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ABSTRACT Emerging energy harvesting technology can harvest and convert ambient energy into electrical
power. Itis a quite effective way to extend the lifetime of Wireless Multihop Networks (WMNs), and has been
widely applied in WMNs. Meanwhile, the interference-free link scheduling is an indispensable operation in
WDMN s to reduce energy waste caused by link collision. In the energy harvesting WMNs with link scheduling,
a few works take into account the impact of non-ideal battery on energy efficiency and network lifetime. This
article studies the harvested energy-saving link scheduling problem in the energy harvesting WMNs under
the imperfect storage efficiency. We establish the energy model to index the link weight with the harvested
energy consumed on it. Furthermore, we propose a Centralized Scheduling (CS) algorithm, a Centralized
Scheduling with Minimum interference weights (CSM) algorithm and a distributed one to activate the links
with the maximum weights so as to maximize the utilization of the harvested energy and to minimize the
energy stored in the battery. Finally, this article conducts the simulation experiment to verify the effectiveness
of our algorithms and the correctness of our theoretical analysis.

INDEX TERMS Energy harvesting, link scheduling, storage efficiency, TDMA, wireless multihop networks.

I. INTRODUCTION

Wireless Multihop Networks (WMNs) are widely used in
the communication field and greatly increase network capac-
ity due to the advantages of instant communication, easy
deployment, and powerful self-organization capabilities [1].
They have many specific applications, such as wireless sen-
sor networks, edge networks and edge computing. However,
energy is a key factor restricting the network lifetime [2].
Especially with the development of 5G technology, high-
data-rate multimedia wireless services will cause battery-
powered devices to consume more energy to meet the needs
of various transmission services [3]. An effective technique
to keep networks working for sustainable time is energy
harvesting. In general, the nodes harvest ambient energy
(e.g. solar [4], wind [5], thermal energy [6], etc.) from the
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surroundings and convert it into electrical power. But the
energy distribution of nodes is uneven due to the difference
of node deployment locations and environmental influences,
which severely limits the throughput of the network. Another
technology SWIPT was proposed to solve the uneven energy
distribution in the environment [7], [8]. In view of the fact that
radio frequency signals can carry energy, SWIPT provides
energy to surrounding nodes while transmitting information.
However, maximizing the worst-case signal-to-interference-
and-noise ratio constrained by harvested energy constraint
under the imperfect channel state information is still worth
studying [9]. Therefore, when operating WMNs, a key con-
cern is to manage the energy harvested by nodes to maximize
the network efficiency.

Theoretically, WMNs may operate permanently with extra
energy supply from ambient energy [10]. But in many cases,
the harvested energy is often limited and unevenly distributed.
For example, solar energy is sufficient when the weather is
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clear, but it is insufficient in cloudy days. Once the ambient
energy is not abundant, the network performance will be
greatly reduced. The same problem also exists in SWIPT due
to the loss of the signal when it transmits. To extend network
lifetime or even to support permanent network operation, this
article further considers saving energy on the basis of energy
harvesting.

Typically, the nodes harvest energy and store it in their
energy storage units such as batteries. Nevertheless, the bat-
tery has the imperfect storage efficiency A (0 < A < 1),
which brings new challenges in the effective utilization of
the harvested energy [11]. For instance, the round-trip energy
storage efficiency of the lithium-ion battery is about 90%-
95% [12], and the sodium-sulfur battery has about 89%
energy storage efficiency [13]. In [14], the chemical limita-
tions of the NiMH battery can even cause the storage effi-
ciency to be as low as 66%. In recent years, supercapacitors
have been widely used in energy storage systems because of
their high power density, wide operating temperature range,
and no environmental pollution [15]. However, compared
with traditional rechargeable batteries, supercapacitors have
lower energy density and higher self-discharge rate, which
means that they store less energy and leak more energy [16].
This is detrimental to energy-neutral operation in WMNs.
In addition, the charging efficiency is determined by the
energy conserved by supercapacitors and transmitted by the
charging circuit, so the supercapacitors also have imperfect
charging efficiency [17]. The energy conversion efficiency
of energy receiver in SWIPT is also imperfect [18]-[20].
To reduce the energy waste caused by the low storage effi-
ciency, node prefers to use the harvested energy directly
rather than storing it in battery [21]-[25].

In the energy harvesting WMNS, the prerequisite for suc-
cessful data transmission is to schedule links without interfer-
ence. A popular approach for interference free transmission
is to adopt the TDMA MAC protocol, which can directly sup-
port low duty cycle operation [26]. To be specific, the TDMA
protocol divides one network period into several time slots
with constant size, and activates interference-free links simul-
taneously in each time slot to avoid energy waste caused
by link collision. However, the time slot to schedule link
activation is not always available for energy harvesting. The
stored energy must be discharged to support link activation
so the energy is indirectly lost because of the imperfect
storage efficiency. It brings challenges to link scheduling in
the energy harvesting networks.

As far as we know, very few efforts have fully considered
the limited battery storage efficiency and interference-free
link scheduling. Only the work in [23] has jointly considered
the two factors. Since each node had a different energy har-
vesting time, they derived a formula for calculating the earli-
est time slot that each link could activate by introducing the
battery storage efficiency and the leakage rate. Nevertheless,
their goal is to schedule all links in the least time slots instead
of saving energy. Furthermore, once the energy harvesting
time of each node is determined, it will not be changed in
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the subsequent time slots, which is idealistic compared to
the real situation. Because in the actual situation, the uneven
energy distribution of node is not only caused by differences
in deployment locations, but also caused by time-varying
environmental factors, so the energy harvesting time of node
should change with time.

