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ABSTRACT In the past years, the energy constraint problem is known as a design issue of Wireless Sensor
Networks (WSNs) due to equipping the sensor nodes with limited power supplies. During the last few
years, Wireless Rechargeable Sensor Networks (WRSNs) have gained researchers attention. In a WRSN,
the sensor nodes are equipped with RF circuits, which enables them to receive energy from Wireless Mobile
Chargers (WMC). However, most of the existing wireless charging algorithms consider the unlimited power
budget for WMCs, which is the opposite of feasibility of a real network environment. Likewise, most of the
previous works fail to take full advantage of WMC as it starts recharging the nodes when their energy level
reaches a threshold, which leads to increasing the inactive time of WMC. Moreover, although previous works
employed WMCs, the network lifetime is limited. However, optimal division of the energy of WMC among
nodes can guarantee the perpetual network operation. Therefore, proposing an efficient method that jointly
solves these challenges is required. In this paper, a new Fair Energy Division Scheme (FEDS) is presented,
which undertakes the permanent network operation by optimizing the energy division at the beginning of each
cycle. Simulation results exhibit that FEDS achieves perpetual network lifetime. In addition, the proposed
scheme improves energy efficiency, (25%) compared to Uneven Cluster-based Mobile Charging (UCMC)
and (75%) compared to Nearest-Job-Next Preemption NJNP; travelling time of WMC, (50%) compared to
UCMC and (75%) compared to NJNP. In conclusion, the proposed protocol significantly improves network.

INDEX TERMS Perpetual network operation, wireless rechargeable sensor networks, mobile charger

scheduling.

I. INTRODUCTION

A. BACKGROUND

Unlike Traditional Wireless Sensor Networks (TWSNs),
in WRSNs, employing the WMCs and rechargeable sensor
nodes results in overcoming the energy constraint problem.
Generally, wireless power transferring is known as a proper
solution to charge the tiny electrical devices. Therefore,
in WRSNs, WMCs charge the batteries of the sensor nodes
after gathering energy from the environment [1]-[4].

A WRSN consists of three main components: a static
Base Station (BS), static sensor nodes equipped with
RF circuits [30], and WMC(s). Sensor nodes periodically
send their residual energy to the BS [5] and the BS decides
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about the movement path and charging time based on the
energy level of the nodes. Then, BS sends the control com-
mands to the WMC. During the movement of WMC, it stops
at the different anchor points and charges the nodes for
a charging time. Over the last few years, several schemes
have been designed which aim to optimize the movement
path, anchor points, and charging time of WMCs in order to
enhance the network performance and lifetime [3], [9], [23],
[27], [28]. In the majority of prior works, unlimited energy
budget is considered for a WMC, which is not feasible in the
real network environment. Therefore, the problem becomes
more realistic, when limited WMC energy supply is taken
into account.

In the related schemes, where limited power supplies for
WDMCs has been considered, at each cycle, the WMC starts
from a point, moves along the nodes to charge them and
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returns to the start point to recharge or replace its power
supply. Based on the environmental conditions, WMC needs
time for recharging or energy harvesting. In the most of
previous works, multiple WMCs are utilized in order to
charge the nodes during the energy replenishment time of
a WMC [5]. However, dispatching the multiple WMCs is
costly and increases the computational complexity and net-
work overheads. Whereas, optimal division of the energy of
WMC among sensor nodes can prevent the energy depletion
of nodes during the replenishment time and the charging cycle
of WMC.

Furthermore, in the prior works [4], [12], it is considered
that WMC starts to charge the nodes when their energy level
reaches a threshold, which leads to increase the idle time of
WMC and reduce the network performance. Whereas, timely
recharging the nodes enhances not only the efficiency of
WMC but also the operation time of the nodes.

