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Abstract— This paper considers the problem of activating
links in a rechargeable Wireless Sensor Network (rWSN).
Unlike past works, it considers: (i) the energy harvesting time
of nodes, (ii) a battery cycle constraint that accounts for memory
effects, and (iii) nodes with a dual-battery system. It outlines a
greedy algorithm that schedules links according to the earliest
time in which a battery at the end nodes of each link can
be discharged or is full. Our results show that equipping
nodes with a dual-battery system decreases link schedules by
up to 35.19% and 15.12% as compared to equipping nodes
with a single battery with and without the said battery cycle,
respectively. Such a system also respectively reduces the number
of charge/discharge cycles by up to 15% and 87.13%. Finally, a
longer energy harvesting time increases link schedules linearly,
but has no impact on the number of charge/discharge cycles.

Index Terms— Memory effects, channel access, varying en-
ergy harvesting time, link scheduling, charge/discharge.

I. INTRODUCTION

Wireless Sensor Networks (WSNs) are of great interest
to the Internet of Things (IoTs) community [1]. They have
applications in the health industry, smart cities, and smart
agriculture to name a few [2]. In these applications, sensor
nodes collect and transmit data to a fusion center. Moreover,
they are able to replenish their battery from environmental
sources [3] to create so called rechargeable Wireless Sensor
Networks (rWSNs). Hence, they are able to operate perpet-
ually as long as their energy consumption rate is less than
their energy harvesting rate.

A rWSN has a number of operational issues. First, the
energy arrivals of nodes exhibit spatio-temporal properties.
This means nodes have different energy harvesting rates.
Second, as noted in [4], the battery of nodes suffers from
memory effects if it is partially charged and discharged. This
degrades a node’s battery capacity. This degradation can be
avoided by enforcing a so called battery cycle constraint, i.e.,
a node must charge (discharge) its battery completely before
fully discharging (charging) its battery again [5], and also by
equipping them with a dual-battery system [6].

The third issue is link scheduling [7], which determines
when nodes activate their link(s) and thus governs the
network capacity of a rWSN. To this end, this paper applies
Time Division Multiple Access (TDMA), which ensures
nodes do not experience collisions, which waste energy, and
they only need to be active during their allocated time slot.
To date, to ensure a high link/network capacity, a number of
works such as [8] and [9] have seek to derive a short schedule
by placing as many links as possible into each time slot.

Henceforth, we consider a novel research aim: derive
a TDMA link schedule for a rWSN where nodes have
heterogeneous energy harvesting rates and a dual-battery
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system. In a dual-battery system, when a battery is charged
by an energy harvester, and at the same time, the other battery
is discharged to power a node. A node switches the role of
its batteries when one battery is fully charged and the other
is fully discharged [6].

To explain the link scheduling problem, consider Fig. 1,
where links (vq,v2), (v1,v3), (v1,v4), and (vy,v5) interfere
with each other and hence cannot be activated concurrently.
We use the Harvest-Store-Use (HSU) battery usage protocol
[10], where any harvested energy must be stored in a battery
before use. For example, node v; needs to wait for three
time slots to accumulate one unit of energy, denoted by
v1|3, before the energy can be used no earlier than slot 4.
Specifically, we will consider the following three scenarios.
First, consider Fig. 1(a), where each node has one battery
with a capacity of four units and no cycle constraint. Node
v1 needs to wait until v can use one unit of energy at
time ¢t = 74+ 1 = 8 before it transmits a packet to va.
Its second packet, which is destined to vs, is transmitted at
time t = 8+ 1 = 9; this is the earliest time v3 has sufficient
energy. Further, its third and fourth packet can be transmitted
no earlier than time 12 and 15, respectively. Consequently,
the schedule length is 15.

Next, consider Fig. 1(b) where each node has one battery
with the same capacity as in Fig. 1(a). However, each battery
has a battery cycle constraint. Thus, v; has to wait until
slot t = 3 x4+ 1 = 13 to fully recharge and use its
battery. However, at this time it cannot transmit because its
neighbors’ battery is yet to be fully recharged. That is, node
Vs, V3, U4, and vs have to wait until slot ¢t = 7 x4+ 1 = 29,
t =33, t =37, and t = 41, respectively before their battery
can be discharged. Thus, the example depicted in Fig. 1(b)
has a longer schedule, i.e., 41, as compared to Fig. 1(a).

