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The battery power limitation of sensor nodes (SNs) is a major
challenge for wireless sensor networks (WSNSs), which affects the
network survival. Thus, optimizing the energy consumption of SNs as
well as increasing the lifetime of SNs, and thus, extending the lifetime
of WSNs are of crucial importance in these types of networks. The
mobile chargers (MCs) and the wireless power transfer (WPT)
technologies have played an important long role in WSNs, and many
researcher works have been done on how to use MCs enhance the
performance of WSNs in the recent decades. In this paper, we first
review the application of MCs and the WPT technologies in WSNs.
Then, forwarding the issues, MC is considered in the role of power
transmitter in WSNSs and the existing approaches are categorized, with
the purposes and limitations of the MC dispatching studied. Then an
overview of the existing articles is presented, and in order to better
understand the contents, tables and figures are offered that summarize
the existing methods. We examine them in different dimensions such
as advantages and disadvantages. Finally, the future prospects of MCs

are discussed.

1. Introduction

Recently, Wireless Sensor Networks (WSNSs)
have been widely used in many healthcare and
monitoring areas [1-4]. Given the small size and
limited battery capacity of the sensor nodes (SNs)
in WSNSs, the battery power of SNs is limited,
which is regarded as a major problem in the
practical implementation of these networks. There
are currently four main ways of energy
management in WSNs [5-7]:

Energy conservation scheme: Although it cannot
compensate the energy consumed by SNs, this
scheme can only minimize the energy
consumption of SNs by relying on a number of
routing and protocols methods.

Battery replacement manually: This method is
only suitable for small sensor networks whose
SNs are tangible. Battery replacement will
frequently increase the manpower and material
costs. Energy harvesting technology: This

technology has proposed energy extraction from
the environment in order to compensate for the
energy lost in SNs. Due to its dependence on its
surroundings, this method inevitably imposes
instability and uncontrollability in receiving
energy for the network.

Wireless power transfer (WTP) technology: WTP
is a new approach to overcome the limitations of
the above designs [7, 8]. The main idea is to put a
battery with enough power on a robot. Using this
technology in [9], the robot has acted as a wireless
mobile charger (MC) in order to charge SNs
wirelessly. Based on this technology, they used an
MC that utilized the wireless charging technology
to charge a WSN. Among the WPT technologies,
magnetic resonance coupling seems to be the most
appropriate technology for WSNs. In [10], the
researchers have conducted the first study on how
to use the WPT technology in WSNSs.
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Figure 1. Outline of the survey.

The WPT technology offers great benefits such as
minimizing the charging latency, maximizing the
system power and, maximizing the network life,
which can be mentioned as primary targets for
using MCs in WSNs. The Magnetic resonance
couples [5] are one of the WPT technologies first
proposed by Kruse et al. The authors considered
the scenario of MCs, which periodically moved
through WSNs and charged each SN. After each
trip, MC returns to its service station (SS) or base
station (BS), taking a break to start the next trip
(Figure 1 shows the usage of MCs in WSNs).
Given the recent advances in wireless energy
transmission, based on the magnetic resonance
coupling of an energy source, it is no longer
limited to charging only one receiver per unit
time. Reference [7] proposed the one-to-many
WPT technology allowing charging of multiple
receivers via a single source simultaneously,
which is entirely based on the scalability problem
in WSNSs. It addresses WPT [8, 11].

In the present study, we present an integrated
study on an MC vehicle as well as a static charger
based on WPT as an energy deliverer in WSNSs.
We also discuss how they can solve the problem
of energy constraint as SNs of small size with a
limited capacity in WSNs. In order to gain a
thorough understanding of the wireless chargers,
in Session 2, we will first look at the WPT
technologies and charging models. Then, we
describe the taxonomy in the wireless charger
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from two viewpoints including the static charger
and MC. We then focus on how MC extends in
WSNs, and finally, based on our classification, we
introduce the task of MC, issues of dispatching
MC, classification of dispatching MC methods,
and the objective of its dispatching in WSNs.
Next, in Section 3, we describe our taxonomy of
research topics in dispatching the MC method
issues in two ways, periodic and on-demand.
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Figure 2. Display of the difference between energy
deliveries.

Then, according to using one or several chargers,
we cover all methods in each sub-division with
respect to the MCs objectives. Also, we
summarize the efforts on the MC in several
figures and tables. In Section 4 and 5, we present
a perspective on the future research work and
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conclude the paper. Figure 2 shows the structure
of the survey.

2. Wireless Chargers

2.1. Wireless power transfer (WTP)

The power constraints are widely recognized as a
major problem in wireless devices. In WSNs, the
limited lifetime of the network, due to the limited
capacity of the battery, is a major issue as well as
an obstacle to its implementation on a larger scale.
Recently, wireless power transmission has been
proposed as a promising technology in order to
address the energy bottleneck problem as well as
the lifetime of the sensor network. Currently, the
WPT technologies have been divided into three
groups [5, 11, 12], which include the induction
couples: it uses electromagnetic induction in order
to transfer energy wirelessly, electromagnetic
radiation: it operates on a radio frequency
between 850 MHz and 950 MHz, which can be
transmitted in two ways: directional radiation and
omni-directional  radiation, and  magnetic
resonance couples: it has been proposed by Korus
and is widely used in WSNs. Table 1 summarizes
the disadvantages and benefits along with several
practical examples. In Figures 3 and 4,
respectively, the WPT model and their
applications are presented.