In addition, to recharge a large scale network, utilizing
the clustering is the least expensive technique, which leads
to decrease the charging latency through charging the mul-
tiple nodes simultaneously. In clustered WRSNs [13], [14],
WMC moves along clusters and charges the nodes located
at the same cluster at the same time. In this type of the
networks, it is necessary to dispatch two WMCs for charging
the Cluster Heads (CH) and Member Nodes (MN) separately,
which leads to achieving easier network management, latency
reduction, and enhance the quality of service. However, this
issue has not been considered in prior clustered WRSN-based
schemes.

Thus, in this paper, a new Fair Energy Division
Scheme (FEDS) is presented for a cluster-based WRSN.
In the proposed scheme, two WMCs are employed to charge
the CHs and MNs separately. Our proposal aims to optimize
the transferred energy level from WMCs to the sensor nodes
belonging to the different clusters by determining the optimal
charging time of WMCs at different anchor clusters. The
problem of scheduling of WMCs is formulated as an ILP
problem, which the objective is to achieve perpetual operation
of MNs and CHs during the cycle, while considering the
energy level and energy-replenishment time of WMCs.

B. CONTRIBUTIONS
Overall, the contributions of this research are as follows:

1. In this paper, upon starting the network operation, the
sensor nodes are recharged by WMCs. This task leads to
reduce the idle time of WMCs and fully take advantage
of WMCs.

2. In this paper, fair energy division technique is employed
to recharge the nodes in such a way that each node has a share
in the energy of a WMC in such a that the more energy is
consumed, the more energy is assigned to the nodes.

3. The proposed FEDS guarantees the perpetual CHs and
MNs operations during a cycle. This goal can be achieved by
considering the energy level and energy-replenishment time
of WMC in charging time optimization at the beginning of
each cycle.
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4. Unlike previous cluster-based WRSNs, the proposed
scheme dispatches two separate WMCs to recharge the
CHs and MNs individually, which results in easier network
management, enhance the quality of service, and latency
reduction.

C. PAPER STRUCTURE

Section II gives related works proposed for WRSNs. The
network model is presented in section III. The FEDS scheme
is introduced in section IV. The performance evaluation of
the proposed scheme is given in section V and finally the
conclusion section will be presented VI.

Il. RELATED WORK

Fast development of charging technologies results in increas-
ing the number of charging algorithms based studies.
Han et al. [19] presented a coverage-aware hierarchical
charging algorithm, which aims to balance the energy con-
sumption among sensor nodes by optimizing the anchor
points of WMCs. Moreover, in the case of densely deployed
nodes, the energy consumption and coverage degree of nodes
are taken into consideration in anchor point optimization,
which leads to enhanced network coverage. However, in such
scheme, WMC moves along sensors and recharges the nodes
separately, which leads to increase the travelling time of
WMC and waiting time of sensor nodes.

An uneven cluster-based mobile charging (UCMC)
algorithm is introduced in [13] which aims to decrease the
variance of energy level of sensor nodes and enhance the
operation time of the network. The main objective of their
scheme is to reduce the number of non-active nodes. There-
fore, to achieve this goal, uneven clustering scheme and a
charging path planning scheme cooperate in the proposed
algorithm. However, in such scheme, the energy replenish-
ment time of WMC is not taken into consideration, which
leads to raise the possibility of depleting energy of nodes
during the energy harvesting time of WMC.

Hu et al. [20] proposed an efficient slot-based periodic
charging time scheduling scheme aims to reduce dispensable
visits of energy-sufficient nodes. Then, they introduced a
balanced charging task assignment algorithm which results in
avoiding charging starvation. Moreover, a charging trajectory
based algorithm is presented to achieve simultaneous charg-
ing the nodes with multiple WMCs. The experimental results
show the effectiveness and competitiveness of their schemes
in comparison with other related works. However, the main
objective of their work is to avid the energy wasting and
lifetime enhancement is not discussed, which leads to reduce
the network performance.

