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Abstract—Energy harvesting wireless network is an emerging large number of applications. The usage of mobile charger ca
paradigm where the wireless nodes harvest energy to increas pe extended to most energy harvesting networks.
their lifetime. Due to high potential for a large variety of — gayerg| studies have utilized mobile chargers to proloeg th

applications, such networks have drawn considerable attdion .. .. . .
in both industry and academia. In this paper, we consider the lifetime of wireless sensor networks [8]-[14]. These stsdi

energy replenishment problem when the wireless nodes not hn  usually consider energy replenishment and data flow rouing
harvest energy from the ambient environment but also may wireless nodes. A special node named Qi-ferry [9] is prodose
receive energy from a mobile charger. We propose an optimal to carry energy and wirelessly charge the wireless nodes.
energy replenishment strategy using stochastic inventorgheory The authors solve a tradeoff problem of how many sensor

to derive the optimal amount of energy supplied by the mobile . . -
charger. The simulation results show that our proposed sctrae nodes a Qi-ferry is able to charge, and how far the Qi-ferry

not only optimizes the energy utilization, but also improves the Must go back to recharge itself. In [8], a periodic charging

economic benefit of the wireless nodes. scheme of a wireless charging vehicle is introduced. The
authors propose an optimal traveling path to maximize the
|. INTRODUCTION charging coverage of the wireless charging vehicle, and als

formulate an optimization problem of data flow routing and

An energy harvesting wireless network consists of wirelegsiergy recharging. Some practical constraints of the raobil
nodes that are able to draw parts of their energy from tie@arger are taken into consideration in [10], such as travel
external environment by energy harvesting technologi¢s [times and speed. In [11] and [12], the problem of scheduling
[2]. Recently, energy harvesting technologies have stac®e multiple mobile chargers is studied to deal with the limited
applied in wireless sensor networks to extend the netwtek li performance of only one mobile charger. Additionally, the
time and decrease maintenance costs [3]-[6]. However; lorgheme, that mobile chargers could not only charge the nodes
term supply of energy in wireless sensor networks remainsat also carry their data, is investigated in [13], [14].
challenging performance bottleneck. Harvested energfténio  The aforementioned schemes have their limitations in prac-
only available randomly, sporadically and in small amounttice, since they only work well under their specific assummmui
Consequently, some wireless nodes may easily become energyl conditions. For instance, they may assume fixed geuerate
deprived, calling for carefully designed energy managemesata rates [8], [13], [14], the same amount of replenished
policies for data transmission. In addition, as the amoushergy [8], [9], [11], and the same size of energy storage for
of data to be transmitted is increasing, the wireless nodai$ nodes [11], [14]. The data rate of each node depends on
need more energy to be able to fulfill their transmissiothe application running on the node and changes over time
requirements [7]. [10]. The amount of energy replenished from mobile chargers

Recent advances in wireless energy transfer justify tineay be different for each node, but can be estimated from
use of energy replenishment in energy harvesting networkise demands of applications. In addition, it is not apprateri
Energy replenishment schemes may utilize a mobile charderassume that the energy in a battery is stored without any
to prolong the lifetime and improve the efficiency of wiredescost. Actually, the energy stored in a battery suffers wéki-s
networks [8]-[14]. A mobile charger can wirelessly tramsfedischarging.
energy to wireless nodes with rechargeable batteries [9],n this paper, we consider a much more practical scenario,
[10]. Therefore, an energy harvesting wireless networkhwiin which there are energy storage cost in the nodes’ badterie
a mobile charger brings a new and promising direction to(a.g., self-discharging). Besides, the nodes should pathto
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replenished energy from the mobile chargers. In this case, t : Energy harvesting |
wireless nodes should not replenish too much energy because | SRS |
of the energy storage cost and the payment to the mobile | Energy from mobile {
charger. However, if the nodes replenish insufficient eperg ' charger A 4 |
' |

| |

|

they will lose their chance to transmit data and earn ecooomi Applicaton I Transmitter ——

benefit. By considering above practical scenarios, we are

motivated to propose an optimal energy replenishmenegtyat

for wireless nodes to work with mobile chargers in an energy

harvesting wireless network. The wireless nodes can make an

optimal decision using stochastic inventory theory to eejgh

optimal amount of energy from the mobile chargers. The

simulation results indicate that our proposed scheme dgeisn IR O O

the energy utilization and also improves the economic benefi ."A
The main contributions of this paper can be summarized as‘,/' i

follows. v

« We derive a practical system model of energy harvesting‘x\ Q ﬂ
wireless networks by considering three crucial conditions “a@.
the time-varying rate of generated data, the different O
amount of replenished energy for nodes and the cost of
energy stored in batteries. O