Lastly, consider Fig. 1(c), where each node has two
batteries with the cycle constraint. The total energy available
at nodes is the same as in Fig. 1(b). Node v; needs six
slots to fully charge its first battery. Its second battery starts
charging after the first battery is fully charged. This means
at slot t = 6 + 6 = 12, the second battery is full and can
be discharged at slot 13. Node v; needs to wait until slot
t = 6+ 1 = 7 before its first battery can be used transmit
a packet. However, it has to wait for its neighbors to fully
charge their first battery. Note that nodes va, v3, v4, and vs
require 15, 17, 19, and 21 slots, respectively before their
first battery can be discharged. Now, node v; can transmit
a packet to node va, vs, v4, and vs at slot ¢ = 15, ¢t = 17,
t =19 and ¢t = 21, respectively. Thus, the schedule length
is 21 versus 41 in Fig. 1(b). This example thus shows the
benefit of employing a dual battery system at nodes. Note



that, at ¢ = 19 and ¢t = 21, node v, uses its second battery.
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Fig. 1. An example for (a) single battery with no cycle constraint, (b)
single battery with cycle constraint, (c) dual-battery with cycle constraint.

This paper contains the following contributions. First, we
propose a TDMA link scheduler to maximize throughput
in rWSNs where (i) sensor nodes have a different energy
harvesting rate, (ii) each node is equipped with a dual-
battery system, (iii) each battery has finite capacity, (iv) each
battery has a battery cycle constraint, and (v) each link ¢
has a weight w; > 1 and must be scheduled at least w;
times. To the best of the authors’ knowledge, no works have
considered all of the above factors. Second, we develop a
heuristic algorithm to generate TDMA link schedules, where
it schedules links that can be activated at the earliest time
when one of the dual-battery at their end nodes can be
discharged to transmit/receive a packet. Next, we discuss
prior works, and highlight their limitations.

II. RELATED WORKS

To the best of our knowledge, no works have considered
our research aim. Sun et al. [8] proposed two link schedulers
that consider links with and without a weight, and nodes with
the HSU battery charging model. The authors [8] consider
infinite battery capacity. Tony et al. [9] address the same
problem as reference [8] and aim to minimize the schedule
length but used the Harvest-Use-Store (HUS) [10] model,
where nodes have a super capacitor, and they are able to
use their harvested energy immediately or store it for later
use. Similar to [8], the work in [9] applied batteries that
are charged/discharged partially. Further, they [9] consider
each battery has limited capacity and leaks over time, while
reference [11] includes battery efficiency. The authors of [11]
aim to minimize stored energy by scheduling links with the
maximum weight first.

Recently, the authors of [12] proposed a link scheduler
for rtWSNs that addresses memory effects via a battery cycle
constraint. In other words, their work [12] enforces a node
to fully charge (discharge) its battery before it can be used
(recharged). They used the HSU battery charging model and
each node has varying energy harvesting rates. Note that the
works reported in [8], [9], [11], and [12] consider nodes with
a single rechargeable battery.

In summary, prior works assume nodes have a single
battery. However, as highlighted in [5], this is unrealistic
as in practice, if nodes charge and discharge their batteries
simultaneously, their battery lifetime will degrade. Conse-
quently, there is now interest in equipping nodes with a dual-
battery system. To this end, we revisit the well-known link
scheduling problem under a new practical setting.

III. PRELIMINARIES

We model a rtWSN as a directed graph G(V, E), where
each node v; € V is a sensor node and each link /; ; € £
denotes a directed link from v; to v;. Each node v; has a
transmission range of R;. Let ||v; — v;|| be the Euclidean
distance between nodes v; and v;. A node v; can transmit
or receive packets to / from v; if [|v; — v;|| < R;. Each
link /; ; € E has weight w; ; > 1, meaning the link must be
activated w; ; times in the generated schedule. For instance,
in Fig. 2(a), wa4 = 3. Let € (in Joule) be the energy
consumed to transmit or receive one packet. We assume the
energy usage for transmission and reception is equal.