Peng et al. [21] presented a new scheme to charge the
sensors with multiple portable chargers which are carried by a
robot. In such scheme, a robot is able to recharge the multiple
nodes in a parallel way by placing the chargers inside the
sensors. The aim behind this simultaneous recharging scheme
is to decrease the waiting time and enhance the charging

VOLUME 8, 2020



A. O. Almagrabi: FEDS to Permanentize the Network Operation for WRSNs

IEEE Access

efficiency. However, such schemes are not affordable due to
employing multiple WMCs and robots.

Sustainable wireless Rechargeable Sensor network scheme
is proposed in [22], aims to achieve timely and efficient
charging of the nodes via minimizing the number of sojourn
points according to the locations and required energy level
of the nodes. To achieve this goal, sojourn points selection
problem has been formulated with an ILP model, which the
objective is to minimize the number of sojourn points in
such a way that maximum number of nodes can be served
in a location. However, in such scheme, despite of employ-
ing WMC, the perpetual network operation has not been
achieved. Whereas, optimal scheduling of WMC can result
in permanent network operation.

A joint energy replenishment and data collection scheme
is presented for a cluster-based WRSNs [24], which aims
to improve the charging efficiency and prolong the network
operation time. In their work, first, the optimal anchor points
are calculated by BS, while considering the energy distribu-
tion in each cluster. Then, two WMCs are dispatched to visit
the anchor point in each cluster by moving along the shortest
Hamiltonian cycle in opposite directions. Moreover, a spare
WMC is dispatched in case either of the two WMCs exhausts
its power supply. In such schemes, despite of employing mul-
tiple chargers, separate charging the MNs and CHs has not
been considered. It leads to occur computation complexity
because of difference in energy consumption level of MNs
and CHs.

A hybrid framework is presented in [4] to improve the
network performance and lifetime. In such scheme, solar
panels are installed in CHs in order to scavenge solar energy
and MNs are wirelessly charged. In this model, the net-
work consists of three hierarchical levels. On the first level,
the positions of solar-powered CHs are optimized so that
the overall cost is reduced to the fullest extent. On the
second level, first, an energy balance is achieved in the
network and then maintaining such balance in explored for
nodes when sunlight is unavailable. Finally, tour planning
problem is considered, which combines wireless charging
with mobile data gathering in a joint tour, on the third
level. However, equipping the CHs with solar panels is
very expensive and the size of this devices is usually large,
which makes this technique impractical in the large size net-
work and its success for sensor networks remains limited in
practice.

In [5], first, a novel multiple WMCs coordination frame-
work is presented to determine the optimal moving and
charging time of WMCs. likewise, in order to solve the
problem of coordinating the multiple WMCs to recharge
the nodes, an Optimal multiple WMCs Coordination (OMC)
algorithm is proposed. The problem is formulated as a Mixed
Integer Linear Programming (MILP), which the objective is
to enhance the energy efficiency of MCs, while improving
the network lifetime. Finally, the quality of the solution is
analyzed in terms of different evaluation metrics. However,

VOLUME 8, 2020

energy-replenishment time of WMC has been ignored in
charging time optimization.

A joint data gathering and energy harvesting (JoDGE)
problem with a Mobile BS is studied in [10], which aims to
enhance the network lifetime by taken into consideration the
power allocation, time scheduling problems. To achieve this
goal, first the optimal joint data collection and energy har-
vesting scheduling algorithm is presented. Moreover, a near-
optimal buffer-battery-aware adaptive scheduling scheme is
designed. In their proposed work, a multi-hop data transmis-
sion model is used to transmit the data packets toward the
BS which leads to occur unbalanced energy consumption of
nodes and energy hole problem. However, this problem is not
addressed in their work.

In [15], nearest-job-next preemption (NJNP) charging
algorithm is presented, where, a WMC move to charge the
nodes at a low energy level. In such scheme, whenever a
WMC received charging demand from the sensors, it selects
the closest node as the next anchor point. However, charging
the nodes separately leads to increase the travelling time of
WMC and waiting time of other nodes that require to be
recharged.

