfer. IEEE ACM Trans. Netw. 2012, 20, 1748–1761. [CrossRef]

14. Li, Z.; Peng, Y.; Zhang, W.; Qiao, D. J-RoC: A Joint Routing and Charging scheme to prolong sensor network
lifetime. In Proceedings of the 2011 19th IEEE International Conference on Network Protocols, Vancouver,
AB, Canada, 17–20 October 2011; IEEE: Piscataway, NJ, USA, 2011; pp. 373–382.

15. Guo, S.; Wang, C.; Yang, Y. Joint Mobile Data Gathering and Energy Provisioning in Wireless Rechargeable
Sensor Networks. IEEE Trans. Mob. Comput. 2014, 13, 2836–2852. [CrossRef]

16. Zhao, M.; Li, J.; Yang, Y. Joint mobile energy replenishment and data gathering in wireless rechargeable
sensor networks. IEEE Trans. Mob. Comput. 2014, 13, 2689–2705. [CrossRef]

17. Xie, L.; Shi, Y.; Hou, Y.T.; Lou, W.; Sherali, H.D.; Midkiff, S.F. Multi-node wireless energy charging in sensor
networks. IEEE ACM Trans. Netw. 2015, 23, 437–450. [CrossRef]

18. Xie, L.; Shi, Y.; Hou, Y.T.; Lou, W.; Sherali, H.D. On traveling path and related problems for a mobile station
in a rechargeable sensor network. In Proceedings of the 4th ACM International Symposium on Mobile Ad
Hoc NETWORKING and Computing; ACM: New York, NY, USA, 2013; pp. 109–118.

19. Li, K.; Luan, H.; Shen, C.C. Qi-ferry: Energy-constrained wireless charging in wireless sensor networks.
In Proceedings of the 2012 IEEE Wireless Communications and Networking Conference, Paris, France,
1–4 April 2012; IEEE: Piscataway, NJ, USA, 2012; pp. 2515–2520.

20. Naranjo, P.; Shojafar, M.; Mostafaei, H. P-SEP: A prolong stable election routing algorithm for energy-limited
heterogeneous fog-supported wireless sensor networks. J. Supercomput. 2016, 73, 733–755. [CrossRef]

21. Ahmadi, A.; Shojafar, M.; Hajeforosh, S.F. An efficient routing algorithm to preserve k-coverage in wireless
sensor networks. J. Supercomput. 2014, 68, 599–623. [CrossRef]

22. Mostafaei, H.; Shojafar, M.; Zaher, B. Barrier coverage of WSNs with the imperialist competitive algorithm.
J. Supercomput. 2017, 1–24. [CrossRef]

© 2017 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/COMST.2015.2499783
http://dx.doi.org/10.1063/1.3284651
http://dx.doi.org/10.1109/TIM.2006.887407
http://dx.doi.org/10.1109/TIM.2008.925019
http://dx.doi.org/10.1109/TNET.2012.2185831
http://dx.doi.org/10.1109/TMC.2014.2307332
http://dx.doi.org/10.1109/TMC.2014.2307335
http://dx.doi.org/10.1109/TNET.2014.2303979
http://dx.doi.org/10.1007/s11227-016-1785-9
http://dx.doi.org/10.1007/s11227-013-1054-0
http://dx.doi.org/10.1007/s11227-017-2067-x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Related Work 
	Model and Hypothesis 
	Network Size Analysis 
	Maximum Network Size 
	Minimum Network Size 
	Scale Analysis 

	Plan Charging Path 
	Charging Time Plan 
	Upper Limit of Charging Time 
	Lower Limit of Charging Time 
	Energy Constraint 
	Problem Formulation 
	Complexity Analysis 

	Charging Period Determination 
	Simulations 
	Parameter Settings 
	Result 

	Conclusions 