2.2. Charging Model

The experimental wireless charging model based
on the well-known Friis free-space loss model
was first formulated in [13]. Accordingly, the
power received in a wireless sensor device is as
follows:

o _ (GG) Z
' L, (4z(dis(M,s)+p))

)R (1)

P, is the transfer power of the source, i.e. the
transfer power of MC; P. is the received power of

the receiver, i.e. the power received from SN;
dis(M,s;) is the Euclidean distance between SN

s; and MC M; G, denotes the gain of the source
antenna, G, is the gain of the receiver antenna,
L, represents the polarization loss, 4 denotes the

signal wavelength, 7 is the rectifier efficiency,
and S equation for a short distance transmission

(long distance). All values in the charging model
are constant. In order to ease the description,
equation (2) is re-written as follows:
P=r
(dis(M,s)) + B)*
where

(€3]
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Typically, y is between 2 and 4, and y is equal
to 2. Generally, if R indicates the charging range,

the power received P. ina SN is as follows:
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In articles such as [10], [14-19], the Friis charge
model has been used.

2.3. Taxonomy

The WPT technology has grown dramatically in
the recent years with the development of WSNE.
Generally, wireless chargers can be classified into
two categories according to their charging
behaviors and performance [18, 20]: static
chargers [21-24] and MCs [25].

e Static Charging (SC): In this type, since static
wireless chargers are fixed to charge the
devices in predefined locations, the primary
focus of most studies is to determine the ideal
spot and minimize the spot for them. As noted
previously, their effective coverage range is
only a few m and maximum 10 m based on
the magnetic resonance couples and
electromagnetic radiation, respectively. Thus,
they are only adequate for small areas. In
addition, the cost of stationing omni-
directional static chargers is expensive across a
vast network. The current literature examines the
strategies of stationary  wireless charger
deployment in three different scenarios [5].
Figure 5 shows an overview of them.

1- Point Supplying: SCs are stationed in order to
support fixed SNs with the WPT capability.

2- Path Supplying: The purpose of SCs is to
deploy mobile or mobile nodes (for example,
human-wearable or implanted sensors) on their
journey.

3- Multi-Hop Supplying: Specifies places to
place SCs in a static network, where devices with
WPT are also active and can share energy with
each other.

e Mobile charger (MC): The studies on MC
emphasize both the problem of charging the SNs
that is considered as a trip planning issue as well
as scheduling a minimum number of MCs to
compensate for the nodes' energy by moving
around the network.
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Table 1. Comparison of Technologies [7] and [8].

Wireless energy
transfer
technologies

Advantages

Disadvantages

Examples

Induction
couples

Simple implementation, high efficiency
charging from a few mm to a few cm

Short charge distance,
requires precise alignment
between chargers and devices

Electric toothbrush,
charging pad for cell
phones and laptops

Rechargeable WSNs for

Omni-directional S:zcaéli-vsge Low charging efficiency over  environmental monitoring
distance (temperature, humidity,
. light)
Electromagnetic —
radiation Efficient long- Need for line- of-sight
distance charging charging and sophisticated
Directional from several - - SHARP drone
tens of m, up to tracklngcrzleecgs\rl\ilzrenss, large
several km
Magnetic High-efficiency charging from a few cm to Charging mobile devices
resognance a few m, charging multiple devices High efficiency in just a few or electric vehicles,
couples simultaneously, no need for line-of-sight m range implantable devices and

charging, insensitive to weather conditions

WSNSs.
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Figure 3. Charging system models showing WPT technologies [7] and [8].

A. »
Haier HDTV is powered
by wireless electricity

The sharp unmanned plane
receives power beamed from the
Erath

Electronic toothbrush

= N = d
Qualcomm halo electronic vehicle
powered when stay at the charger point

Intel WISP harvest power from Cell phone and charger
radio signal pad

(a) Electromagnetic radiation (b) Magnetic resonance couples (c) Inductive coupling

Figure 4.1llustrations of applications of WPT technologies [5] and [7].
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2.4. Mobile charger (MC)

After a significant progress in the WPT
technology, the researchers have found a greater
determination to apply MC or multiple MCs as an
efficient charging method in WSNs [26]. MC with
a rechargeable battery, assuming the battery has
enough power to charge all the SNs in the
network, moves over the network and charges all
the available SNs wirelessly. In addition, it will
return to SS in order to recharge its battery if the
battery is being completed [7]. The WPT
technologies bring considerable profits such as
minimizing the charging delays, maximizing the
system power, and maximizing the network life.
Thus they can be considered as the main reason
for employing MCs in WSNs. In the following
sub-sections, we first classify the different tasks of
MC, and then discuss the issues of dispatching
MC(s) and their goals for WSNs, and finally
provide a classification on the approaches of
dispatching of MC(s). According to various
papers, three major roles are played by MCs,
including: (Figure 6 (a-c)):

1- The role of aggregator (collection), gathering
information or data from the relay nodes or SNs.
2- The role of the deliverer (delivery), the delivery
of energy to SNs.