We assume the protocol interference model [13], which
considers (i) primary interference, where each node is half-
duplex, and (ii) secondary interference, where a node, say
A, while receiving a packet from its neighbor, say B, also
receives a transmission from node C' to D. The interference
between links is modeled by a conflict graph Cq(V', E’)
[14], which can be constructed for a graph G(V,E) as
follows: (i) each vertex in V' represents a link in F, i.e.,
|[V'| = |E|, and (ii) each edge in E’ represents two links of
G that experience primary or secondary interference if they
are active together. Fig. 2(b) shows the conflict graph Cg
for the example rWSN depicted in Fig. 2(a).

A TDMA superframe or a link schedule consists of equal
sized time slots. All links in each slot do not experience
primary and secondary interference. Let S represent the
superframe and |S| denote its length (in slots). Each slot
is either empty or contains one or more non-interfering,
concurrently active links. A slot is empty when all sensor
nodes experience energy outage.

Nodes use the HSU [10] battery usage protocol. A node v;
is equipped with a harvester and two rechargeable batteries.
Let r; > 1 (in slots) be the harvesting time or the total
number of slots that is required by a node v; to accumulate
le of energy. Thus, the harvesting rate of a node is Ti per
time slot. Further, we denote the dual-batteries of node v;
as BZ, for z € {1,2}. For each pair of batteries (B}, B?)
at node v;, we call the first (second) battery as the active
(reserve) battery. Let b7 (in unit €) be the capacity of battery
z € {1,2} at node v;. We assume both batteries have equal
capacity, i.e., b} = b?. Further, the capacity of each battery
is sufficient to transmit or receive one packet, i.e., b7 > le.

Each battery follows the battery cycle constraint. This
constraint requires each battery of node v; to be (i) charged
to its maximum capacity b; ,q, before it can be used, and
(ii) discharged to its minimum capacity b; ,,,; before it can
be recharged. Thus, each battery’s usable energy is l;f =
bi,maz — bi,min. Further, each battery can be in one of three
modes: (i) charging (C), (ii) discharging (D), or (iii) idle (),
i.e., when the battery is neither being charged or discharged.
Without loss of generality, we assume each battery has an
initial energy level of b; y,in, Where b; yin < b; maq. Further,
we assume b; pnin and b; mq, are integer values.

We use fer and ff_ to denote respectively the start and
end charging time of battery z at node v;. Similarly, ¢; * and
t7~ denote the start and end discharging time of battery z
at node v;, respectively. Following the HSU model, we have



tf+ = ff_ +1 and ff+ =t~ + 1. However, only one of the
batteries at node v; can be charged or discharged at any time
t. Battery B? will start charging when B} stops charging.
Hence, the start charging time of B2 is equal to the end
charging time of B}, i.e., 7?2+ . The active battery at
node v; becomes the reserve battery, and vice versa, when
the energy level of battery B} reaches b; . after packet
transmission/reception and that of B? is fully charged. We
assume the time to switch the role of batteries is negligible.

Let 77 and 77 respectively be the charging time interval
and discharging time interval of battery z at node v;, which
are computed as 77 = t;~ — ;" and 77 = ;7 — ;7. In
other words, B? is being charged during time interval 77
and being discharged during time interval 77. The value of
77 is dependent on r; and b; ;,q,, While the length of 77 is
affected by b; i, and the number of times the batteries are
used at the cycle. We note that the time interval 7 has equal
length in any cycle because r; and b; 4, are constant over
all cycles. In contrast, the value of 77 may vary at different
cycles due to different energy usage between cycles.