By reviewing of the literature, it is concluded that in
most of the related works, although WMCs are employed,
the network lifetime is limited since the WMC has not been
taken advantage to the fullest possible extent [10], [11].
Moreover, in the previous clustered WRSNs, separate charg-
ing of MNs and CHs is not addressed, which results in
computation complexity. Thus, a new Fair Energy Division
Scheme should be discovered to achieve perpetual network
operation.

Ill. SYSTEM MODEL

Fig.1. shows the network model of the proposed WRSN.
As shown in the figure, a WRSN with N sensor nodes is con-
sidered. In addition, in order to receive power from WMCs,
all sensor nodes are equipped with RF circuits. The nodes are
deployed randomly uniformly [31] throughout the network.
Likewise, in the proposed scheme, dividing the network area
into K equal size clusters leads to minimize the charging
latency through charging the several nodes simultaneously.
In each cluster, the node with maximum energy level and
minimum distance to the center of the respective cluster is
elected as the CH.

In addition, a static sink is placed at the center of the
network. MNs collect 1 bit data per a time unit and send to
their CH, then CHs transmit the aggregated data packets to
the BS in a single-hop data transmission model. The energy
consumption model proposed in [16] is adopted in this work.
A node consumes E; = [(Eejee + xd™) and E,, = [(Ecjec)
energy for transmitting and receiving / bits data at a dis-
tance d. Therefore, the energy consumption of a MN and CH
per each time unit can be calculated as follows:

EMN Y = 1 (Eotec + oxd") 4]
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FIGURE 1. Network model of the proposed scheme.
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where B denotes the compression ratio. In the proposed
scheme, it considered that the received packets from MNs
is compressed into one packet. Likewise, Eqg, denotes
the energy consumption for aggregating the data packets
from MNss.

Furthermore, two WMCs are employed to charge the
MNs and CHs individually, which are called WMC-MN and
WMC-CH, respectively. In this work, each WMC is equipped
with a BS. Then, when they arrive to a cluster, the nodes
belonging to the respective cluster send their data packets to
the WMC directly. Likewise, wireless chargers are equipped
with the energy harvesting technologies that convert the har-
vested energy to electricity. In each cycle, WMCs with energy
level w, start to move from a point, keep move along the
clusters and stop in each cluster for a charging time to charge
CHs/MNs and then move to a proper location to harvest
energy or recharge their power supplies. After completing
the energy replenishment time (¢) and starting a new cycle,
WMCs move along clusters again in order to charge the
sensor nodes.

In the proposed scheme, WMC-MN sojourns at the center
of clusters to charge the MNs. It is assumed that the charging
range of WMC-MN is r (radius of a cluster) in order to cover
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the area of a cluster. However, since WMC-CH supposed
to charge only the CH located at the anchor cluster and it
sojourns at the nearest position from CH, a short charging
range is considered for WMC-CH.

The transferred data packets to CH/BS consists of three
sections. The sensed data is stashed in the first section. The
residual energy level of the nodes is stored in the second
section stores. In addition, the cluster number of the respec-
tive node is stored in the third section. One duty of BS
is to determine the moving tour of WMCs (trajectory and
charging time). In the proposed scheme, the moving tour of
WMC is optimized according to the residual energy of nodes,
energy level of WMCs and their energy replenishment time
() via proposed fair energy division scheme. In fact, the pro-
posed scheme guarantees that MNs and CHs will not exhaust
their power supplies during the energy replenishment of
WMC-MN and WMC-CH, respectively.

In this paper, the charging model introduced in [17] is con-
sidered that the WMCs and sensor nodes are the transmitter
and the receiver in a two-way relation. Then the Eq. (3) is

formulated.
GsG,nP A 2
P, = sUrn) t( ) 3)
Lp 47 (d + B)

In Eq. (3), P and P, denote the power of receiver and
transmitter, respectively.