3- The hybrid role (combination), a combination
of both the information gathering and the energy-
delivering roles.

SN

Charglng Area
Charglng Area 8
h’/r Q"o

(&
@ %7 /qyd
\
%, "o,”o Mobile 11406l
Wireless ey

power path

(a) point providing
scenario

(b) path providing
scenario

Charging Area

(c) Multihop
providing scenario

Figure 5. View of static charger scenarios [5].

2.4.1. Issues of Dispatching MC in WSNs

In this section, we first introduce the problem of
dispatching an MC to WSNs as the problem of
trip schedule of one or more MCs such that they
visit and recharge a set of SNs. Also, one of its
goals is usually to extend the network lifetime.
Generally, five fundamental subjects must be

387

considered in planning an MC trip including [10,
18, 27-29]:

1- Charging Location: The best charging
locations to visit MC must be obtained by
considering a number of distributed SNs and their
locations so that MC can cover all SNs.

2- Travel Path: Depending on the number of
charging locations, the MC is required to visit, an
optimal travel route must be obtained to meet all
locations by the MC so that specific goal(s) can be
achieved.

3- Charging Time: Depending on the number of
stop points (SP) for MC to visit, the optimal
charging time for MC at each SPs should be
obtained so that SNs are sufficiently charged.

4- Data Rate and Data Routing: Depending on
the number of SNs, their locations and the
required data flow, the best data rate, and the best
data path for the SNs should be gained so the data
collection performance is optimized.

5- Number of MCs: Supplying energy through
cooperation of multiple MCs; they must set the
minimum number of MCs in order to gain a
specific target such as the lowest cost.

The above five topics are contemplated as the
optimal variables to achieve some goals present in
Section 2.4.3.

2.4.2. Classification of
Methods in WSNs

In WSNs, the task of the charging system is to
guarantee the lifetime of the network nodes for a
set time. The current MC scheduling strategies
are, therefore, classified into five different aspects
ranging from the demand response to demand-
based, periodic-plan strategies. On the other hand,
the strategies are categorized in terms of the
number of MCs as single and multi-chargers. In
addition to the charging model, both are classified
as point-to-point and point-to-multi-point. Table 2
reports these classifications. In Figure 7, we
present two typical model systems that have been
proposed for scheduling portable charger delivery
in the articles. View the strategies of using MC to
charge SNs via wireless.

MC Dispatching

2.4.3. Objectives of Methods of Transmitting
MC in WSN

Since the replacement of SNs is not economical,
improving the network lifetime, where node
charging technologies fail to work, is the first goal
of the traditional network designers. Following
this idea, with the advent of WTP and MCs,
different concepts were raised such as energy
efficiency, vacation time, latency, charging
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guantity, MC number, and rate number of live
SNs [16, 29]. Then we summarize the goals of
dispatching Table 3.

3. Proposed Taxonomy of MC Issues in WSNs
In this section, we have an overview of some of
the dispatching MC methods in WSNSs. Further,
these methods are categorized into two groups:
periodical and on-demand methods. In each sub-
group, we first indicate the studies on the usage of
MC and then proceed with several MCs. Note that

MC

Data

flow
\Y Energy
flow
fl
MC

it has been attempted to classify by the MC goals
discussed in Section 2.4. The summarization of
the existing methods as well as their
disadvantages and advantages and the
relationships between them are shown in Table 4
and Table 5.

3.1. Periodic MC Dispatching Strategies

MC employs a pre-determined path to charge SNs
in periodic approaches [10, 14, 15, 30, 31].

BS Remaining
energy
—_——— ss
/

'\\i\“% /

|
O
? et '
Sensor / | Recharge
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(a) Gathering data by (b) Delivery of energy (c) Gathering data and (d) System structure of
MC

by MC delivery of energy by MC delivering of energy and data.

Figure 6. (a)-(c): The third of major roles of MC in WSNSs, (d) Energy delivering system.

Table 2. Classification of MC delivery methods.

Charging time, travel route and charging sequence are specified in each round.
Periodic MC(s) charges all the SNs in each round. The energy consumption rate of SNs is
constant and the network topology is unchanged.

gll?ergmg MC(s) will preferably charge the SNs that require the most charging per round. The
Y charging schedule changes dynamically with the behavior of SNs in each round. The
On-demand  energy consumption rate of SN is not constant and the network topology is
dynamic.
Point_to- It is suitable for the low-density node sensor networks or distributed nodes. MC(s)
Charging point only charges one node.
model Point-to- In WSNs high nodes density of distribution, clustering is applied. MC can charge
multi-point ~ Multiple nodes in a range by selecting one node at a time.
. It is suitable for small WSNs with a simple network topology. All SNs are charged
Single by MC.
MC number

The purpose of large-scale or ultra-large WSNs with complex network topology.

Multiple Several MCs work together to charge SNs.

Centralized ~ Under a central entity the direction of motion of MC is determined.

Route control

Distributed  The direction of movement is determined by the synergy between MCs.

Full The battery of the SNs is fully charged.