Let b7, and b7 ; (in unit €) be the amount of energy stored
in battery z at node v; at the start of slot ¢ for a charging
and discharging cycle, respectively. Thus, we have bz =

bi maz and biztz,

beginning of each charging cycle is given as bi o

= b min- The battery level of node vl at the
= bz,mzn
For each discharging cycle, it is b ot = bimaz-

Let T; be the earliest time slot node v; when it can
transmit/receive a packet, i.e., when Bi1 can be used to power
v;. The earliest time in which link /; ; can be scheduled is
t;,; = max(7;,T};). For each node v;, we initialize T; =
71 + 1. Battery B} is initially in idle mode and it takes 7;
slots to reach level b; ;4. Following the HSU protocol, the
energy can be used only one slot later. It is updated when
the battery is discharged to transmit/receive a packet.

As an example, Fig. 2(a) shows the value of b; yin, i max»
b7, and r; for each node v; as well as the weight of each
link /; ;. One can compute the charging time interval for each
battery to obtain 77 = 4, 75 = 18, 7 = 14 and 7} = 12;
see Section IV for details. Thus, we have 17 = %11 +1=25,

= 19, T3 = 15, and Ty = 13. Therefore, the earliest
time each link /; ; can be scheduled is computed as t; 5 =
max(5, 19) = 19, t2)4 = 19, t473 = 15.
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Fig. 2. A rWSN model. (a) Graph G, and its (b) conflict graph Cq.
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A. Problem Statement

Our problem is to generate the TDMA link schedule S
with the minimum length |S| for a rWSN such that: (i) each

node v; is equipped with a dual-batteries system, (ii) each
battery at node v; € V satisfies the battery cycle constraint,
(iii) each link [;; € E can be scheduled at time slot ¢ only
if a battery of its end nodes is in discharging mode, and (iv)
each link /; ; € E is scheduled at least w; ; times in S.

To illustrate the effect of link scheduling on |S|, consider
the example in Fig. 2. Fig. 3(a) shows one feasible link
schedule with 88 slots. A schedule is feasible if it satisfies
constraints (i), (ii), (iii), and (iv). The figure shows only non
empty slots, i.e., each empty slot is represented as “...”.
Fig. 3(b) shows a shorter feasible schedule of |S| = 73 slots.
Our problem aims to generate the shortest feasible schedule
S. Note that, link scheduling in general is known to be NP-
hard [15]. Lastly, we remark that our problem is the general
version of the link scheduling problem that assumes nodes
have no energy constraint. Thus, it is still NP-hard.

Slot: 1 ... 18 .21 ... 023 .. 02 .. 35 ... 44 .. 050 .. 67 .. T2 .. 88

Schedule: | | IIAJ I |l4.3 | | Iul I ll.zl |I4,3 | I Iz,4| | Iz,4| I ll‘ll I ll,zl | ILzl

(a) One feasible TDMA link schedule.

.15 16 ... 19 20 .. 29 .. 37 38 .. 55 56 .. 73

| la3 I la3 |—| ha Illz I—l la3 I—l Iz,allu I—I hy2 Ih.4 I—I l:,zl
(b) The optimal TDMA link schedule.

Slot: 1
Schedule: | |

Fig. 3. TDMA link schedules for the rtWSN depicted in Fig. 2. Gray
colored slots show no packet transmissions/receptions.

IV. SOLUTION

We first describe all possible states of (B}, BZ) for node
v;, and their state transitions. Then we present three propo-
sitions relied upon by our greedy algorithm.

A. Battery States and Transitions

There are seven possible battery states at each node v;.
Each state Sy, for £k = 1,2,...,7, takes into account: (i)
four of six possible combinations of battery mode, i.e., (I, I),
(C, 1), (D,I), and (D, C); note that the combination (C, C)
and (D, D) are not possible because each node cannot charge
or discharge two batteries at the same time, and (ii) the
energy level of each battery, i.e., bzt = bi min> bzt = bi maz>
bZt > b; min, and bZ + < bimax- Formally, a state k of
batteries (B1 B2?) at node v; is defined as S = ({mode,
energy level}, {mode, energy level}). Table I shows the seven
states, i.e., Sl = ({I, bzl,t = bi,min}a {I, bit = bi,min}), ey

= ({[a bzl,t = bi,mam}v {I, bzz,t = bi,maz})~

B. Key Properties

Proposition 1 and 2 are concerned with a battery in
charging mode, while Proposition 3 is for a battery in
discharging mode.