In this article, we propose the energy model including both
the battery storage efficiency limitation and interference-
free link scheduling. In each time slot, each node harvests
energy randomly. We introduce a novel link scheduling prob-
lem called the harvested energy-saving link scheduling prob-
lem to reduce energy waste. In our scheduling, each link
is assigned with a weight representing the amount of con-
sumed energy when it activates. The more energy consumed,
the greater the weight is. Due to the impact of the battery
storage efficiency on energy waste in link scheduling, this
article always gives the highest priority to activate the links
with the maximum weights so as to minimize the amount of
energy to be stored in the battery. When a link activates with
no harvested energy, it costs battery energy.

To avoid link collision, we construct a weighted-conflict
graph based on the interference model in this article, and
utilize interval vertex coloring for link scheduling. All link
nodes with the same color can activate in the same time slot.
Note that the goal of this article is to activate interference-
free links with the maximum weights, rather than activating
as many links as possible at the same time.

The contributions are as follows:

1) This article proposes a new problem, called the har-
vested energy-saving link scheduling problem and
proves its NP-hardness. We then construct the energy
model to formulate it.

2) We design CS to schedule links by arranging them
into a non-increasing with weight, and design CSM
to handle the case when some links have the same
weight. We also propose DA to activate links in the
distributed networks and analyze the performance of
the algorithms.

3) This article conducts simulations to analyze the link
duty cycle, energy waste rate and link activation time.
The results show that the link duty cycle closes to a
high ratio 2, and the energy waste rate eventually can be
maintained at an average of about 19%. The link acti-
vation time is at least 0.987t on average, where 7 is the
maximum time length that the energy harvested by one
node during one time slot can support the node to com-
municate. Besides, we compare our algorithms with
LS-rWSN in [23], which maximizes throughput under
the ideal energy harvesting time. The results show that
under the same topology, our algorithm CS costs more
time than LS-rWSN, and takes at most 5.69% extra
time than LS-rWSN to schedule all links. It indicates
that our algorithms have comparable throughput with
that obtained by LS-rWSN.

Some key symbols and their meanings are listed

in Table. 1
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TABLE 1. Symbol and meaning.

Symbol Description

G = (V,E) | Directed graph with node set V and link set E.

v; Node +.

lij Directed link from v; to v;.

A Battery storage efficiency.

R; Interference range.

Re Communication range.

r Ratio between R; and R, i.e.,7 = 1%‘

d(vi, vy) Euclidean distance between v; and v;.

t Time slot.

e Energy harvested by one node in one time slot.

T Time length for communication with e energy.

ep Harvested energy consumption for link activation.

ep Battery energy consumption for link activation.

H;(t) Energy harvested by v; during ¢.

B;(t) Battery energy of v; at the beginning of ¢.

Ci(t) Sum of energy consumed and wasted by v; during ¢.

Wij Weight of link lj,j .

lij (wijz) Link node corresponding to /.

Gw Weighted-conflict graph.

Yij Ratio of link /;;.

L Set of all unscheduled links.

L¢ Set of the link nodes corresponding to links in L.

Aw Set of link nodes with the same color.

A Set of activated links.

N; Set of links indicating from v;.

tmazx The time slot that is not assigned to the interference links and
has the greatest link weight.

tiast The last time slot that all links can be scheduled before this
time slot.

The rest of this article is organized as follows. Section II
reviews the related works. Section III presents the system
model and then formulates the harvested energy-saving link
scheduling problem. Section IV and Section V introduce
the CS, CSM, and DA in detail. Section VI describes the
simulation experiment and analyzes the experimental results.
Finally, Section VII concludes the paper.

Il. RELATE WORK

In recent years, the mature energy harvesting technology has
greatly extended the lifetime of WMNs. Some algorithms
are designed to balance energy consumption and network
performance. Liu et al. designed the algorithm for energy
management to keep the battery at a certain target level and
maximize network utility [27]. Mao et al. proposed the opti-
mal energy allocation policy to solve the energy allocation
problem of sensing data and transmitting [28]. Peng et al.
proposed the real-time adaptive energy management based
on the information observed in the past to extend the net-
work lifetime [29]. They also proposed the energy harvest-
store (use) model to reduce energy waste caused by storing
efficiency.

In the energy harvesting WMNs, an appropriate link
scheduling protocol can effectively reduce the energy waste
caused by link interference. [21], [30], and [31] performed
the link scheduling. Sun et al. proposed two efficient link
scheduling algorithms based on whether or not to assign
weight for each link to improve network throughput [30].
They utilized the harvest-store-use model, in which the har-
vested energy must be stored in the battery before it was
used to ensure that the nodes have enough energy to transmit.
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Tony et al. proposed the greedy heuristic to schedule links
through the harvest-use-store model first introduced in [25],
and took the effect of limited battery capacity on link
scheduling into consideration [21]. Chen et al. designed
three interference-free link scheduling algorithms to solve
the problem of Minimum Latency Aggregation Scheduling
in the energy harvesting WMNs with battery capacity limita-
tion [31]. All of the above can effectively improve network
throughput and reduce energy waste. However, their default
battery storage efficiency is 100%, which is merely impos-
sible in real scenarios. None of them take into account the
impact of battery storage efficiency on energy waste.

The works in [14], [22], and [24] allow for the impact of
battery storage efficiency. In [14], the double-threshold policy
was proved to be the optimum policy to maximize energy effi-
ciency. When the harvested energy was higher than the upper
threshold, the energy was stored in the battery. When it was
lower than the lower threshold, the energy was discharged
from the battery. Otherwise, the harvested energy was directly
used. Yuan er al. argued that the harvest-store-use model
would cause low energy efficiency due to the battery storage
loss in the real world. Therefore, they adopted the harvest-
use-store model for point-to-point data transmission [22].
On the basis of the static and block fading channels, the opti-
mal energy policies were proposed to maximize throughput,
and extended to minimize the energy consumption subject to
the storage efficiency and delay constraints [24].