How to charge

the nodes

Partial The battery of the SNs is partially recharged several times as required.

Table 3. Goals of dispatching MC in WSN.

Network lifetime The Duration of starting WSN operating to the death of the first SN.

Efficient use of energy (ratio of the energy received by SNs to the energy consumed by MC

Energy efficiency throughout the charging cycle).

Resting time of MC at BS (total time travel by MC to meet all SNs plus total charging time

Vacation time of SNs)

Duration of the charging requests to recharging them. (it is in term of charging time plus
latency waiting time and travel time for each SN)

Survival rate of SNs  Relationship between the rate of surviving SNs and the number of SNs.

Charging quantity Total number of charged SNs.

MC number Minimum number of MCs to achieve the above goals.
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It is assumed that all SNs are required to be
recharged, and MC will charge all SNs in each
cycle along the specified path. These schemes are
established on the point-to-point or point-to-multi-
point charging model.

3.1.1. Charging Strategy Using MC

The intention of most single MC strategies [10,
14, 15, 30, 31] is to minimize the total charging
time of the nodes, including the total traveling
time for MC to meet the entire SNs coupled with
the total charging time the whole node, along with
other goals mentioned in Section 2.4.3.

e Maximizing Vacation Time of MC
The goal of the authors in [10] was to increase the
rate of the vacation time of MC so that all SNs
would have the least energy. The authors
theorized that the optimal travel path for the MC
to maintain the renewable energy cycle is the
shortest Hamiltonian cycle (SHC) which is
obtained by solving traveling salesman problem
(TSP) [32]. Then, a non-linear optimization
problem was formulated by considering the time
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of charge and routing of the data. This problem
was NP-hard. They acquired a possible solution
by adopting the piecewise linear approximation
technique. Reference [17] is an extended form of
[10] by considering a point-to-multi-point
charging model. Reference [14] improved [10],
where the static routing in [10] was considered, in
contrast to the time-dependent dynamic routing
applied in [14]. As in [28], the authors in [15] also
presented a non-linear programming in order to
optimize the total charge time where the SNs were
charged within a very short time and received the
maximum  energy through synchronization
between the angle and distance constraints
(Figure 9). Their results revealed that if MC was
arranged in a proper distance and angle from SN,
the charging nodes would diminish by half. Their
linear model was solved by simplex method.

The above-mentioned studies utilize a point-to-
point charging model to charge SNs. Hereafter,
we will review the articles that discuss the
selection of charging locations along with the
point-to-multi-point charging model [28, 30, 33,
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34]. Reference [30] modified [10] by converting

its energy model to point—to-multi-point.
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in [39].
They also formulated the issue of minimizing the
vacation time of MC as a non-linear programming
problem, and provided an optimal solution using
discretization and a reformulation-linearization
technique [35]. The authors in [16] developed the
ratio of the vacation time of MC regarding the
travel path, routing flow, and charge time of SNs
by considering a hexagonal cells space so as to the
MC pass away of central of all cell where inside
SNs have the least energy level and charge them.
Acrticle [16] was developed based on the idea of
article [36].The strategy proposed in [33] was
simar to reference [16]. However, they considered
SC as the travel path of MC, and provided the
optimal path with one of solving TSP. In addition,
they focused on the optimizing node charging
time at each stop point, using dynamic routing
solutions. In [34], a linear model was offered for
optimizing the charge location of nodes and their
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MC

Figure 9. Concept of charging by considering
of angle in [15].

charging time in order to achieve the maximum
number of the charging nodes along with the
minimum number of selective SPs in MC. They
also reduced the search space in order to find the
optimal solution using the smallest enclosed space
method [37] as well as the Lloyd’s k-mean
clustering algorithm [38]. In [28], their goal was
minimizing the charging stop point accompanied
by the travel path of MC in order to gain the
minimum energy consuming MC by considering
the limitation of battery capacity of MC. This
problem was known as the SHC problem, and the
mate-heuristic genetic algorithm was applied to
solve it. The goal in [19] was similar to [34], but
in [19], they presented a new directional charging
model with a foundation of angle and distance.
They implemented the angle disconnection
technique based on the charging model, and the k-
means algorithm in order to Ilimit the
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computational space of the problem and to obtain
the minimum charge delay.

o Lifetime of Network

In [40], the authors jointly examined the routing
and charge of SNs in order to seek the optimal
flow path and delegation of the amount of energy
to each SN with respect to the specified battery
capacity of MC; thereby, they can obtain the
maximized network lifetime. The authors' goal in
[9] has been to extend the network lifetime,
finding the optimal charge sequence by taking
into account the charging time of each SN.
Compared to [9], [40] has improved its
performance by addressing the issues related to
the charging schedule. In [41], they designed a
charging strategy based on maintaining the
balancing energy consumption in network along
with finding a routing algorithm compatible with
the feature of the nodes in the charging stage in
order to promote the network lifetime.