« We consider the energy replenishment problem through
the framework of stochastic inventory theory, which is O
a new perspective for solving the problem of energy T
replenishment in energy harvesting wireless networks. o

« We propose a strategy that not only optimizes energy A Basestation @G  Mobile charger % Service station
utilization, but also improves the economic benefit of the ) )
wireless nodes. When requesting energy replenishment,@ Wireless node Vfﬁfr';?i;"iféu“;li“ =+ =P Charging tour
the nodes consider the externally harvested energy to
avoid replenishing and paying for excessive energy, which
also optimizes battery energy utilization.

The rest of this paper is organized as follows. In Sectiofiig. 1: A detailed example of an energy harvesting wireless
Il, we describe the system model including the energy con- network with a mobile charger.
sumption model of the nodes and the energy replenishment
from the mobile charger. We formulate the optimal energy
replenishment problem as an inventory problem in Sectibn [I A Wireless charging vehicle works as a mobile charger to

We present simulation results to evaluate the performamceSfarge the nodes in the energy harvesting wireless network.
Section IV. Finally, we draw the conclusion in Section V. The mobile charger keeps real-time communications with the

BS to ensure information consistency [15]. Since the mobile
Il. SYSTEM MODEL charger is driven by petrol or electricity, it can travel hwia

constant speed and its traveling path is unconstrainedleWhi

traveling, the mobile charger can also receive requesttheia

Fig. 1 shows an energy harvesting wireless network consigs. compared with the travel time, the request delivery time

ing of V' wireless nodes distributed over a two-dimensionahd the charging time are negligible [11]. To maximize the
area. The wireless nodes represent sensors, devices or 8ergy wireless transfer efficiency, the mobile chargerges
chines, which may carry out sensing tasks and then transgyfly one node each time. After finishing the point-to-point
real-time sensing data to the base station (BS). Each w8el@harging tasks, the mobile charger will return to the servic
node has a rechargeable battery (or super-capacitor). Bhe &ation (its starting point) to recharge itself, and getyetor
is deployed in a fixed location, and is a sink node for all nodgne next charging tour. A detailed example of the chargirsgca
generated data. Within the coverage area of the BS, alletisel js shown in Fig. 1, where wireless nodes will send requests
nodes can directly transmit their data to the BS withouty®la t5 the BS based on their application demands and residual

When nodei runs out of energy, it can replenish energy froranergy. The major notations used in this paper are listed in
a mobile charger instead of passively waiting for harvestinrgple |.

energy from the environment. The harvested energy is often ) )

available sporadically and in small amounts. Thereforés it B- Dynamic energy consumption model

much more reasonable for wireless nodes to request energ¥he energy consumption rate of wireless nodes changes
replenishment from the mobile charger in most cases. with applications and time. In this paper, the sensing data

=== Energy flow

A. Network model



TABLE I: Notations and Descriptions

Notations Descriptions Notations Descriptions

Ep energy harvested from environment sof E; current residual energy i

]_3;“ average total amount of energy harvested from environment E,.. ; energy replenished from mobile charger
A the mean arrival rate of data e energy consumption of per unit time

D; distance between and the based station tri time interval between sending out request and receivingggne
pr cost of energy replenishment from mobile charger Pe the benefit from transmitting sensing data
D loss of missing transmitting sensing data Ps storage cost of per energy unit in
C; average total amount of transmitted datai of L; average total amount of missing datazof
Si average total amount of storage in battery; of P; the amount benefit of

arrival process of a wireless noddollows a poisson processA. Energy replenishment problem formulation

[16]. The mean arrival rate of data J§ bps, which is moré \yhen node; requests energy replenishment, the mobile
reasonable under most scenarios than that of many eX'StH}%rger will arrive at the location of nodeand then begin
work, whose arrival rate of data is fixed and given. Similar t, oharqe it. The time interval between sending out a request
[12], each node can monitor its residual energy and estimalg yecejying energy,.;, is called the time interval of replen-
the demand of its applications. In other words, can be ishment for node. Thet,.; is a random variable modeling the
estimated ahead of time according to historical records @l schedule of the mobile charger [10]-[12]. The distitn
applications. _ o characteristics of the time interval of replenishments ban

As the size of request messages is very small, aodainly ogtimated from the historical records by statistical metho
consumes its energy in transmitting data to the BS. Accordify,e assume that.; takes value fronft,. min, tr.max], and that
to [17], the energy consumption of nodeper unit time s {he probability density function is given 4&,.;). Because of
denoted as the dynamic nature of the time intervals of replenishments

ei = piXi, (1) nodei may run out of energy and be idle.