Where Gy is the transmitter antenna gain and G, shows
the receiver antenna gain. In addition, A, n and Lp denote
the wavelength, the rectifier efficiency and the polarization
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loss respectively. In addition, the distance from transmitter to
receiver is signified by d. Likewise, B is a constant value used
for short-distance transmissions [18]. In fact, this parameter
adjusts the Friis’ free space equation Then, the Eq. (3) can be
rewritten as Eq. (4):

n

= — 4
d+p)* @

_ GGPy [ 2\
H = —LP (E) (5)

InEq. (5), the values of « and B are 4.32x 10~ and 0.2316,
respectively.

IV. FAIR ENERGY DIVISION SCHEME

The Fair Energy Division Scheme (FEDS) is introduced,
in this section. The proposed scheme consists of two
WMC-CH’s scheduling and WMC-MN’s scheduling
algorithms.

A. WMC-CH'’S SCHEDULING ALGORITHM
1) PATH PLANNING OF WMC-CH
the movement path for the WMC-CH to visit the CHs is
optimized in this section. Utilizing direct data transmis-
sion manner between CHs and BS leads to the unbalanced
energy consumption of CHs. In order to enhance the service
to the CHs with shorter lifetime, the BS gives priority to
the CHs with higher energy consumption to be served by
the WMC-CH. Accordingly, at the beginning of Rth cycle,
BS calculates the lifetime of CHs as follows:

LR ElR “ (6)

! EiCON

where EiRe‘Y denotes the remaining energy of a CH and
EiCON shows the energy consumption of the ith CH per each
time unit. Then, to evaluate the charging priorities of the
CHs, BS sorts all the CHs according to their lifetimes in an
increasing order as {l1, l», ..., Ig}.

Afterward, the BS starts to determine the charging time
of WMC-CH at each cluster, then dispatches the WMC-CH
toward the clusters in order to their priorities.

2) CHARGING TIME OPTIMIZATION OF WMC-CH

In this phase of the proposed scheme, the BS calculates the
charging time or sojourn time of WMC-CH in the clusters.
It is determined based on the energy consumption of CH,
the energy of WMC-CH (w), and the energy replenishment-
time of WMC-CH (¢) parameters.

In each cycle, a CH consumes energy during the waiting
time, the charging time of WMC-CH at the next clusters,
the moving time of the WM C-CH along CHs, and the energy-
replenishment time of WMC-CH.

As shown in Fig. 2, the waiting time is defined as the total
time that CHs need to wait for arriving the WM C-CH to their
clusters from the beginning of each cycle. Moreover, after
existing the WMC-CH from the cluster, the respective CH
consumes energy until finishing a cycle.
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FIGURE 2. A charging cycle of WMC-CH.

Then, the total energy consumption level of the ith CH in
each cycle can be formulated as follows:

Ki d(PCH;, PCHj1)
e Speed

d(PCHg, Endpoint)
Speed

In Eq. (7), WT; is the waiting time of ith CH and CT;
shows the charging time of WMC-CH at the next clusters
after leaving the ith CH. Moreover, the distance between
the positions of the two CHs is denoted by the d notation.
In addition, ¢ signifies the energy-replenishment time of
WMC-CH and speed is the velocity of WMC-CH.

In this work, the waiting time is the summation of the
charging time of WMC-CH in the passed clusters and the time
spent during moving along the clusters with a constant speed.
Therefore, the waiting time of the ith CH can be formulated
by the following equation:

K
EF" = [wr;i+)_(CT)) +
j=i

w) x EFON (7

1

-1
d(StartPoint, PCH )
CT;
Speed + Z ( j)

J=1

WT,; =

. — (d(PCHj, PCHj+1)>
=1

Speed

®)

J

If the energy level of WM C-CH after completing the energy
replenishment-time is w, the needed time to transfer w energy
from WMC-CH to the CHs is calculated as follows [23]:

T=— 9

P &)

In addition, if the {CT,CT5,...,CTg} is the set of
charging time of WMC-CH in different clusters, then total
charging time of WMC-CH in the clusters should be equal 7.