Proposition 1: The energy level of each battery =z €
{1,2}, in charging mode at node v; at time slot ¢, for
fer <t< tﬁizi, is bit = mill(bl"maa;, bi,min + (t — L:ZZJr)/Tl)

Proof: The maximum amount of energy that can be

harvested from #;1 to ¢ is ; However, bzt is bounded
by the upper 11m1t of battery capa01ty bi,maz> which implies
bz}t < bz,maat u

Proposition 2 computes the number of slots required by
node v; to charge a battery B? from b; yin t0 bjmaq, for
z € {1,2}.



TABLE I
STATE AND STATE TRANSITION OF BATTERIES AT EACH NODE v;

Possible States Possible Transitions
State [ (B}, B?) | Transition Explanation
S DD S1 — So | B} starts charging, B2 is idle.
s @D So — So Bl.1 is being charged; it is not full.
2 So — S3 B is being charged; it is full.
g DD Ss — Sy | B} is used, BY starts charging.
3 S3 = S¢ | Bj is not used, BZ starts charging
T P
S, - S is empty, B? is not full;
4 2 swap B! and B
B] is empty, BZ is full;
S. @@ S4— S ’
4 4 3 swap B! and B2
Si — S B[ is not empty, BZ is not full.
S4 — Ss_| B] is not empty, Bz is full.
g @D S5 — Ss | B is empty; swap Bi1 and B2.
5 S5 — Sk B is not empty.
Se — S4 | B is used, BZ is not full.
s D@ S — S5 | B, is used, B; is full.
6 Se — Se B/ is not used, BZ is not full.
Se — S7 B/ is not used, B is full,
g DD S7 — Sk Bi1 is used.
7 S7 — Sy B/ is not used.
0 :1dle ®7, = bimin) I : Charging 67, > bimin)
B :1dle ®7, = bimas) 1 : Discharging (b7, < bimaz)

Proposition 2: The charging time interval of battery B7
at node v; is computed as 77 = 7 (b; maz — Dimin)-

Proof: We set t = ff_ in Proposition 1 to generate
the maximum energy level of the battery, i.e., b; maz. We
have b; maz = bimin + 7i°/ri. Thus, 77 is as shown in
Proposition 2. [ ]
Proposition 3 computes the next earliest time in which node
v; can transmit/receive another packet.

Proposition 3: Lett; > %il + 1 be the time in which node
v; last transmit/receive a packet. The next earliest time slot
before node v; can use its battery again to transmit/receive
a packet is T; = t; + 054, X 75 X (bsmae — b7,,) + 1.

Proof: The next earliest time 7; depends on the remain-
ing energy level of active battery B} and reserve battery B?
at node v; at time t;, i.e., b” and b7, respectively We
consider two cases: (i) bl t = = b min, and (i) b > bimin.-
For case (i), le needs to be recharged and node v; checks
the energy level of B2 at time ¢;, i.e., bitt' We consider two
sub-cases: (i.a) b7; = bimaz» and (ib) 07, < bimax. In
both sub-cases, we use Proposition 1 to compute b?,t,»- For
sub-case (i.a), node v; switches the role of its batteries from
reserve (active) to active (reserve) since Bf is fully charged.
Thus, the next earliest time node v; can transmit/receive a
packet is in the next slot, i.e., T; = ¢; + 1. Thus, oy,
is set to zero. For sub-case (i.b), node wv; waits for ~;
slots for B? to be fully charged before it switches the
role of its batteries. The next earliest time node v; can
transmit/receive another packet includes (i) the last time the
node v; transmit/receive a packet, (ii) time duration ~; to
reach its maximum level b; ;4. from the battery’s level at
time ¢;, i.e., v; = 73 X (bi,maz —b?‘ti), and (iii) one slot delay
before the stored energy in B2 can be used as required by
the HSU model. Hence, T; = t; 4 i X (bimax — b74,) + 1.
For this sub-case, o; ¢, is set to 1. For case (ii), B1 at node
v; has sufficient energy to transmit/receive another packet at

time ¢;. However, as a node can transmit/receive one packet
at a time, the next earliest time node v; can transmit/receive
another packet is in the next slot, i.e., T; = t; + 1. For this
case, 0, is set to 0. This completes the proof. |

C. Algorithm

We are now ready to explain Link Scheduling with Dual
Battery System (LSDBS). It aims to schedule all non-
interfering links at the earliest possible time slot. At time
t=0, Bi1 and BZ-2 are waiting to be charged. Further, both
have an initial energy level of b; . Finally, the initial
charging time of B}, i.e., £ is set to zero.