. . . .. We consider that the cost of energy replenishment from a
wherep; is the energy consumption cost per unit data, Whlcrfrl]ob”e charger ig, per unit energy. Meanwhile, a wireless
is given by node can earn some benefits by transmitting their sensitg rea
time data to the BS. The benefit jg per unit of data. The

wherea; andas are two given constant®; is the distance data is required to be transmitted in time. When a wireless

between node and the BS, andn is the loss index of the node runs out of energy, the wireless node will miss data
transmission path. In an energy harvesting wireless négwolfansmission and suffer loss. The loss of a missing data
nodei can harvest the energy from the ambient environmeff@nSmission event is denotgd per data unit. Moreover,
which is denoted byE, ;. The process of energy harvestindh_e_ nodes in an energy harvesting wireless network tygicall

is assumed to be stationary ergodic and mutually statisticj!lize @ super-capacitor to store energy nowadays. Theggne
independent between different wireless nodes. For the sai@/@9e COst can not be ignored as the super-capacitors are
of simplicity, the process of energy harvesting is a seqeen®XPeNSIVe in terms of cost per watt [19]. The cost of energy
of independent identically distributed (jid) random valis, S'Crage Is per unit time. , o

where the amount of energy harvested takes values from th&Uring two consecutive energy replenishment time intexval
seto = [0.25,0.5,0.75, 1]u.J with equal probability every time nodei can earn economic benefit from data transmissions. On

unit [18]. When the nodes run out of energy, they will appign€ hand, it is unwise for nodeto request too much energy
for energy replenishment from a mobile charger. Est ; be rom the mobile charger each time, because nioldas to pay

the energy supplied by the mobile charger to ned@hen more. The energy storage cost is increased with the incrgasi

nodei can be charged with the energy,,, ;, which satisfies €N€ray stored in the battery or super-capacitor. On therothe
' hand, if it requests only a small amount of energy, it shoslel u

Echi = BEre,. (3) more time to finish data transmissions and earn less. Hence,
_ o ) node: should request a certain amount of energy, based on
Here, 3 is the efficiency of the wireless energy transfer [9]. poth predicted energy demand caused by data transmissions
and on the dynamic nature of ;.
As shown in Fig. 2, in an energy harvesting wireless
In this section, we formulate the energy replenishmentprobetwork, every wireless node is like a salesman that has
lem using stochastic inventory theory for an energy haivgst its own energy storage system (a battery or super-capacitor
wireless network with a mobile charger. We also discuss a sdée transmitting data is similar as products. Nad®ot only
nario to illustrate the optimal energy replenishment stygt  harvests energy from the environment but also requestggner

pi = Q1 + as D™ (2)

1

IIl. PROBLEM FORMULATION AND SOLUTION



replenishment from the mobile charger (like a manufacjucer Wireless node

transmit data. It is similar to the scenario that a salesnaes CTT T T T T T T T T T T |

and sells his products to the customers (i.e., base station) i

and then earns from them. He also has to pay for the raw'“'w material {

material from the manufacturer. The problem of maximizing i ventor P

the wireless nodes’ economic benefit can be formulated imto a Manutacturer | (Batteryor (Transmitter) | Customer

. . (Mobile charger) | super-capacitor ) (Base station)

inventory control problem. Here, the inventory controlipieim -

is similar as that of how much energy a salesman should

order to satisfy the demand of his products in each time

period. We utilize this optimal inventory approach to solve Fig. 2: The model of an optimal energy replenishment

the energy storage problem. The application demands of the strategy using stochastic inventory theory.

wireless nodes are stochastic. Similarly with the scenrio

[20], each node should make an optimal decision to consol it

inventory of energy in order to maximize its economic benefitransmitted data. We solve the optimal energy replenistimen

The wireless nodes should determine the optimal amountmbblem by using stochastic inventory theory.

replenished energy from the mobile charger. By the products In our life, if a salesman has insufficient inventory, he coul

inventory model of energy replenishment, an optimal energypt send products to his customers. Then his customers will

replenishment strategy is then proposed to decide the amotimose to leave, which results in a loss for the salesman.

of replenished energy. Analogously, if node is short of energy, the event of missing
data transmissions happens. The average total amount of

B. An optimal energy replenishment strategy using sto@hasmissing datalL;, is expressed as

inventory theory

e Energy Product
. PG LN

(data)