e Increasing Energy Efficiency

The consumption of MC energy can be
categorized into three types: moving the energy
used up to move MC along the network. In
addition, the energy that the MC loses due to the
distance and duration of charging SNs, and
finally, the energy of MC received by SNs.
Improving the energy rate received by SNs to the
total energy consumption of MC will enhance the
charging energy efficiency, which will boost the
performance of WSNs. As a result, one of the
goals of MC [16, 18, 36] is how to strengthen the
energy efficiency of networks. The authors in [36]
have proposed a model in order to determine the
best SPs with the optimization of the path and
energy management in SNs, and considered the
issue of prioritizing the charge of SNs in order to
lower the cost of charging nodes with the MC in
the network. In [39], their purposes were to find
the effective SPs by the Welzl algorithm [37] and
moving the path to increase the energy efficiency
by applying two heuristic methods to find both the
effective clustering of SNs and the shortest
moving path for a limited battery MC based on
the weighted edges algorithm (Figure 8).

e General and Partial Charging in Point-
To-Point Charging Model

Most current methods suppose that the battery of
each node is fully charged during the charging
process by MC. In these methods, due to the
restriction of the charging efficiency in the WTP
technology, the work will take a long time to
complete. In order to address this shortcoming,
they suggested that SNs are charged partially in
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order to prevent the death while the travel distance
of MC is minimized and the lifetime of SNs is
elevated as much as possible in [42, 43].

In [42], they provided modules in order to allocate
a suitable energy to SNs and find the best
charging path while estimating the minimizing of
the travel path cost and the highest SNs lifetime.
Although their results have shown effective
charging partially in the large and small-scale
networks, it provides the rising of charge requests
and the travel path for MC. In [43], the authors
provided a similar model to the objectives of [42].
They formulated an optimal new scheduling
model for charging SNs in the critical energy
conditions. They proved that is NP-hard, and
advanced an efficient scheduling algorithm to
encounter the greatest SN charging tours.

3.1.2. Charging Strategy Using Several MCs

In the strategy of several MCs, visiting a set of
target SNs is accomplished by sending MCs
jointly from a SS or several distributed SS. In
comparison to the issue of dispatching MCs, the
concerns of dispatching multiple MCs focus more
on the coordination between MCs. The strategic
design of several MCs usually includes two
discussions:

1- Minimizing the number of MCs in terms of
needing a charge coverage [29, 44].

2- Optimal scheduling design, to dispatch in the
minimum number of MC [45-49].

Most of the strategies of several MCs assess the
point-to-point charging model. References [45-
46] focus on mitigating a number of MCs in
homogeneous and heterogeneous networks in
order to maintain the network performance. In
[45], the authors provided an optimal solution
with linear complexity to the homogeneous SNs
charge scenario in 1D space such as
predetermined circular or linear path. In addition,
they proposed a greedy algorithm for charging
heterogeneous SNs. The authors in [44] had the
same goal as [45], except that limitation of MCs’
battery power was considered. The authors
discussed various aspects of the problem,
including charging SNs with MC as well as using
a point-to-multi-point charging model and
multiple MCs. The results obtained revealed the
maximum energy rate required to charge SNs and
the distance traveled. The dispatching strategy of
the finite energy of several MCs in 2D space was
addressed in [9],[47, 50].

Reference [9] examined the scheduling of a
number of MCs on a 2D homogeneous network is
NP-Hard. Two approximate algorithms as feasible
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solutions were proposed, whose outcome gave the
optimal different answers. The authors in [47]
aimed to minimize the total trip distance traveled
by all MCs. The central idea was to apply the
decomposition techniqgue on a g-rooted TSP

Directional
charging sector

Figure 10. Charging model in [20]
including marked stop points, charging
direction sector, and determined path of

the MC for charging SNs.

In [50], they formulated at least the number of
MCs, given the limited battery capacity of MCs,
as the g-rooted TSP problem that was a classic
TSP for planning multiple MCs akin to [47] with
a provable equation of approximately five.
Nevertheless, growing exponentially with a
number of SNs is its disadvantage. The authors in
[48] determined a time limit for the travel time of
each MC in order to minimize the total cost of
traveling of MCs that have considered as a
traveling salesman problem multiple windows
(TSPMTW) solving by a heuristic algorithm.
Their goal in [46] was to seek the smallest number
of MCs and the best scheduling of MCs, reducing
to a distance constrained vehicle routing problem
(DVRP) in a homogeneous network as the cost of
network is affected by the number of MCs. The
authors in [49] tried to minimize the network
power consumption. The authors in [29] have
studied how to diminish the total energy
consumption in the network. They not only
considered the least number of MCs under the
limited capacity of MCs but also MCs could
charge each other to boot the range of motion.
Note that in the strategies of using several of the
above MCs, the route control has been
centralized.

However, in [51], the strategy of several MCs is
focused on the control distributed with local
information. Their goal was to strike a balance
between the benefits of node charging and the
amount of information available. Four new
protocols were proposed for efficient charging,
which included two distributed protocols and two
centralized protocols to establish a good
cooperation between MCs and to provide the best

problem, finding the trees with the lowest cost and
turning each tree into a closed tour.
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Figure 11. System architecture of WSN with four MCs [68].

way for moving them. The authors in [52]
intended to provide a way to prevent radio
interference so that MCs could be optimally timed
to cover all SNs and minimize total node charging
time, where each SN had minimal energy.
Reference [52] modified [53]. In [53], For charge
timing, a method was provided that calculated the
amount of energy required by which SN and by
which MC can be charged, and how much energy
each MC gives them, resulting in an increase SNs;
this became apparent, and the presence of radio
frequency interference between moving chargers
was overlooked. Article [52] revealed that there
was no need for prior information such as
reference [53], and solved the problem of these
interactions.