Lines 1-3 calls INIT(.) to perform the following: (i) Use
Proposition 2 to compute the charging time interval for each
battery at node v;, i.e., 7, and 77; (ii) Set the start of charging
time of B, i.e., {27 = 7'1 (111) Set T; = 7} +1; and (iv) Set
the energy level of B} at time T}, i.e., bllei = bimaz-

Lines 4-6 compute t; ;, i.e., the earliest time link /; ; can
be scheduled. Line 7 creates a set K that stores links /; ; that
have the earliest activation time. Line 8 then uses function
ORDER(K) to to store in set K’ links in set K in order of
decreasing weight w; ;. Links with equal w; ; are sorted in
decreasing node degree of its end nodes and for a tie, links
are sorted in increasing order of their node labels. Line 9 sets
t with the earliest slot, i.e., min{¢; ; }. Lines 10-29 repeatedly
schedule each link /; ; € K’ in order. Each selected link
in Line 12 does not cause interference or is interfered by
links that have been scheduled in slot ¢; see the condition in
Line 11. Each slot in S is initially empty. Note that function
CONFLICT() uses a matrix M of size |E|* that contains
Boolean variables to represent a conflict graph; i.e., M|a, b]
is set to one if there is an interference between links a and
b. Line 13 decreases the weight of each selected link I; ; by
one. Once the link weight is equal to zero, Line 15 removes
the link from contention; see Lines 14-16.

Line 17 sets the last time an active battery at the end
nodes of selected link [; ; is used, i.e., ; and ?;, to the
current time t¢. Further, Lines 18-19 compute the energy
level of the active battery at node v; and v; at time ¢ after
being used. Lines 20-27 compute the following for each
node x € {i,j}. Line 21 uses function COMP_T,(.) that
implements Proposition 3 to update the next earliest time
node z can transmit/receive another packet. Line 22 uses
function COMP_bZ(.) to compute the energy level of Bl at
time 7,,, which depends on the remaining energy level at time
t., 1.€., b . More speciﬁcally, if b;tm is larger than by pin,
then b1 T, is set to bl ,. since the active battery still can be
used. Otherw1se bm T, 1s set to by maq. For the latter case,
ie., bx 1, = bz maz> Line 24 switches the role of batteries at
node v,. Then Line 25 computes the start charging time of
B2, i.e., t2*. Finally, the steps from Line 4 is repeated until
all links are scheduled, i.e., w; ; = 0.

For example, consider Fig. 2. In Line 2, INIT(.) obtains
FE=4,7 =18, 7 = 14, and 77 = 12. It sets {27 = 4,
fgl' = 18, f?r = 14, and fi'l' = 12. Further, it computes
Ty, =5,1T,=19,15 =15,and T, = 13. Finally, it initializes
b1T1—3 b2T2—3b = 3, andb = 4. Lines 4-6
compute t1o =19, t2 4 = 19 and {43 = 15 Line 7 inserts



links I 3 into the set K. Line 8 obtains K’ = {l4 3}, while
Line 9 sets t = 15. Line 12 inserts ly 3 into S[15]. Line
13 gets wa s = 2. Line 17 sets t4 = t3 = 15. Lines 18-
19 compute by 5 = 3 and by 5 = 2. Lines 20-27 obtain
Ty =16, by , = 3 and T3 = 16, b} 1, = 2. Line 30 repeats
the steps from Line 4 until all links are scheduled. Finally,
LSDBS produces the link schedule S in Fig. 3(b).