(energy)

Payment Payment

tr,max
In an energy harvesting wireless network, we defikg L;= / F(tri)(trs — Aty)dt, ;. (5)

to be the energy consumption duration of nadsetween the

last time of battery replenshment from the mobile charger an

when running out of energy. On average, if nadeonsumes

e; energy every time unit, the energy consumption titkg

is given by

At;

Apart from the missing data, the rest of the sensed data
from a node can be successfully transmitted before running
out of energy. The average total amount of transmitted data

_ for nodei is given by
At = E;+FEu;+E h,i7 4) At troman
€
C, = / Nt i f (i)t + / NAGF (i)t (6)

wherekE; is the current residual energy in the battery of nade L o

E i is the average total amount of energy harvested from theo e are two items in eqn. (6). The first item is the average
environment within the energy consumption time;. £y, ; is value of data transmission whep; < At;. The second item
the total charged energy from the wireless charging vetlicler\s the average value of data transmission when> At;.

As the energy harvested from ambient environment is takenTO transmit the aforementioned data, the average total

from the seto = [0.25,0.5,0.75, 1]uJ with equal probability amount of energy is represented as
each time unit, the average total amount of harvested energy

is En; = 0.625At;. From egn. (4), it is clear that the Ri = piCi. @
longer energy consumption time results from requestingemor The cost of energy includes both the replenished energy
replenished energy. If the time interval of replenishmgnt and the current energy inventory. During each time period,
is larger than the energy consumption tim;, node: will the amount of stored energy is varying with the amount of
be short of energy to transmit data and will be idle until iteplenished energy. Clearly, more replenished energygsrin

of energy replenishment, the inventory in the wireless node

the amount of transmitted data and the loss of missing d.ataGiven all the price parameters and known variables, the av-

transmission. Generally, when increasing the loss of mgssi - . - )

L : erage total economic benefit of noflan our energy inventory
data transmission or the replenished energy, the eCoNoMICy  '» i< expressed b
benefit of nodes will decrease. On the other hand, the eco- ' P Y

nomic benefit can be improved by increasing the amount of P, =p.C; —piL; — psS; — prR;. 9)

receives enough energy to work again. bigger energy inventory. Then, the total amount of storage i
Fig. 2 shows that it is important for a salesman to choos®ergy inventoryS;, is represented by
the optimal inventory level to satisfy the demand of sending At tes
products in an inventory system. The salesman should also Si=pi( [ ftri) [ N(At —t)dtdt, i+
avoid redundant inventory in each time period. The economic tr,min 0 8)
benefit of a node depends on the following factors: the amount brimex A
[ ftrs) [ Ni(At; — t)dtdt, ;).
At; 0



From eqn. (5), (6), (7) and (8), we know that eqn. (9) is

300 T

a function of the variableAt;. To maximize the economic —-0O—)=1
benefit, the optimal energy consumption tine;}, is the key _D_tio
point. The objective function is defined as 20| =)=
At = arg  max(P;(At)). (10) T 200f
0< At <tmax =
The optimal amount of requested energy for replenishmer E 150 |
E;;, can be found by deriving the above equations. %E’ q
C. A case study for the optimal inventory solution § 1001
Similarly to the case in [12], we consider that the replen
ishment time intervat, ; follows a uniform distribution. The 501
steps of an optimal inventory solution are as follows.
« Step 1: The probability density functiofi(¢, ;) is de- 0 10 20 20 20 50
noted by, AH(s)
1 (a) The total amount of transmitted data.
f(trz) = 77@”.2’ S [ tr min;tr max ] .
t7',max - f/'r,min i ' '
(11) 250 :
« Step 2: According to egn. (11), the average total amour —O0— -1
of transmitted data’;, the total amount of stored energy —U—ﬁo
S; and the total amount of missing dafa;, can be 200} O=-10]]
expressed as follows, respectively,
A T
C’i = ti[Af'it‘hmax - 05(Att2 + ti,min)L ‘E" 150
r,max 7,min 2 (12) é
S = Ao Al ) § 100
Ati37t§’m:{m7 r,min (13) s
- r,mm]7
0.5\ %
Li = 7(Atz - tr.max)Q- (14)
f/'r,max - tr,min i
o Step 3: To maximize the benefif);, we can use the 0
derivative method. Taking the first order partial derivativ A4s)
of P; with respect toAt;, we obtain (b) The total amount of missing data.
oni = T [(pe = pipr +p0) (brmax — Aty)
—piPs(Atitr max — 0.5AL2)]. 3
(15)
Then the second order partial derivative is given by, a5
2 . .
gAIZ% = - tr‘majjtrmm [pe — PiPr + P1 + PiDs (tr,max
—Aﬁi)] 5 2
— A s
T T frmax—trmin g
(16)  Z1s
Here,A; = [pe — pipr + pi + piPs(trmax — At;)]. =
o Step 4: If A; is smaller than 0, we know thaP; can a oy
be maximized, and\t; can also be found by deriving
28 =0 in eqn. (15). os |
IV. NUMERICAL RESULTS _{’_’O/O/?