So far, only [23] has considered the effect of battery storage
efficiency on link scheduling. Tony et al. proposed LS-rWSN
to minimize the time slots for link scheduling in harvest-
use-store. Each node had a different energy harvesting time.
They calculated the earliest time slot for each node to harvest
enough energy and the earliest time slot that each link could
activate when the battery was not perfect (the storage effi-
ciency was below 100% and there existed energy leakage).
However, their works focus on saving time rather than reduc-
ing energy waste. Furthermore, once the energy harvesting
time of each node is determined, it will remain unchanged in
the following scheduling, which is ideal compared with the
real situation. With the previous works, our algorithms divide
the network period into several equal-size time slots, and
each node randomly harvests energy in each time slot. Based
on the harvested energy consumed when the link activates,
we assign a weight to each link so as to reduce energy waste.

Ill. SYSTEM MODEL AND PROBLEM FORMULATION

This section introduces the system model including the net-
work model, the interference model, and the energy model.
We formulate the harvested energy-saving link scheduling
problem and prove it is NP-hard.

A. SYSTEM DESCRIPTION

1) NETWORK MODEL

A WMN consists of a sink and some nodes with the functions
of data gathering, sensing, energy harvesting and storing,
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communication and computing. To show the data communi-
cation relationship among nodes clearly, the WMN is repre-
sented by a directed graph G = (V, E), where node v; € V,
and directed link from v; to v; [;; € E. Define R, as the com-
munication range and d(v;, v;) = ||v; — vj|| as the Euclidean
distance between v; and v;. A successful transmission from v;
to v; must satisfy d(v;, vj) < Rc.

In this article, two types of network topologies will be dis-
cussed: data gathering tree (DGT) rooted at the sink and direct
acyclic graph (DAG). In DGT, the intermediate node collects
data from its child nodes and forwards to its parent node.
There is only one path for any intermediate node transmitting
data to the sink. In DAG, it has no directed cycles, and each
node can choose multiple paths for data transmitting to the
sink.

2) INTERFERENCE MODEL

In the energy harvesting WMNSs, every node communicates
the neighbors within the range of R., which can also cause
interference. The interference model in this article is the
protocol interference model [32]. All nodes have the same
communication range R, and interference range R;. Define

r= % as the ratio between R; and R.. In general, 2 < r < 4.

/7
/
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(a) Primary interference. (b) Secondary interference.

FIGURE 1. Primary interference and secondary interference.

When a node starts to transmit data, there are two types
of interference: primary interference and secondary inter-
ference [33]. As shown in Fig. 1a, if v; sends data to vy
while receiving data from v;, or v; receives data from v;
and v; simultaneously, it will cause the primary interference.
Besides, as shown in Fig. 1b, when there is a transmission
from v; to vj, the secondary interference occurs when the
receiver node v; is within the communication range of another
transmission’s sender node vy.

If two links do not interfere with each other, the two links
are interference-free. Both links can activate in one time slot.

3) ENERGY MODEL

In the energy model, the uneven distribution and time vari-
ability of environmental energy lead to different energy har-
vested by each node in energy harvesting WMNS. To simplify
the complex harvest situation, we divide the network period
into a series of equal-size time slots. In each time slot ¢,
assume that each node with rich ambient energy can harvest
one unit of energy e [11]. Let H;(¢) denote whether v; harvests
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energy at 7, it can be defined by Eq. (1):

e, v;can harvest energy at t;

Hi(t) = ! (D

0, v cannot harvest energy at t.

The harvested energy of each node in each time slot is
divided into three parts: one for link activation consumption,
one for storage, and the last one for energy waste caused by
the limitation of battery storage efficiency.

Consumption. This article only considers the energy con-
sumption of data transmission when the link activates. It is
reasonable because the energy consumption of a node for
its communications is much greater than the energy con-
sumption for its sensing and computing, e.g., the energy
consumption of communication, sensing and computing is
180.1 mJ, 17.242 mJ, and 5.2 mJ respectively [34]. In addi-
tion, the energy consumption of nodes during transmission
and reception is basically equivalent [35]. All the harvested
energy of v; is consumed for activation, and it can support v;
to send or receive for r time. For example, if v; and v; can
harvest energy simultaneously, they are so called harvested
nodes, and the harvested energy of v; and v; can be used to
support link /; to activate for T time.

Storage. There are two cases in which the harvested energy
needs to be stored in the battery. Firstly, the harvested energy
of the inactive harvested node needs to be stored in the battery.
For example, if v; harvests energy and /;; does not activate
in ¢, the harvested energy of v; will be stored in its battery.
Secondly, not all the harvested energy of v; is consumed
when /;; activates. For instance, v; is a harvested node, and
the battery energy of the non-harvested node vj is less than
e. To minimize the energy waste, v; spends e, harvested
energy, which equals to the v;’s battery energy to maintain
[;j activation for %r time. The remaining e — e, energy of v;
is stored in v;’s battery.

Waste. The harvested energy is wasted when stored in the
battery due to the imperfect storage efficiency of batteries,
the leakage rate and the energy saturation in batteries [23].
Assuming that the battery has no leakage rate and the battery
capacity is ideal, energy waste is only caused by the imper-
fect battery storage efficiency. Represent the battery storage
efficiency with A (0 < A < 1). If all the harvested energy is
stored, in fact, only Le energy will be stored successfully, and
(1 — A)e energy is wasted.