In [54], a game theory model was introduced for
the issue of charge timing with several moving
chargers, taking into account the charge collisions
and the point-to-multi-point charge model. Their
goal was to enhance the energy efficiency and to
minimize the number of dead SNs based on how
MCs played in this model. In [55], the authors
proposed the optimal speed control of MC as the
main goal of designing and identifying an almost
optimal solution.

3.2. Demand-Based MC Dispatching Strategies

Most of the articles presented in the previous
section supposed that the MC operates based on
general information in network. In practice,
however, gaining general knowledge creates a lot
of communication and energy consumption. In
addition, in real-time systems where variety of
requests is typically due to inherent network
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changes, periodic MC dispatching strategies lack
compatibility and suffer significant performance
degradation. To this end, on-demand charging
strategies are designed. In on-demand strategy, the
MC receive new charge requests at any time and
charger only these requests in each period. Thus,
the process of constructing and adjusting the
travel path of MC will be based on demand. This
approach is effective for networks with different
energy consumption rates in nodes and increases
the network efficiency and its lifetime [56]. In the
following, we will review the articles related to
on-demand the MC dispatching.

3.2.1. A Mobile Charger Strategy

In [56], the authors maximized charging
throughput in both the periodic and on-demand
charging strategies. For on-demand, they made the
shortest tours of requests considering a time
window. Then for periodic, they responded to the
requests with the minimal processing time, which
included the total travel time and the charging
time for SNs. In [57], the authors designed an
energy synchronized charging protocol making a
series of a dynamic distributed TSP tours based on
only the nodes with low remaining energy in order
to reduce the travel path and the charging delay in
the heterogeneous network.

The authors in [58-60] worked on the design of
distributed control strategies. In [61], the first
come first service (FIFS) was used that processed
charge requests in terms of their time arrival.
Nearest-job-next ~ with  preemption  (NJNP)
algorithm in [60] was suggested to overcome the
constraint [61]. It replied to the service requests in
terms of both the spatial and temporal features in
such a way that MC would charge the next node if
it had either charged the before SNs or the new
request is entered. After that, it selected the
nearest request to itself for recharging. Their goal
was to magnify the charging throughput of MC as
well as shorten the SN charging delay. The
authors in [62], as in [60], were to increase the
survival rate of SNs in a heterogeneous network.
Their spatial dependent scheduling task (STD)
algorithm made a right equilibrium between the
charge requests, due to their distance to MC, and
the necessity of these requests. In [62, 63], the
authors  formulated the charging utility
maximization problem, taking into account the
total travel distance in each tour and the time
window of charge for each SN. Moreover, they
modified reference [64] by considering the time
window. The authors in [65] presented an
approach that revealed a better performance than
[60, 61]. This method aimed to minimize the
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charging latency for SNs with respect to the
charging time of each SN, the travel time between
SNs and the waiting time of each node to be
charged. It used a gravitational search algorithm
(GSA) in order to determine the optimal charging
order. In [66], their goal was to optimize the
maximum charge time of SNs at SPs considering
finite the battery capacity of MC in order to
prevent their early death. They wused a
combination of particle swarm and genetics
algorithm to solve it. In [67], the charging
schedule of MC was examined in order to
maximize the charging efficiency and prevent the
premature death of SNs concerning the concept of
motion angle in order to create effectiveness and
considering the time window, and limited the
capacity of MC.

In [69], a new charging method has been given,
aiming to devises an efficient charging scheme
that involves all the network characteristics, such
as the residual node energy, distance between the
SN and MC, energy level of the neighboring SN,
and necessary charging for charging SNs. First,
they used the entropy weighting method [70] in
order to rank these features for a better decision-
making, and then used the method in [26] to
determine the travel path of MC. The simulation
results showed that their method had a good
performance compared to the methods in [60, 61]
in the charging efficiency and survival rate of
SNs. In [71], the charging schedule problem was
developed in order to maximize the charging
efficiency of SNs for large-scale WSNs. They
claimed that although responses to the emergency
requests in short-circuited (i.e. a Hamiltonian
cycle) were always the best wok, it would be
better to consider the closer SNs along the way in
order to increase the overall efficiency. The
simulation results showed its superiority in the
mentioned criteria compared to the [60, 61]
methods. In [70], their ultimate goal was to
prolong the lifetime of the network and the
survival rate of SNs. They proposed a predictive
model for the energy consumption of SNs to the
making charging path algorithm by determining
the feasibility of the charging path in order to
guarantee a long network performance and
charging efficiency.

