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ARTICLE INFO ABSTRACT
Article history: Recharging a sensor node by using energy hargestiiniques is increasingly gaining
Received 12 February 2016 importance in recent trends. One popular methoghefgy harvesting is the use of RF
Accepted 12 March 2016 waves to increase the battery lifetime of the semswle. The use of dedicated RF
Available online 20 March 2016 energy for energy harvesting requires commercifitted shelf products making the
cost of the network feasible. However, the energgndfer occurs in the data
Keywords: communication band thereby requiring an efficiembtpcol to share the medium
Cluster, MAC Protocol, RF energy, appropriately. We propose a clustered approacholee she issue of compromise
Wireless energy harvesting, WSN. between energy and data transfer. By extensivelations, we show that the proposed

protocol optimizes the energy harvested by eacBasamode while causing minimum
interruption to data communication.

INTRODUCTION

Wireless sensor networks (WSNSs) are used for dgitog of applications in day to day life. Remotgient
monitoring, habitat monitoring, smart homes, stutait health monitoring etc are hot scenarios whg&N are
intensively used. Off late many developments infitblel of sensor nodes have resulted in emergimdicgtions
with low cost and low maintenance WSN. Still theimehokepoint in WSN is the restricted network tiifee
due to the battery constraints of the sensor nditee the nodes are deployed usually in a hostir@anment
it is not only impractical but also infeasible t@anually replace the battery of the sensor nodes. @actical
solution is to use rechargeable batteries in the@enodes that can be charged by other exterreahsn&everal
approaches have been describedBn, (Z.A., 201), to recharge the battery by use of solar, wirzhuatic,
vibration etc. The out of band energy transfer psgal in Kim, J., J.W. Lee, 2001 as well as the above
mentioned ambient sources result in additional Wward and also requires excess spectrum availalsitity
thereby increasing network cost. The proposed seheses in-band energy transfer and needs only an
additional circuit to harvest energy from RF poweurces. However, use of in-band approach causdgAC
protocol should tackle the challenges like scheduthe energy transfer, precedence of energy gaasid its
influence on communication services. The MAC protomust consider nodes requesting channel for data
transfer and nodes requesting RF power for rechgngith fairness and provide mechanisms to tactlis@n
between the two. In our protocol, the WSN consiéta set of dominator nodes which by harvest enémgy
other ambient sources such as solar, vibrationdwimd biochemical but not by RF energy. These datoin
nodes act as a source of power to the sensor hyda®viding them RF power. Each dominator fornuduster
of sensor nodes during the initial start-up phdghe network to which it supplies RF power forhaming the
node. In our approach there is no need for glopatigonization but we need only cluster synchraira
When the energy of the sensor node becomes ldsmertie predefined threshold then the node askRFor
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power to its cluster dominator using PowerRequeR) (signal. The nodes in the vicinity of the redqurgsnode
also go into recharging mode when the dominatoviges RF energy.

The main contributions of our work are as follows

» A novel approach for clustering of nodes for Rivpotransfer.

» Atime schedule is identified to separate RF powarsfer and data transfer

>

4 Dominator node

< Sensor node

Fig. 1: Network Architecture.

The rest of the paper is organized as followstiSe 2 briefs the related work is provided. In &t 3, the
set up model of the Wireless sensor network consitles described. Section 4 provides the overviéithe
proposed protocol. Section 5 explains the MAC frenok in detail followed by performance analysis in
Section 6. Section 7 concludes our work.

I1. Related Work:

In (Naderi, M.Y., 201, the authors proposed a distributed MAC protdooRF energy harvesting sensors
using in-band energy and data transfer. However,pttotocol does not solve the issue of idle listgrand
provides energy access priority over data causiitiigad data communication to be disrupted. In thehors
proposed a centralized MAC protocol for WSN with Bkergy harvesting. In this approach the node adapt
duty cycle based on the energy harvested by its Photocol requires global synchronization and wsésof
band energy transfer. Ii\atfa, M.K., 201}, authors present concept for multi hop wirelessrgy transfer and
derive the efficiency of the same. This method hewehas a disadvantage that it requires magnetipled
resonators with perfectly aligned coils among tlaagmitter and receiver. IiCfen, L., 2014 a token MAC
protocol system is detailed which provides fairemscto the medium for all tags but this systenotscapable to
generate enough energy for a typical sensor ndue atthors inGurty, J.P., 2006presented RFID technology
in which the RFID tag operates by using the endrgyn the RF Power incident on it from the transaritt
(lannello, F., 201p discussed the design of and analysis of MAC it of sensor networks which are
recharged by using ambient energy harvesting.

[11. Setup Model:

The network consists of dominator nodes and semsdes. The dominator nodes are assumed to have no
power constraints and can easily charge up theosemsles in its power cluster. Sensor nodes in oréhare
provided with the RF energy harvesting circuit angliper capacitor. The dominator nodes provide ®#ePto
the normal sensor nodes which in turn chargesuperscapacitor. The sensor node uses its residead for
the operations like sensing, computing, packetsmassion and reception, which is powered again the
recharging mode.