In this section, we evaluate the performance of the propost % 10 20 30 40 50
optimal energy replenishment strategy in an energy hangest atts)
wireless network by simulations.

We consider an energy harvesting wireless network con-
sisting of 50 wireless nodes randomly deployed in a squdrég. 3: A comparison of the total amount of transmitted data,
area ofl x 1 km?. The base station is located in the middle missing data and energy storage (on average).

(c) The total amount of energy stored in the battery.
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Fig. 4: The economic benefit of energy replenishment. Fig. 5: The performance comparison of different strategies

of this area. The energy consumption constants are setal@rage economic benefit of all the nodes. In the maximal
a1 = 50nJ/b anday = 0.0013pJ/(b-m*). The loss index of energy replenishment strategy, the wireless nodes regleni
the transmission path is. = 4 [17]. The replenishment time the maximal capacity of energy to their batteries or super-
interval is randomly chosen from the interval [1, 50]. capacitors. Then, when the average data arrival rate isesea
Fig. 3 shows the transmitted data, missing data and enetpg average economic benefit of nodes is increased as well. Ou
storage during different energy consumption tindesfor all  optimal energy replenishment strategy is about 30% higher
nodes in an energy harvesting wireless network with a mobilgan that of the maximal energy replenishment strategy when
charger. The lines with circles represent the case when the- 8 bps. The reasons are as follows. Our scheme can opti-
data arrival rate\ = 1 bps. The lines with square representize the total amount of energy replenishment to avoid high
A = 5 bps and the lines with diamond ave = 10 bps. cost in energy storage. Additionally, the nodes also carsid
Fig. 3(a) shows the transmitted data during differés. It the external harvested energy from the environment to avoid
is clear that the longer energy consumption tide brings replenishing too much energy from the mobile charger. In
the larger amount of transmitted data. Also, a larger daéammary, our proposed strategy optimizes energy utitinati
arrival rate results in a larger amount of transmitted datand also maximizes average economic benefit of wireless
Fig. 3(b) shows that the total amount of missing data isodes.
decreasing whert increasing. Notice that the energy storage
is increasing in the same scenario, showing that the nodes V. CONCLUSION
have more energy. In summary, when the energy consumptionn this paper, we consider optimal energy replenishment in
time increases (i.e., the nodes received more energy in #mergy harvesting wireless networks with a mobile charger.
last energy replenishment), the energy storage in therfeste Stochastic inventory theory is used to maximize the economi
is larger. The wireless nodes have more energy to suppbenefit of the nodes. The proposed strategy allows the wiele
data transmission, which results in more data transmified. nodes to make optimal decisions to replenish energy from the
amount of missing data will be less in this scenario. mobile chargers. As a consequence, a node can work collabo-
Fig. 4 shows the average economic benefit of nodes withtively with the mobile charger. Simulation results iratiE
respect to the energy consumption time when the data arritt#ht the proposed strategy is efficient in maximizing both
rate is A = 5 bps. From this figure, we know that theenergy utilization and data transmission in energy haivgst
average economic benefit is also influenced by the followingreless networks with a mobile charger.
price parametersy,, ps, p; andp.. The At* increases with
increasingp., and decreases when increasing thep. and
ps. The At* is decided by the pricing model, which brings The work is supported in part by programs of NSFC
the best economic benefit to nodes. under Grant nos. 61422201, 61370159 and U1201253,
Fig. 5 shows the performance comparison between duf301255, Guangdong Province Natural Science Foundation
optimal energy replenishment strategy and the maximabgneunder Grant no. S2011030002886, High Education Excellent
replenishment strategy. We evaluate the average econoiieing Teacher Program of Guangdong Province under grant
benefit of 50 nodes with different data arrival rate duringo. YQ2013057, and Science and Technology Program of
same time period. The horizontal axis represents the ager&uangzhou under grant no. 201432200097 (Zhujiang New
data arrival rate of all the nodes. The vertical axis is th®tar Program), 240079/F20 funded by the Research Council
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