It is necessary to calculate the battery energy of each node
v; at the beginning of each time slot ¢. It can be updated
by Eq. (2):

Bi(t) =Bi(t — )+ Hi(t — 1) - Cit — 1) @

where B;(t — 1) is the battery energy of v; at the beginning
of t — 1. Hj(t — 1) has been defined in Eq. (1). Ci(t — 1)
represents the sum of energy consumed and wasted by v; in
t — 1. Specifically, when v; harvests energy e and costs the
harvested energy for [;; activation in ¢ — 1, the consumption
is e and waste is 0. Therefore, C;(t — 1) = e. If v; consumes
ep (ep < e) harvested energy for /;; activation, (1 — A)(e —ep)
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energy will be wasted while A(e — ¢,) energy will be stored
in the battery, and Ci(r — 1) = ¢, + (1 — A)(e — ¢p).
In addition, if v; sleeps, all the harvested energy will be stored,
(1 — X)e energy is wasted and C;(r — 1) = (1 — L)e. When v;
cannot harvest energy in ¢ — 1, it will discharge battery energy
for [;; activation, which will not cause energy waste. Define
ep as the battery energy consumed by v; when /; activates,
Ci(t — 1) = ep. Otherwise, if v; sleeps, it will have neither
energy consumption nor waste and C;(t — 1) = 0.

B. PROBLEM FORMULATION

For a given energy harvesting WMN, harvested energy-rich
links and harvested energy-poor links coexist due to uneven
energy distribution. In the case of limited battery storage
efficiency, scheduling as many harvested energy-rich links
as possible can greatly reduce the energy that needs to be
stored in the battery, thus reducing waste. We refer to such
an interference-free link scheduling that can save energy as
the harvested energy-saving link scheduling.

For the sake of solving our problem, each link should be
assigned a weight to indicate the amount of harvested energy
that it needs to consume for its activation.

Definition 1: For any link l;j € E, let w;j denote the
weight of the link ljj, and wj; equals to the consumption of
the harvested energy when l;j activates.

Before calculating the weight of each link, we first discuss
the energy consumption, storage, and waste of different cate-
gories of links.

Each node v, € V has four states in ¢ according to whether
vk harvests energy and how much the battery energy is in v:
1) v¢ is a harvested node (Hy(t) = e);

2) vy is a non-harvested node and has battery energy with at
least energy e (Hi(t) = 0, Bi(t) > e);

3) v is a non-harvested node and has battery energy with at
most energy e (Hi(t) = 0,0 < Bi(t) < e);

4) vi is a non-harvested node and has no battery energy
(Hi(t) = 0, B (1) = 0).

According to the harvested energy consumption on link
activation, the nodes in the four states can form up to five
categories of links. We take /;; as an example to further discuss
links in the five categories.

Category 1: Hi(t) = e and H;(t) = e. l; costs all the
harvested energy of both v; and v; without energy waste when
it activates. All the harvested energy can support /;; to activate
for T time.

Category 2: There is only one harvested node in /j;, and the
battery energy of the non-harvested node is no less than e.
Let H;(t) = e, Hj(t) = 0, and B;(t) > e. It consumes all the
harvested energy of v; and e battery energy of v; to activate
l;j, which causes no energy waste. [;; can activate for t time.

Category 3: There is only one harvested node in /j;, and the
battery energy of the non-harvested node is less than e but
more than 0. Let H;(t) = e, H;j(t) = 0, and 0 < Bj(t) < e.
It spends a part of the harvested energy of v; and all battery
energy of v; to activate /;;. Let ey(e, = B;(t)) denote the
part of the harvested energy that v; consumes in this time
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FIGURE 2. Communication graph and weighted-conflict graph.

slot, and the remaining energy e — e, is stored in the battery,
resulting in the waste of (1 — A)(e — ep) energy. The value of
ep depends on the battery energy of v;. Therefore, the links
that belong to this category may have different weights. But
the weights are always positive and smaller than e. When /;;
activates, it wastes less while the weight is higher. A part of
harvested energy of v; and all battery energy of v; can support
l;j to activate for %”r time.

Category 4: Both v; and v; are non-harvested nodes, and
the battery energy is sufficient. /;; costs battery energy for
activation. Let e, represent the battery energy consumption
when /;; activates. v; and v; take e, = min{B;(t), B;(t), e}
energy from their batteries to support /; activation for %}"C
time without energy waste.

Category 5: There is no less than one node in /; having
neither harvested energy nor battery energy (e.g. H;(t) = 0,
Bi(t) = 0). The link that belongs to this category cannot
activate because of insufficient energy although it may have
harvested energy. If v; is a harvested node, /; will waste
(1 — A)e energy. Otherwise, it will not waste energy.

The link weights in the five categories are as follows. Note
that when the link belongs to Category 5, we set —e as its
weight and have the following:

2e, [ belongs to Category 1;

e, l;; belongs to Category 2;
wij = 1 ep, l;j belongs to Category 3; 3)
0, l;; belongs to Category 4;

—e, l;j belongs to Category 3.

Given a communication graph G = (V, E) and the inter-
ference model, a conflict graph can be obtained [36]. On this
basis, we propose a weighted-conflict graph G,, = (V', E’)
to model the harvested energy-saving link scheduling. In G,,,,
nodes are called link nodes, and each link node /;;(w;;) € Vv’
corresponds to a directed link from v; to v; in G with a weight
wjj. There is a link ¢’ € E’ between two link nodes if the
corresponding links of the link nodes in G interfere with each
other. The weight of each link is time-varying because of
the time-varying harvested energy, which results in the time-
varying weighted-conflict graph. To avoid link interference
when scheduling, this article models the link scheduling as
the interval vertex coloring. In G, any pair of adjacent link
nodes have different colors.