I'V. Overview of the Protocol:
The protocol consists of two phases, the initiaftsup phase and the steady state phase.

4.1. Initial Start-up Phase:
The initial phase consists of power cluster foiorat@and is identified by advertisement phase aridpse
phase.

4.1.1. Advertisement phase:

In this phase the dominators send a short pulskerslot allotted to thenThe sensor nodes listen to the
pulse and select their cluster dominator as thendrieh has the highest RSSI. The node identifeseatharging
duration to power up the super capacitor from tieghold to its maximum value. This is indicatedkot the
dominator.
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4.1.2. Setup phase:
The dominator on receiving interest from the nome®rm a power cluster comes up with the schetre
the nodes to aid in transmission and receptiors $tiedule is published to the cluster nodes.

4.2. Steady state phase:

After the completion of initial start-up phase lkaominator is aware of the set of nodes to whichould
service energy. The node also identifies its clustkeminator and the amount of time required fortait
completely recharge. The steady state phase cerdist set of periodically repeating cycle of aetimode
followed by a sleep mode. Each period consistsnoéive duration and sleep duration. The activeatilon
follows slotted CSMA during which data transmissimecurs. In the sleep duration, the sensor nodéstsw
their radio off. During the sleep mode, the node uest for RF power to its cluster dominatoisbypding a
Power Request (PR) signal by indicating its chaygiariod as computed in Section 5.1.1 .

V. Detailed Protocol Description:
The protocol operation can be explained by twosphainitial start-up phase and the steady staseh

5.1. Initial Start-Up Phase:
In the initial start-up phase, the power clusteesformed. Each dominator node identifies a giupodes
it grants Power Request’s. The initial start-upggheomprises of Advertisement phase and setup phase

5.1.1. Advertisement Phase:

This phase is detailed by the following set ofratiens. Every dominator node is provided a tinod fir it
to send a beacon signal. All nodes listen to ttecbe signals and identify the dominator with thghleist RSSI
(i.e., the dominator which is the nearest to therhp equation is computed from the energy of thpacior as

1 2

E’reqm‘red -3 C(Vreqmred - Vc%vr‘rent) (1)

In our casé/yprent ~ 2V andV;..qyireq = 3.3 V which are the minimum and maximum operatiotiage

for Mica2 mote. Thus the valueBf, ,,;yeq is computed by

E’required: 2C @)
PpTrd

| 3

required Telot ( )

where C is the capacitance of the capaciféy is the power received in the beacon signal Angs is the

duration of the beacon signal.
The recharging duration of the node is computed as
2C
Tg = P_Tslot (4)
R

The dominator beacon which causes the minimumevadl’.; is chosen as the cluster dominator.

5.1.2. Setup Phase:

In the setup phase, the nodes indicate the intefderming a power cluster to the chosen dominatede
in the advertisement phase. The dominator nodepgcdbe interest from the nodes. It estimates decyc
schedule for the cluster nodes. Every cycle camsia beacon signal from the dominator followedahyactive
mode and a sleep mode. The beacon signal is afufzgion 15 ps. The duration of active mode anepshlaode
is decided by the cluster dominator node basechemumber of cluster sensor nodes. The activatidar

Tactive and the sleep duratidﬂf'h:,,d,‘gp are computed similar to the IEEE 802.15.4 starslf8tby
Tactive = 2V x 15.38 ms ()
Tsteep = 2% x 15.38 ms (6)
where <N, <M ; 0< S5, <N,
This schedule is published to the cluster membgtbe cluster dominator.

5.2. Steady State Phase:

Each cycle in the steady state phase comprisasbeficon signal from the dominator cluster follovegd
active and sleep mode. The cluster dominator neddssa beacon signal indicating the start of aecyhere
are three types of beacon signals viz., normal drgaduster power beacon and vicinity power beatorhe
active mode, if the node residual energy is thanpttedefined threshold (\* 2 V) , the node switches off its
radio in the active mode and waits till the sleepdm Else the nodes contend the channel accegmétet
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transmission by slotted CSMA using the allotted ecotihe DIFS duration for the slotted CSMA is 320 us
similar to the IEEE 802.15.4 standardsoyitt, I., J. Gutierrez, 2003 When the node has no packet for
transmission it waits for any other node to recaivpacket in the active period. In the sleep mditke,node
switches OFF its radio and waits for the starthef hext active cycle. When the node requires RFepdrem

the cluster dominator, it switches ON the radioimyrthe sleep mode and sends a Power Request(RR). P

signal indicates the node ID and the rechargingatihm T%.;. The cluster dominator receives the PR and