Algorithm 1 LSDBS
Input: G(Vv, E), Tis bf, bi,maza bi,mins Wi, 5, and CG
Output: Superframe S

1: for each node v; € V do

2 INIT(7}, 72,657, T;,0} 1)
3: end for 7
4: for each link /; ; € E do
5: t;; = max(1;, T;)
6
7
8

: end for
: K = {node [; ; in C with min{¢; ;}}
: K' = ORDER(K)
9: 1 4 mil’l{ti’j}
10: for each l; ; € K’ do
11:  if NOT CONFLICT(l; ;,S[t]) then

12: S[t] « S[tJu i, ;

13: Wi j < Wi 5 —

14: if Wy = 0 then

15: remove node ; ; from Cg
16: end if

17: t; tj —t

18: bis, < bip —1

19: bis, < bjr, —1

20: for each node = € {i,j} do
21: T, < COMP.T,(x)

22: by 1, < COMP b (x)
23: if b} 1 = bz mae then
24: SWAP(B;, B2)

25: 2T, —1

26: end if

27: end for

28: end if

29: end for

30: repeat Line 4-29 until all w; ; = 0

V. EVALUATION

We have implemented LSDBS in C++ and conducted our
experiments on a computer with an Intel Core i7-9700T
CPU @2.00 GHz and 16GB of RAM. We consider arbitrary
networks with 10 to 50 nodes randomly deployed on a 40 x
40 m? area. Each node has a transmit and interference range
of 15 and 30 meters, respectively. Our results are an average
over 100 random node deployments. The average number of
links |E| is 28, 125, 273, 470, and 758 for rWSNs with 10,
20, 30, 40, and 50 nodes, respectively.

A. Effect of Battery Cycle Constraint

To study the effect of battery cycle constraint on the
superframe length |S|, we compare LSDBS, LSBCC [12],
and LSNBC. Briefly, LSBCC is a version of LSDBS in which
each node is equipped with only one battery. On the other
hand, LSNBC is a version of LSBCC without the battery
cycle constraint. We consider 10 to 50 nodes with r; = 5.
The total usable energy of two batteries when nodes use

LSDBS is set to be equal to the single battery in LSBCC and
LSNBC. Specifically, each battery in LSDBS has b7 = 5e,
i.e,, it has b; = 5¢, b; min = O€, and b; 4,4 = Se. Thus, the
total usable energy of each node v; in LSDBS is 2 x5 = 10e.
On the other hand, the battery in LSBCC and LSNBC has
capacity of b; = 10€, b; pmin = O€, and b; jrae = 10, i.e.,
its usable energy is b; = 10e. Each link weight is randomly
fixed to a value between 1 and 5, i.e., w; ; = [1,5].

Effect on Superframe Length: Fig. 4 shows that the |S|
produced by LSDBS is shorter than LSBCC. In a rWSN with
ten nodes, LSDBS produces 82 less slots (35.19% shorter) as
compared to when using LSBCC. The results are consistent
for other networks with |V| = 20, 30, 40, 50 nodes; LSDBS
produces superframes that are 27.85%, 27.45%, 27.03%, and
27.16% shorter than in LSBCC, respectively. This is because
nodes that use LSDBS only need to wait for one battery,
that has half usable energy of the battery in LSBCC, to be
charged to its maximum level before powering their load.
Fig. 4 shows that schedules generated by LSBDS are also
shorter than those in LSNBC. Specifically, for |V| = 10, 20,
30, 40, and 50, LSDBS produces |S| that are respectively
9.04%,13.41%, 14.26%, 14.8%, and 15.12% shorter than in
LSNBC. As shown in Fig. 4, the difference between schedule
length of LSNBC and LSDBS increases when |V| increases
from 10 to 50. The reason is because superframe length is
affected by the number of slots required by each node to
accumulate energy as well as the number of links it has
to activate. Each node in LSNBC needs r; + 1 = 6 slots
before it can activate one link, while that in LSDBS requires
r; x b7 = 25 slots to charge one battery to its maximum level
that can be used to activate five links. Note that, on average,
each node in network with |V| = 10, 20, 30, 40, and 50 has
7,16,20,30, and 38 links to activate, respectively. Thus, a
node that needs to activate 20 (30) links in LSNBC requires
at least 20 x 6 = 120 (180) slots, which is 15 (25) slots
longer than the node in LSDBS that on average requires
25 x 445 =105 (155) slots.