K
T = Z (CT)) (10)
i=1

Moreover, the proposed algorithm supposed to achieve fair
division of energy of WMC-CH between CHs in a cycle,
while guaranteeing the perpetual operation of the CHs dur-
ing a charging cycle of WMC-CH. Therefore, the charging
time optimization problem is formulated as an Integer Linear
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Problem (ILP) that takes perpetual operation of CHs during a
cycle into account as follows:

K
min (z -y (CT,~)>
i=1
ST: 1) 1<i<K
2) EfS —E" 4 (CT; x P;) > 0
3) CT; >0 (1)

2

Accordingly, by utilizing the above ILP, t time is fairly
divided between CHs in such a way that none of the CHs will
run out of their energy during a cycle.

After determining the charging times at different clusters,
the BS informs the WMC-CH about its moving path and
optimal charging time in different clusters.

B. WMC-MN'’S SCHEDULING ALGORITHM

1) PATH PLANNING OF WMC-MN

The moving path of WMC-MN is optimized to visit all MNs
located at the network in this section. In the proposed scheme,
due to random uniform node distribution, %’ number of nodes
and by subtracting the CH, % — 1 number of MNss are located
in each cluster. Accordingly, the total energy consumption of
MNss located at ith cluster is formulated as follows:

N
EJor=MNs — (E - 1) x EGRY (12a)

Then, by using Eq. 1, Eq. 12 can be rewritten as follows:

(k1)
Z I (Ectec + o< d (PMN;, PCH;)")  (12b)
j=1
where PMN; shows the position of the jth MN located at the
ith cluster. PCH; denotes the position of CH belonging to
the respective cluster and d (PMN ', PCH i) is the Euclidean
distance between MN and CH. Based on the Eq. 12b, since
all parameters are constant, the energy consumption of MNs
depends on their distance to their destination CHs. Because of
uniform node distribution and the same density of the nodes
in different clusters, the following relation can be concluded:

. %EIT(W(II—MNS (13)

EiTm‘ —MNs —

E]Tot—MNs ~ E2Tot—MNs% .

Then, because of equal energy consumption of MNs
belonging to different clusters, instead of giving priority to
clusters based on their energy consumption levels, the clusters
take priority based on their distances to the WM C-MN, which
results in reducing the vacation time of WMC.

If the WM C-MN starts to move from a Sartpoint and the set
of anchor clusters of the WMC-MN is {ACy, ACy,..., ACk},
then ACy and AC; can be determined as follows:

AC1 = min (d (Sartpoint, PCC}))
1) 1<i<K (14)
And,
AC;j = min (d (ACj_1, PCC;))
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ST:1)2<j<K
2) 1<i<K

3) i ¢ {AC1,ACy, ..., ACj1} (15)

where PCC; denotes the position of the center of the ith
cluster. After determining the charging cluster sequence,
BS starts to calculate the charging time of WM C-MN in each
anchor cluster.

2) CHARGE TIME OPTIMIZATION OF WMC-MN

In this section, the sojourn time of WM C-MN in the clusters is
determined so that perpetual operation of MNs during a cycle
is guaranteed.

The total energy consumption of a MN during a cycle
consists of the waiting time of the MN, the charging time of
WMC-MN at the next clusters, and the vacation time along
anchor clusters. Therefore, the total energy consumption of
jth MN located at the ith cluster is calculated using Eq. 16.

K
MNWT; + Z (MNCT )
s=i+1

EMN,.Tj’ =

. KZ‘I d(PCCy, PCCyy 1)
Speed

s=i
d(PCCg, Endpoint) n
Speed

(p) x EMN{PV (16)

where, MNWT ; shows the waiting time of the MNs belonging
to ith cluster and MN CT; is the charging time of WMC-MN
at the next clusters after leaving the ith cluster. Likewise,
d is the distance between the positions of the center point
of two continuous anchor clusters. In addition, ¢ signifies
the energy-replenishment time of WMC-MN and speed is the
velocity of WMC-MN.