For example, there is a communication graph as shown
in Fig. 2a. The communication range R, is one hop and the
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interference range R; is two hops. In time slot ¢, H3(t) = e,
Hs(t) = e. The battery energy of non-harvested nodes is
Bi(t) = Xe, By(t) = e + Ae, Bs(t) = Xe, Bg(t) = 0.
The weight of each link can be calculated by Eq. (3). Conse-
quently, the weighted-conflict graph is constructed, as shown
in Fig. 2b. Obviously, we can get an effective harvested
energy-saving link scheduling by selecting the same color
link nodes with the greatest weight and activating the cor-
responding links in G.

Theorem 1: The harvested energy-saving link scheduling
problem is NP-hard.

Proof: In our scheduling, we always pick out the link
nodes that are interference-free with the non-increasing order
of link weights in each time slot to form a new independent
set, thereby maximizing the sum of the link weights in the
independent set. It can be formulated as finding a Maxi-
mum Weighted Independent Set (MWIS) in the weighted-
conflict graph under the protocol interference model. The
MWIS problem is proved to be NP-hard [37]. So our problem
is NP-hard. 0

IV. CENTRALIZED ALGORITHMS AND

PERFORMANCE ANALYSIS

This section describes the CS and CSM for the harvested
energy-saving link scheduling problem in detail. To reduce
the harvested energy waste, CS is proposed to schedule links
with the non-increasing order of weights. Furthermore, CSM
is designed for link scheduling when the weights of links are
the same.

A. CS ALGORITHM DESIGN

In each time slot, the interference-free links with sufficient
energy can activate simultaneously. We propose a centralized
algorithm called Centralized Scheduling (CS) to schedule
links. In CS, all unscheduled links in G are recorded in the set
L = {l1,h,13,...,1,}, and their corresponding link nodes
in G, are in the set L. = {l;(wy), L(W2), [3(w3) ... L,(wp)}.
Afterward, CS sorts the link nodes in L, with the non-
increasing order of the link weights. Starting from the first
one, the link nodes are colored one by one and then those
with the same color are picked out to form an independent
set A,,. The links corresponding to the link nodes in A,, are
recorded in the set A for simultaneous activation. However,
when the weight of the link node in A,, is —e, corresponding
link will not appear in A because of insufficient energy for
activation. The link can activate in the subsequent time slot
with sufficient energy.

At the beginning of each time slot, the battery energy of
each node and the weight of each link are renewed. After the
links activate, L is updated by deleting the links that have been
scheduled. The CS is described in Algorithm 1.

Taking the communication graph and G,, shown in Fig. 2 as
an example, the process of CS is described as follows. Define
a matrix H to display the harvested energy of nodes in each
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Algorithm 1 CS Algorithm Design
Input: A communication graph G = (V, E)
QOutput: A valid centralized link scheduling

1: Construct the weighted-conflict graph G,,;

2: Set a set L to record all links in G;

3: Set three sets L., Ay, A;

4: while L # ¢ do

5. Each node updates the battery energy;

6:  Each link updates the weight in G,,;

7. L.=0,A,=0,A=10,

8: L. records the link nodes corresponding to the links
existing in L from G,, with the non-increasing order

of weights;
9:  for Each link node /;(w;) in L. do
10: if /;(w;) is not the neighbor of any link node in A,,
then
11: Put /;(w;) to A,,;
12: end if
13: if w; # —e then
14: Put/;to A;
15: end if

16:  end for

17:  Activate links in A;

18:  Delete the links in A from L.
19: end while

time slot as shown below:

fo 11 tHh 13 14

vife O e e O

wmle e e 0 0

_v]le 0 0 e e
H = vale e 0 e O @)

vs | O 0O O O e

ve \e e 0 0 e

Another matrix W is introduced to show the weights of
links in each time slot and is defined as follows:

o h n 13 I4
by [2¢ —e 2e Ml—2Xle 0
I3 ] 2¢ Ae Ae A1l —Xe A —2Ne
W=lp| 2¢e 2 te IMl—DMNe 0 ®)
Is3 | —e —e —e —e 2e
lea \ 2¢ 2¢ O e re

Firstly, all links are in the set L = {/l21, l32, 12, Is3, lsa}.
Then the interference-free links with sufficient energy are
scheduled in each time slot. In 7y, links updates weights based
on battery energy and harvested energy. According to the
harvested energy matrix H, only vs is the non-harvested node.
Therefore, all link weights except /53 is 2e. After updating the
link weights, the link nodes corresponding to the links in L
are recorded in L. with the non-increasing order of weights,
ie., L = {h1(2e), 32(2e), 112(2e), ls4(2e), Is3(—e)}. Only
I>1(2e) and [1 can be placed in the sets A,, and A, respectively.
Therefore, only /1 activates in this time slot. The remaining
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link nodes [32(2e), l12(2e), lsa(2¢), I53(—e) are neighbors of
1>1(2e), and their corresponding links (i.e., l32, lao, lga, I53)
interfere with /1. After the activation of l»1, L is updated by
deleting /1 and becomes a new set L = {l32, la2, I53, l4}.
In #1, L. records the link nodes corresponding to links existing
inL,ie., L. = {l12(2e), lc4(2e), [32(Xe), Is3(—e)}. Obviously,
l42(2e) and 4y are placed in A,, and A, respectively. Repeat
these steps to activate one or more links in each time slot till
all links are scheduled. Note that in 73, although /53(—e) is in
Ay, Is3 is not be placed in A since its weight is —e.