In [35], the charge scheduling model was
proposed that used incorporating various network
parameters such as the residual critical SN energy,
used distance between the critical node and MC,
and critical SN density to charge SNs. The results
obtained demonstrated its good performance in
reducing the charge delay and increasing the
survival rate of SNs and energy efficiency. In
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[20], their aim was to address the issue of mobile
directional charging and maximize energy
charging efficiency by identifying the minimum
number of SP and their accompanying charging
angles and then determine the optimal travel path
for the MC (Figure 10).

3.2.2. Strategies of Several MCs

In [27], their aim was to minimize the travel path
of MCs considered as TSP with a multiple time
windows problem. This method clusters the
requests in teams of the minimum set of stop
times in each cluster in order to balance between
the requests. After that, each MC selects the
shortest travel path. Further, they tried to prevent
the radio interference between MCs (Figure 12
shows an example of the time windows). The
authors in [72] devised an optimization problem
that aimed to minimize the travel cost of MCs.
This problem is close to the vehicle routing
problem (VRP). Their protocol for energy
management of nodes selects the SN that has the
least total weight, travel time, and remaining
lifespan for charging. In [73] , they employed a
fine-grained clustering method in order to classify
SNs and then applying TSP with neighborhoods
to gain the best travel path. In addition, to enhance
the charging efficiency, they proposed a route-
charging planning algorithm that allowed
recharging with several portable batteries. The
authors in [74] focus to minimize the network
maintenance cost, which includes in the decrease
the distance traveled by MCs over a period for
large-scale networks. In [58], they provided an
optimization problem with the goal of maximizing
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charging tour using TSP. The
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the charge coverage and scheduling of MCs; if
required, it can be reduced to the geometric TSP
problem [75]. Thus, they have proposed two
greedy heuristic algorithms to find SPs and a right
place for MCs by considering the maximum
charging coverage. In [68], it has been stated the
issue of cooperation between several MCs for
maximum energy efficiency and the survival rate
of SNs simultaneously (Figure 11). The main
point of this approach was on sub-category
clustering and charge planning based on the
temporal and spatial features, respectively. This
method works better than [50, 71].

4. Future Perspectives

In this section, we deal with the future prospects
for the use of MCs for charging SNs in
rechargeable WSNs, including the use of MCs in
3D as well as directional mobile and stationary
chargers instead of their omni-directional. Finally,
we present a comprehensive overview of the
number of recent articles by classification of the
MC dispatching methods in Figure 13.

4.1. 3D WSNs

Recently, the application of MCs in 3D space
such as the unmanned aerial vehicle (UAVS) is
employed in the data collection system and the
recharging of underground or underwater SNs
scenario; the SNs in 3D environments are
deployed, and are interesting for the researcher.
However, most of the available methods have
discussed SNs located in 2D space that is not
enough for these research works.
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Figure 12. Time windows in [27].


https://www.powerthesaurus.org/identify/synonyms
https://www.powerthesaurus.org/employs/synonyms

A Mobile Charger based on Wireless Power Transfer Technologies: A Survey of Concepts, Techniques, Challenges, and Applications

on Rechargeable Wireless Sensor Networks

Table 5. Summary of the MC dispatch strategies.

References

Objective

Methods and Considerations

(2019) [69]

Reducing the charging time of SN,
increasing the charging efficiency,
survival rate of SNs

Applying network characteristics and their ranks by weighted
entropy method [81] and determine the travel path of MC by
method [26], superior to methods [73] and [75]

(2019) [73]

Charging schedule and determining the
travel path of mc, increase charging
efficiency, reduce charging time

Fine-grained-TSP with neighborhoods using some workers

Article modification [17] and [33] by preventing famine, high
efficiency only when the charge time of SNs is significant

(2018) [65]

Minimize charging delay taking into
account the charging time plus the travel
time between the nodes, and the waiting

time for SNs to be charged

A linear model finding the charging scheduling by GSA Just
in small scale

(2018) [67]

Maximize the performance of MC, prevent
premature death of SNs, time window

Closed tours created by directional angel movement and then
determining travel path based on distance and the remining
energy of MC, not considering the charging time

(2018) [27]

Minimum distance traveled and reduced
charging delay with SN clustering,
considering the time window in the

dynamic network and determining the
optimal path

Solving by TSP with multiple time-windows

Reduce failure SNs in a dynamic network, prevent radio
interference

(2014) [72]

Minimize travel costs, SN charging
management based on the lowest total
weight of travel time and remaining
lifetime of SN

VRP, not scalable, MCs do not communicate with each other,
do not transfer energy

(2018) [28]

Maximum vacation time

Non-linear model with minimum energy consumption of MC,
solving by the meta-heuristic method

Just in small scale

(2017) [15]

Maximum vacation time.

Non-linear model, simplex solution, just in small scale

(2017) [39]

Maximum vacation time

Maximum energy efficiency per cluster and optimal path,
Providing two heuristic algorithms, just in a small scale

(2017) [29]

Charging schedule, reducing the number
of MCs and energy consumption

Similar to work [21], except that MCs can charge each other,
considering energy loss in energy transfer to nodes in
calculating energy MC, development in 2D space by

preventing energy loss, developed article [21], energy loss
with exchange energy between MCs is not considered

(2017) [62]

Reducing charging time

Heuristic algorithm periodically and on-demand, considering
charging time and charging time window

Close to optimal answer in small scale

(2016) [18]

Increase charging efficiency

Processing routing according to the energy level of the SN,
the determining the travel path of the MC and charging time in
the central point to establish the overall energy balance

Just in small scale

(2016) [74]

Minimum distance traveled by MC,
schedule of MC for a specified period of
time

Heuristic and approximate algorithms in heterogeneous and
homogeneous networks, based on the idea of the g-root TSP

No considering the charging time

(2015) [64]

SN survival rate, travel path reduction

STD algorithm, considering the time window, charging time is
zero.