indicates the acceptance by sending a cluster pbeacon indicating a RF Power cycle. The clustevgro
beacon contains information about the node ID whefuested the RF Power transfer along with thataur
of RF Power transfer and the time of the starthef RF Power transfer. Usually the RF Power transfiees
place in the sleep mode of the power cluster. éréhare no PRs received by the cluster dominaler, t
dominator sends a normal beacon to signal the sfathe next cycle. On sensing a power beacon, the
neighbouring dominators transmit a vicinity powenbon signal which informs the nodes about the GfifeF
power transmission. The nodes in the vicinity & tominator cluster enter into recharging mode earihg a
vicinity power beacon. The dominator cluster seRéspower after the commencement of the sleep nmibiuke.
sensor nodes in the cluster as well as those riadid® vicinity of the cluster recharge using the power.
After the end of recharging mode, the dominatostelusends a normal beacon signal indicating #re st the
next cycle. The flow of operations is illustratedhe Figure 2.

Received PR
from N, in
previous cycle

D. issues normal
beacon

D 1ssues cluster
power beacon

Active Mede l
MNeighbouring D.
1ssue viemity

power beacon

| I

e switches off Vicinity nodss go
radio till slesp into recharging
Mz send packetto mode mode
D. in its allotted
slot l l
l Sends PR to D: D. sends RF

power in slesp

Enters sleep mode
mode

-
Switches off its
radio till next Sleep Mode

beacon signal Schedule of next
active mode
decided by D,

Fig. 2: Operations in Steady state phase.

VI. Performance Analysis:

In this section, we evaluate the performance @f pinotocol by simulation analysis. The protocol is
compared with RF-MAC, where the ET’s are treatednedes for packet transfer in order to have a fair
comparison along with a Clustered CSMA MAC protoatlere the nodes form power clusters but do noé hav
a cycle of active and sleep modes. The performareteics are the average packet loss and the avatagbker
of PowerRequest’s per node. The average packeidassmputed by estimating the averaging the nurolber
packets dropped against the total number of pacleting the simulation. The average number of
PowerRequest’s per node is found by recording thaber of times a sensor node requests for RF Pamr
averaging the value during the simulation. Theapeters of the simulation are set as follows. €hergy
harvesting circuit parameters are based Mimt@navongsa, P., 20L.2The operational characteristics of the
sensor are modelled on Mica2 mote specificatiofi8.s&nsor nodes are uniformly deployed at randoangrid
of 400 x 400 rharea. The grid is subdivided into grids of 10 xrf0area in which 40 dominators are placed at
the centre of each grid. The traffic load is getestaby CBR flows. Sender receiver pairs are idetif
randomly.

6.1 Evaluating Dominator node density:

In Figure 3, the ratio of the dominator node with sensor node is varied to find the appropriateidator
node density for this network. The packet lossorédr 1:4 is almost similar to 1:5. However, 1:3ults in an
increased value of packet loss. Hence we can fixad:the ideal ratio for the current scenario.
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Fig. 3: Effect of Dominator node density.

6.2. Effect of number of flows:

The impact of increasing the number of data flisvewvestigated. Figure 4shows the average pacisst |
when the number of data flows is varied from 1 toThe average packet loss is significantly lesshie
proposed protocol when compared to and ClusteredCMPhe nodes are clustered for energy transfer to a
cluster dominator causes lesser amount of RF Pimdexference than RF-MAC.

—®&— RF-MAC
—®&— Clustered-MAC
PowerCluster MA(

Packet Loss Ratio

Number of Flows

Fig. 4: Effect of Number of Flows on Packet Loss Ratio.

6.3. Impact of Node Density:

We investigate the network performance by varying number of sensor nodes from 250 to 500. The
dominator nodes are increased correspondingly énr#éio of 1:4 with respect to the sensor node¥he
variation of the average packet loss with the ndelesity is shown in Figure 5. As the node densityaases,
the network becomes crowded resulting in a sinmitagket loss for all the three MAC protocaols.

0.3
0.25
0.2
0.15
0.1

=@ RF-MAC
=== Clustered-MAC
PowerCluster MAC

Packet Loss Ratio

0 | 1 1 1 1 J
250 300 350 400 450 500
Number of sensor nodes

Fig. 5: Effect of Node density on Packet Loss Ratio.

The effect of node density on the number of PoReguest’s is shown in Figure 6. The average number
Power Request’s shows a decrease as the nodeydansitases.
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Fig. 6: Effect of node density on Number of Power Request’s

The reason being as the nodes are closer to ¢aeh they are able to scavenge the RF Power rezfliby
the neighbouring nodes.

VII. Conclusion and Future Work:

In this paper, a MAC protocol is proposed for REhargeable WSN. The novel idea of using clusteiong
RF Power transfer is explored in this paper. Sitmutaresults conclude that by using clustering Rér Power
transfer, we can minimize the packet loss as wellnfumber of Power Request’s and also maintaiméhgork
lifetime. Future work will include the effect of diéng with collisions in data as well as RF Powansfer.
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