B. CSM ALGORITHM DESIGN

According to the CS, we can obtain an effective link schedul-
ing by activating the links with the non-increasing order
of weights. But it does not handle the situation when the
weights of some links are same. For example, there is a link
l;j interfering with both links [,, and [, while [,, and [y
are interference-free. All of their weights are 2e in ¢. If I;;
activates, [y, and Iy have to sleep in this time slot, causing
the four nodes to store the harvested energy in their batteries.
As a result, the total waste is 4(1 — A)e.

Conversely, if I, and [, activate firstly, only /;; needs to
sleep. The total waste is 2(1 — X)e. Obviously, it can save
energy by activating the link with the smallest sum of the
interfering link weights if the links have the same weight.
We also get an efficient harvested energy-saving link schedul-
ing by defining a ratio for each link and call it Centralized
Scheduling with Minimum interference weights (CSM).

Definition 2: Suppose I(l;) is the set of lznks interfering
with ;. For any link l;j € E, let y;; = Zwmﬁ denote the
ratio of lij, where wy; is the weight of lij, Wiy s the weight of
Imn existing in 1(l;;) and Wy, # —e.

By comparing the ratios instead of the weights, the acti-
vation priority of links can be sorted. In the above exam-
ple, the ratios of I, I,; and [, are y; = %, Yog = %
Vst = %, respectively. Evidently, [,, and I should activate
firstly. Nevertheless, when the weight of /; changes into —e,
the ratio of /;; becomes y;; = W;:’jrc = %, l;j and [, have the
same activation priority. Note that Y wy,, + e is used instead
of Y Wi, in CSM because ) wp, = 0 is considered. The
CSM is described in Algorithm 2.

For example, recalling the harvested energy matrix H and
the weight matrix W in Eq. (4) and Eq. (5), the ratio matrix
y can be obtained as follows:

Io I 15} 3 14
2 A 2 1 .
V21 7 5+A T+ 432 31X
2 A A I
2l o7 537 3 T+2% 347
= 2 2 o e oy (6)
Y=Y 7 3D VN ES 3tA
|5 Ty Tt Thm 2
2 2 A A
Y64 \ 3 A T+ 142

Firstly, all unscheduled links are in the L = {lp1, 32,
lap, Is3, lga}. Then the interference-free links with suffi-
cient energy are scheduled in each time slot. In #y, after
updating the link weights, the links in L update their
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Algorithm 2 CSM Algorithm Design
Input: A communication graph G = (V, E)
QOutput: A valid centralized link scheduling

1: Construct the weighted-conflict graph G,,;

Set a set L to record all links in G;

Set three sets L., Ay, A;

Initialize sum = 0;

while L # ¢ do
Each node updates the battery energy;
Each link updates the weight in G,,;
L.=0,Ay,=0,A=0;
L. records the link nodes in G, corresponding to the
links existing in L;

10:  for Each link node /;(w;) in L. do

R A A o

11: sum = 0;

12: for Each link node [;(w;) (j # i) in L. do

13: if [;(w;) is the neighbor of [;(w;) and w; # —e
then

14: sum+ = wj;

15: end if

16: end for

17: Calculate y; = 50—

18:  end for
19:  Sort the link nodes in L. with the non-increasing order

of ratios;
20:  for Each link node /;(w;) in L. do
21: if /;(w;) is not the neighbor of any link node in A,,
then
22: Put ;(w;) to A,,;
23: end if
24: if w; # —e then
25: Put/;to A;
26: end if

27:  end for

28:  Activate links in A;

29:  Delete the links in A from L.
30: end while

ratios according to the sum of the weights of their inter-
ference links. The calculation results of the ratios are
shown in Eq. (6). The link nodes are recorded in the
L: = {lea(2e), h1(2e), I32(2e), l4p(2e), I53(—e)} with the non-
increasing order of ratios. Only lg4(2¢) and lg4 can be placed
in the sets A,, and A, respectively. /g4 activates in this time
slot. After activation, L is updated to delete /g4. Repeat these
steps in each time slot until all links are scheduled.

C. PERFORMANCE ANALYSIS
Define r = R as the ratio of R; to R. Let d(v;, v;) be the
Euclidean distance between v; and vj.

Theorem 2: If there is a set L to record all links in G, for
any link l;j in L and its interference links set 1(lyj), at least

ll(l’])l + 1 time slots are needed to schedule all links in L,

Gra1)? [1(l;j)| is the number of links in I ().

where C = D
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FIGURE 3. Interference links in Theorem 1.

Proof: As shown in Fig. 3, If v; can communicate with
vj, v; must be within the R, range of v;. If link /,, interferes
with [;;, the sender node v, is within the R; range of v;, and
the receiver node v, is within the R; + R, range of v;.
The distance between two sender nodes v; and v, trans-
mitting simultaneously without interference must satisfy
di,vs) > d(v;, \;,) — d(v,,;zs) > R; — R.. At most C =
T [Rﬂgf;gf_(g:)]g“)] = ((3::’11))2 links with radius K-8 can
be placed within the R; + R. range of v; [38]. It means that
there are @ links interfering with each other in the set
I(l;j). Therefore, at least @ + 1 time slots are needed to
schedule all links in L. O

Theorem 3: Let Nyusie denote the waste rate of the har-
vested energy that schedules all links in a network period, and
always have Nyaste < 1 — A, Where A is the battery storage
efficiency.