(2015) [61]

Reduce charging delay, maximum
throughput charger of MC.

NJNP algorithm according to the distance to the MC and the
arrival time of SN

small scale-just considering the charging value and charging
delay.

(2015) [51]

Balance the profit from charging SNs and
SNs information

Multi-TSP with time window, heuristic algorithm, modifying
article [3] by considering time window

(2015) [30]

Maximum vacation time

Nonlinear model, solving by discretization and a
reformulation-linearizing-technique, just in small scale

(2014) [56]

Maximize charging throughput.

Greedy method and MST heuristic, considering travel time,
SN charging time, depends on location.

(2014) [57]

Reduce the distance traveled and delay
charging

Coarse-grained method, Famine
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(2014) [58]

Maximum charging coverage and
scheduling of MCs if required

Reduction to the Geometric TSP algorithm, greedy heuristic
methods, no cooperation between MCs

(2014) [46]

MCs Scheduling, reducing the number of
MCs

Distance constrained DVRP, solving by approximate methods,
analysis only in theory and on homogeneous networks

(2014) [47]

MCs scheduling, travel path minimization,
homogeneous and heterogeneous networks

Designing five different scheduling scenarios for article
development [33]
Uncertain performance difference between the proposed
method and the optimal solution

(2014) [44]

Minimum number MCs, minimum energy
for charging SNs and distance traveled in
1D and 2D spaces

Approximate and heuristic algorithm, TSP, development of
the method [33] by running in 2D space and transferring
energy between MCs, only for ring and linear topology

(2014) [45]

Minimum number of MCs in a
heterogeneous and homogeneous network

Greedy method and optimal linear algorithm, linear method,
only 1D ring and line topology, no charging time

Small scale

Optimal travel path, nonlinear model, development [10] with

(2014) [14] Maximum vacation time

dynamic routing instead of static

An MC scheduling, minimum number of
(2013) [48] MCs

Q-root TSP, no consideration of the time window, the tree
decomposition algorithm based on the energy of SNs, the
energy of MC is considered

(2013) [33] Maximum vacation time.

Minimum charging time at each SPs, non-linear model,
dynamic routing solutions, just in small scale

(2015) [34] Maximum vacation time

Minimizing the charging delay, clustering by Lloyd k-means

algorithm, no considering time travel to BS

(2012) [10] Maximum vacation time

Optimal travel route, nonlinear model, take a piecewise
linear approximation technique

(2013) [49] An MC scheduling in 2D network

Two approximate algorithms, 2D space, homogeneous
network, long distance from the optimal answer

(2010) [43] Maximum network lifetime

Maximum network life time, considering optimal flow path,

use several metaheuristic methods under different routing
methods

(2010) [9] Maximum network lifetime

Modification of [45] considering charging time

(2010) [36] Maximum energy efficiency

Providing a routing model for choosing the best route,
consideration of charging time, charging prioritization

Thus, it is necessary to design suitable 3D designs
for WSNs. References [76,77] have recently been
presented on the usage of MCs in 3D as UAV
utilizing WTP technologies for charging SNs.
Reference [78] deals with the simultaneous use of
MCs and UAVs in 3D.

4.2. Mobile and Static Chargers with
Directional Charging Model Against the Omni-
Directional Charging Model

Rechargeable WSNs are implemented by the
WTP technology, the mobile or static charger acts
as an energy transmitter, and SNs or rechargeable
devices operate as an energy receiver. However,
the relatively low energy transmission of the WTP
technologies still limits their widespread use in
rechargeable WSNs. Recently, one method that
has received a great deal of attention is improving
efficiency using the directional WPT [79]. Unlike
the omni-directional WPT, the transmitter of
energy in the directional WPT collects the energy
propagated in limited directions through the
energy beamforming [20]. Further, the directional
WTP will be more accurate in charging, and will

transfer more energy, although a more precise
design is required. The current studies focus on
the optimizing network performance based on the
omni-directional WPT technology. In summary,
articles [19, 20, 22] have recently been
investigated in the field of mobile and static
directional chargers.

5. Conclusion

The WPT is considered as a promising technology
for energy compensation in SNs on WSNSs, so the
network can work continuously. WPT mainly uses
the magnetic resonance technology or radio
frequency radiation technology. Based on the
studies, it can be stated that the strategies focus on
the demand-based methods and use of multiple
MCs as well as point-to-multi-point charging
mode in 2D space in order to reduce costs and
increase energy efficiency by the least number of
MCs. In addition, in, viewpoint of the recent
articles is the advent of the directional MC based
on the WPT technology in 2D WSNs, and the
problems are related to UAVs in 3D WSNSs.
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