The waiting time of the MNs located at each cluster con-
sists of the charging time of WMC-MN in previous anchor
clusters and the vacation time along the clusters with a con-
stant speed.

d(StartPoint, PCC1)
Speed

+ li (MNCT;)

s=1

MNWT; = (
i

d(PCCy, PCCy41)
+ Z( Speed )) {17

s=1

Furthermore, if TEL; is the total transferred energy level
from WMC-MN to the MNs located at the ith cluster and
the energy level of WMC-MN after completing the energy
replenishment-time is considered as w, the following relation
can be concluded:

TEL, + TEL> + ...+ TELg = ® (18)

In addition, since the charging range of WM C-MN is equal
with the radius of a cluster, it is able to charge multiple
MNs within its charging range simultaneously. Therefore, by
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using Eq. 9, the sojourn time of WMC in ith cluster is formu-
lated as Eq. 19.

TEL;
N
MNCT; = £ (19.a)
P,
Then,
TEL;
MNCT; = N (19.b)
r X K =

Moreover, the main objective of this section is to achieve
fair division of energy of WMC-MN between clusters in a
cycle, while guaranteeing that none of the MNs will run out of
its energy during a cycle. Therefore, the optimal transferred
energy level from WMC-MN to each cluster is modeled as
an ILP.

K 2
min (a) - Z (TEL,-))

ST: 1 EMNRES EMN[S' + MNCT; > 0

N
2) 1<j<—-1
) =iz g
) 1<i<K
4) TEL; > 0 (20)

Accordingly, w energy level of WMC-MN is fairly divided
between clusters in such a way that perpetual operation of
MNs is guaranteed during a cycle.

Finally, after determining the charging times of WMC-MN
at different clusters, the BS dispatches the WMC-MN toward
clusters according to their priorities.

V. PERFORMANCE EVALUATION

A. SIMULATION ENVIRONMENT

In this paper, a WRSN is considered as a case study. The
WDMCs and the sensor nodes are equipped with the power cast
chargers and receivers. In this paper, 100 sensor nodes have
been distributed uniformly through a 100 m x 100 m area.
A static sink is placed at center of the area. WMCs moves at
a speed of 0.5 m/s. like the scheme proposed in [25], WMCs
don’t consume energy during the moving along sensor nodes.
likewise, the initial energy of the nodes is 4 J. Other related
system parameters are listed in Table 1 [26].

B. PERFORMANCE ANALYSIS

This section evaluates the proposed FEDS scheme in terms
of different evaluation metrics. The relevant WMCs based
schemes, [13] and [15] are used to benchmark against the
proposed FEDS scheme as the main aim of such schemes is
to improve the network lifetime by determining the optimal
moving trajectory of the WMCs.

Figure 3 shows the remaining energy and energy consump-
tion of CHs during a cycle. In CH based networks, the net-
work lifetime is defined as the time that first CH exhausts its
energy supply [26], [29]. Therefore, due to the introduction of
the relation (11), the CHs will never run out their remaining

VOLUME 8, 2020

TABLE 1. Simulation parameters.

Parameters Value
Number of Sensor Nodes 100

Network Area 100m x100m
Packet size 128 bit
Initial battery level of nodes 4]

Eelec 50e-9

energy dissipated the op-amp 0.0013e-12
Speed of WMCs 0.5 m/s
Initial Energy of WMCs (o) 107J

Energy Replenishment Time of WMC (@)  10000s

u Energy Consumption (J)

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

8§ 9 10111213 141516

= Remaining Energy (J)

FIGURE 3. Remaining energy and energy consumption of CHs during a
cycle.

energy before being recharged again, which leads to achieve
permanent network lifetime. This is because the energy of
WMC-CH is divided into CHs so that their energy is sufficient
until sojourning of the WMC at their clusters in the next cycle.
Moreover, based on the figure 4, the energy status of nodes
has no changes during cycles. This is because, the moving of
WMC-CH along CHs is repeated every cycles.