Proof: Let T = {t1,tr,13,...,1,} denote the time
slots in a network period. In each time slot #(t; € T),
A; = {ai,ap, ..., ap,} records the harvested nodes that
consume all the harvested energy for link activation. P; =

{pi1, pi2, ..., pix} records the harvested nodes that cost
ep (0 < e, < e) energy for link activation. §; =
{si1, si2, . .., sip} records the harvested nodes that sleep. The

nodes in A; cannot waste energy, while the nodes in other sets
waste energy. Specifically, the node in P; wastes (1—A)(e—ep)
amount of energy when it costs e, energy for link activation.
Different e, of each node in P; leads to different energy waste.
Otherwise, the node in S; wastes (1 — A)e amount of energy.
Define |A;|, |P;|, |Si| as the number of nodes in A;, P;, S;.
Therefore, the total energy waste E,,45 in a network period
can be calculated as Eq. (7):

n Pik

Ewasie = »_ (0 Ail + Y (1 = 2)(e — ¢) + (1 = MelSil)
i=1 pil

< =Me) (Pil +1Si) (7)

i=1
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The total harvested energy Ej,,, in a network period is:

n
Esun =Y _ (Ail + IPi| + ISi])e. ®)
i=1

Thus, the energy waste rate 14z 1S computed as Eq. (9):

E np s
Nwaste = waste <(1-=2x nZl_l (Pl +1SiD
Esum Yoit AL+ |Pi| +1Si)
<=2 ©)

]

Theorem 4. In the worst case, the time complexity of CS
and CSM is O(m3), where m is the number of links.

Proof: Given that there are n nodes and m links in the
network, CS first takes O(n) to update the battery energy and
O(m) to update the link weights. Sorting the link nodes in L,
costs at most O(m?). It takes at most O(m?) to select a link
node from L, which is not the neighbor of any link node in
Ay, because CS needs to compare the selected link node with
all link nodes in A,,. Obviously, the time complexity of CS to
schedule all links is O(m?).

In CSM, it is at most O(m?) more than CS to calculate the
link ratios, and the total costs is at most O(m?) steps more than
CS after scheduling all links. Therefore, the time complexity
of CSM is also O(m?>). O

V. DISTRIBUTED ALGORITHMS

This section proposes the Distributed Algorithm (DA) for
the harvested energy-saving link scheduling problem. For
each node v;, let N; = {l;1,lp, ..., lin} record the links
indicating from v; (the sender node of the links is v;). In DA,
a random order is used to schedule links. Suppose there is a
contention-based MAC for a node to compete. If v; competes
successfully, each link /;; (1 < j < m) in N; finds the time
slot #,,4, that is not assigned to the interference links and
has the greatest weight. The weights of the links associated
with v; and v; are changed after #,,,,, because the battery
energy of v; and v; decreases after [;; activates in f,,4,. After
all links in N; are scheduled, v; no longer participates in the
next competition. Let 7, represent the last time slot, and all
links can be scheduled before #;,5;. The DA is described in
Algorithm 3.

Also taking the harvested energy matrix H in Eq. (4)
as an example to introduce the process of DA. Before link
scheduling, the link weights are initialized by assuming that
the harvested energy of each node is stored in its battery, and
the following initial weight matrix Wy is obtained:

fo I3 15 13 21

by [2¢ Xe 2e e 0

Iz | 2¢ Xe Xe e e
Wo=1Ilnn | 2¢ 2 e e O (10)

Is3|] —e —e —e —e 2e

lea \2¢ 2 O e e
Suppose v, successfully competes for the channel, and the
link in N» = {l1} finds t,,4,. In this example, 7y is assigned
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Algorithm 3 DA Algorithm Design
Input: All nodes and their next-hop nodes
QOutput: A valid distributed link scheduling
1: SetasetT,;
2: Each node v; has a set N; to record all links indicating
from v;;

3: while Exists N; # ¢ do
4:  Each node v; where N; # (J competes channels;
5:  if v; competes successfully then
6: for each link /;; in N; do
7 T, =0,
8 for (t =0;t < tjue; t + +) do
9 if ¢ has not been assigned to the interference
links then
10: Put r to Ty;
11: end if
12: end for
13: l;j finds the time slot fyqy (tnax € Ty) with the
maximum weight for activation;
14: l;j broadcasts the information, and the interfer-
ence links cannot activate in f,;,4y;
15: All links related to v; and v; update the weights in
the time slots after #,,,;
16: end for
17: N; = 0;
18:  else
19: v; goes to step 4;
20:  end if

21: end while

to lp; for activation because lp; has the greatest weight
in f9. All links that interfere with /1 cannot activate in #
(i.e., l32, I40, I53, g4 cannot activate in ¢y because of interfer-
ence). After activation, w1, w3y, and wy in the time slot after
to need to be updated, because the harvested energy originally
stored in the batteries of v{ and v; is consumed in fg, which
causes the battery energy of v; and v, to decrease by Ae after
tmax- The updated weight matrix Wi is as follows:

Ih 11 nhh I3 I

by (22 —e 2 e O

Iz | 2¢ Xe Xe e e
Wi=1lypp| 2¢ 2e e e O (11)

Is3|] —e —e —e —e 2e

lea \2¢ 2 O e Ae

Repeat the above steps until each link is assigned to the
appropriate time slot for activation.

Theorem 5: In the worst case, the time complexity of DA is
O(nm?), where n is the number of nodes and m is the number
of links.

Proof: Given that there are n nodes and m links in the
network, DA first costs O(m) to initialize N;. When there is
a node v; successfully competing for the channel, it takes at
most O(m) for each link in N; to find #,,,, to activate. In addi-
tion, when the link finds a suitable time slot to activation,
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it takes at most O(m?) to update the weights of links related
to it. Therefore, it takes at most O(m3) to process all links
in N;. When all nodes have successfully competed, DA costs
at most O(nm?). O

VI. SIMULATION RESULTS

In this section, we use C++ to build a simulation platform to
study the performance of CS, CSM, and DA on the harvested
energy-saving link scheduling problem by analyzing link
duty cycle, energy waste rate and link activation time. We also
study the network throughput by comparing with the greedy
algorithm LS-rWSN in [23].