Effect on Charge/Discharge Cycles: As shown in Fig. 5,
the total number of charge/discharge cycles in LSBCC is
larger than that in LSDBS - an average from two batteries.
For example, when |V| = 10, LSBCC has three cycles more
than in LSDBS; i.e., 15% more. The results are consistent
for networks with 20, 30, 40, 50 nodes, Specifically, LSBCC
needs 6.17%, 4.62%, 3.4%, and 2.77% more cycles than LS-
DBS, respectively. Let £; be the amount of energy (in €) used
at node v; to schedule all of its incident links; Thus, eflch
battery of v; in LSDBS (LSBCC) needs [&;/b7] ([€:/bi])
charge/discharge cycles to harvest & of energy. Note that
b; = 2 x b?, and thus we have [£;/b7]/2 < [&;/b;]), i.e.,
charge/discharge cycles of each battery in LSDBS is no more
than that of the battery in LSBCC. Fig. 5 also shows that
the number of charge/discharge cycles produced by LSDBS
is less than LSNBC. More specifically, LSDBS requires
84.38%, 85.61%, 86.47%, 86.92%, and 87.13% fewer cycles
than LSNBC for |V = 10, 20, 30, 40, and 50 nodes, respec-
tively. This is because each battery in LSDBS has to be
charged only when its energy is equal to the minimum level.
The remaining experiments only use LSDBS.
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B. Effect of Harvesting Time

This section investigates the effect of r; on |S| and
charge/discharge cycles. In this simulation, we consider var-
ious r; values, namely 1, 5, 10, 15, 20 slots in a rtWSN with
10 to 50 nodes. We set b = 3¢, b; min = 1€, b; ez = 3¢,
and each link has weight w; ; = 3.

Effect on Superframe Length: Fig. 6 shows that increas-
ing r; produces a longer superframe. Specifically, for 10
nodes, when r; is increased from one to five, |S| jumps from
52 to 134 slots - an increase of 1.58 times. Similarly, when 7;
increases from 5 to 20, i.e., to 10, 15, and 20, |S| increases by
0.98, 0.49, and 0.33 times, respectively. We observe similar
trends for 20, 30, 40, and 50 nodes. For example, for 50
(100) nodes, when r; increases from 1 to 20, |S| increased
by 1.54 (1.55), 1.00 (1.00), 0.50 (0.50), 0.33 (0.33) times,
respectively. The length of |S| increased because each node
needs more time to charge its battery to its maximum level.
Notice that |S| increases almost linearly when r; is increased
from one to 20. Further, the rate in which |S| increases in
smaller networks, e.g., |V| = 10, is less than that of larger
networks, e.g., |V| = 50. This is because more nodes mean
more links need to be scheduled.

Effect on Charge/Discharge Cycles: For |V| = 10, 20,
30, 40, and 50, LSDBS produces a total charge/discharge
cycles of 95, 396, 850, 1451, and 2325, respectively for all
values of r;. In particular, increasing r; does not affect the
number of battery charge/discharge cycles. This is because
the number of charge/discharge cycles of battery at each
node v; that needs to accumulate &; of energy, i.e., [£;/b7],
depends only on the size of the battery’s usable energy b7.
Thus, different values of ; will only affect the time duration
to harvest &; of energy.

VI. CONCLUSION

This paper has proposed a novel link scheduling algorithm
called LSDBS that considers nodes with a dual-batteries
system and a battery cycle constraint. Our results show the
benefits of using a dual-battery system in terms of schedule
length and charge/discharge cycles. Specifically, as compared
to using a single battery that has the same capacity and cycle
constraint, LSDBS produces 35.19% (15%) less number of
slots (charge/discharge cycles). Interestingly, LSDBS obtains
15.12% shorter schedules when compared to nodes that use
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a single battery, even without cycle constraint, and they have
87.13% fewer charge/discharge cycles.
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