In addition, figure 5 compares the total energy consump-
tion of network as number of clusters increases. As can be
observed, increasing the number of clusters leads to rising the
number of CHs and results in increased communication cost
in three approaches. As shown in the figure, in our proposed
scheme, the CHs consume less energy in comparison with
two other schemes. This is because, in the proposed FEDS,
when WMC arrives a cluster, the MNs belonging to the
respective cluster send their data to the WMC instead of CH,
which leads to reduce the CH burden. Likewise, this fig-
ure depicts the STD average of the total energy consumption
of the network under different scenarios. As can be seen,
in our proposed FEDS, this value is less than other schemes.

In addition, we evaluate the impact of the number of nodes
on the total energy consumption of the CHs in three different
schemes. As shown in figure 6, our proposed scheme out-
performs two other works. This is because, unlike two other
schemes, the WMCs perform the BS task during sojourning
at each cluster.

Furthermore, the number of non-functional nodes has been
shown in Figure 7 during the running cycles. As shown,
the number of dead nodes rises as time increases in UCMC
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and NJNP schemes, whereas in the proposed FEDS scheme,
the nodes will never deplete their energy supplies before
being recharged again by WMC-CH. This perpetual opera-
tion of nodes has been achieved due to the introduction of
the ILP problem (11). In fact, our proposed FEDS scheme
divides the energy of WMCs among sensor nodes in such
a way that their energy doesn’t deplete during a cycle. This
energy division is repeated in each cycle which results in zero
non-functional node and permanent network lifetime.
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In addition, the remaining energy of the MNs during a
cycle has been represented in Figure 8. As shown, the nodes
around center point have lower remaining energy in compar-
ison with outer ones. This is because, the inner clusters are
first visited by WMC-MN, which leads to reducing of their
energy at the end of each cycle. In other words, the WMC-
MN selects the cluster with minimum distance to its location
and since the WMC-MN starts from the center of the network,
the clusters around center point are first visited and recharged.
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Moreover, the remaining energy of MNs during three
cycles has been illustrated in Figure 9. As observed, none of
MNs deplete their energy during the cycles, which is achieved
owing to present the relation (19). In the other word, this
stems from employing the WMC-MN which charges the MNs
as much as the perpetual operation of MNs during a cycle is
guaranteed.

Figure 10 depicts the traveling time of WM C-MN in FEDS,
UCMC and NJNP schemes under two different scenarios.
In this paper, the traveling time is the total time that WMC
spends for moving along anchor points. As seen, in our
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proposed scheme, the traveling time of WMC-MN is shorter
than other related works. This is because, FEDS optimizes the
moving trajectory of WMC in such a way that the clusters take
priority based on their distances to the WM C-MN, which leads
to reduce the vacation time of WMC. Moreover, it is obvious
that increasing the velocity of WMC leads to reducing the
traveling time along clusters.

VI. CONCLUSION

In this work, a new Fair Energy Division Scheme (FEDS) is
presented for a cluster-based WRSN, which aims to perma-
nentize the operation of CHs and MNs. Two separate WMCs
have been employed to recharge the MNs and CHs, individ-
ually. In the proposed scheme, the problem of scheduling the
WDMCs has been studied, which formulated as ILP problem.
Moreover, the energy of WMCs is fairly divided among
nodes in such a way that their energy will not run out their
energy during a cycle. To achieve this goal, the energy share
of nodes is determined based on their energy consumption
levels so that the more energy is consumed, the more energy
is assigned to the nodes. Moreover, Finally, the simulation
results demonstrate that the desired system requirements are
satisfied using the proposed scheme.
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