In the simulation, the battery storage efficiency is set
to 80%. Nodes with a communication range of 15m and an
interference range of 30m are randomly deployed in a square
area of 100m x 100m. We build a data gathering tree (DGT)
and a directed acyclic graph (DAG) as the test topologies.
When the number of nodes varies from 25 to 150 in steps of
25, each topology is generated 50 times randomly to test the
average performance. In DA, 71, is set to twice the number
of links, which has proved to be sufficient in the experiment.
The simulation results are as follows.

HCS mCSM HDA mCS mCSM DA

©

[N )
LS S .

Link duty cycle
[
Link duty cycle

S

=
23
4
%

25 50 75 100 125 150 25 50 75 100 125 150

Number of nodes Number of nodes

(a) DGT. (b) DAG.

FIGURE 4. Link duty cycle.

Define the link duty cycle (i.e., the ratio of the number
of links to the number of time slots required to schedule
these links) as an indicator for analyzing the link scheduling
performance in each time slot. Fig. 4 shows the link duty cycle
of the algorithms. In both DGT and DAG, the link duty cycle
increases when the number of nodes increases from 25 to 150.
In DGT, DA has the lowest link duty cycle compared with CS
and CSM. However, the link duty cycle of CS, CSM, and DA
is close to each other as the number of nodes increases, and
reaches a high ratio close to 2. It means that CS, CSM and
DA do not need to consume too much time slots to schedule
all links though their goal is to reduce energy waste rather
than scheduling links as quickly as possible. The practical
feasibility of the proposed algorithms can be derived from
the simulation results.

Fig. 5 shows the energy waste rate of the algorithms. From
Theorem 3, it can be obtained that the energy waste rate of the
simulation experiment does not exceed 20%. As the number
of nodes increases, the energy waste rate becomes higher. The
reason for this phenomenon is that the increase in the number
of nodes in the same area leads to a denser deployment of
nodes, which increases the number of interference links per
link. But the growth rate of the energy waste rate in both
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FIGURE 5. Energy waste rate.

DGT and DAG becomes smaller. We can see from Fig. 5
that the energy waste rate eventually remains at an average
of about 19%. Besides, the energy waste rate is inversely
proportional to the link duty cycle under the same topology.
For example, when the number of nodes is 25, the energy
waste rate of DA in DGT is the greatest, while that of CSM
is the smallest. Corresponding to the link duty cycle, DA
has the smallest one while CSM has the largest one. Because
the low duty cycle requires more time slots to schedule all
links, resulting in a large number of scheduled nodes storing
the harvested energy in their batteries, thereby increasing the
energy waste rate.

m(CS mCSM ®mDA mCS mCSM mDA

0.995 -

0.985 -

Link activation time (1)
Link activation time (t)
s

0.98 0.98
25 50 75 100 125 150 25 50 75 100 125 150
Number of nodes

(a) DGT.

Number of nodes

(b) DAG.

FIGURE 6. Link activation time.

The link activation time of the algorithms is shown
in Fig. 6. It is used to measure the throughput of links in one
time slot. The longer the link activation time, the more data
can be transferred. In our scheduling, it is at most 7. In both
DGT and DAG, the link activation time increases when the
number of nodes increases. Furthermore, it is always the
greatest in DA, i.e., close to or equal to T. Because each link
in DA has enough time slots to select a time slot with a weight
of 2e or e for activation. Meanwhile, the link activation time
in DGT is shorter compared with the DAG under the same
number of nodes. However, it is no less than 0.987t in DGT
and DAG. It can be concluded from the simulation results that
CS, CSM and DA have good throughput.

Fig. 7 shows the number of time slots required to sched-
ule all links on DAG. We compare our algorithms with the
LS-rWSN which aims to minimize the number of time slots
needed to schedule all links. When simulating LS-rWSN,
the energy harvesting time of each node is 2, the weight of
each link is 1, and the leakage is 0. Further, the battery capac-
ity of each node is 1000000e, which is enough to accommo-
date all the harvested energy in the experiment, so that the
experimental results is not affected by the battery capacity
limitation. It can be concluded from Fig. 7 that when there
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are many nodes (the number of nodes is not less than 100),
the CS, CSM, and DA need more time slots than LS-rWSN
since the node in CS, CSM, and DA cannot harvest energy
in two consecutive time slots while it in the LS-rWSN can
harvest enough energy every two time slots. Nevertheless,
the gap between the number of time slots required by the
algorithms in this article and that of LS-rWSN is not large.
For example, when the number of nodes is 150, CS needs
836 time slots, while LS-rWSN needs 791 time slot. CS
spends 5.69% extra time slots than LS-rWSN to schedule all
links under the same topology. It means the CS, CSM, DA
spend comparable time slots as LS-rWSN while CS, CSM
and DA can reduce energy waste.

VIl. CONCLUSION

This article introduces a harvested energy-saving link
scheduling problem with the non-ideal battery in the energy
harvesting WMNs to reduce energy waste caused by low
battery storage efficiency. This problem is proved to be
NP-hard, and solved by assigning a weight to each link, which
represents the amount of the harvested energy consump-
tion when the link activates. At the same time, a weighted-
conflict graph based on the interference model is constructed
for interference-free link scheduling. Furthermore, this arti-
cle proposes the CS, CSM, and DA to implement the link
scheduling. Generally, the link with the greatest weight acti-
vates preferentially to decrease the harvested energy stored in
the battery, so as to reduce energy waste. Finally, simulation
results confirm the effectiveness of the algorithms and the
correctness of the theoretical analysis. Our algorithms can
effectively save energy and maintain good throughput in the
energy harvesting WMNSs.
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