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Abstract—Homes, offices and vehicles are getting networked. every instant. Thus, energy harvesting nodes can leaveeand r
This will enable context aware, autonomous operation of mayi  enter the network. Thus, ND is no longer a trivial task in such
support systems that could be controlied remotely. To achi®  anyorks and also it is not only performed at the deployment

this there would be a large number of tiny devices — sensors an .
actuators — which are networked and they are termed generafias stage of the network but also at regular intervals. One of the

Internet of Things (IoT) devices. In future, they will be powered Peculiarities of EH-I0T networks is that every node may see
through harvested energy from the ambience to enable pererial  different energy availability e.g., a device with photdeaid

lifetime and minimal manual maintenance. Some examples of (PV) panel facing south and north. Such heterogeneity &spli
energy sources are photovoltaic panels and piezoelectricystals. that the burden of ND could be handed over to a node that

Several challenges arise due to the nature of sources of eqgr f tor | titi f d
One of these challenges is that the devices (nodes) leave apd S€€S MOre Irequent or larger quantiies of energy or powere

enter networks due to fluctuating availability of harvestedenergy. By grid. If nodes are equipped with prior knowledge of energy
As a result, the neighbor table maintained at each node chamg availability through a reliable energy prediction alglbni,

quite often leading to complications in forming and maintaning  they could pro-actively support ND process.

routes. In fact initial naghbor_dlscovery (ND) itself is a dfficult In such a scenario we require a distributed or coopera-
task. Further, usage of directional antennas would increas the

time taken to complete ND. We study such a network through 1v& ND protocol, which is dealt with in this article. The
exhaustive simulation study considering various paramets. We contributions of this article are manifold. We first provide
demonstrate the benefits and challenges of using directioha scenario where ND process is studied in an EH-10T network
antennas for ND. We present a scheme that nodes could use toj g energy harvesting network. Further, we propose to use

discover their neighbor during initial deployment and another e tional antennas for ND, since nodes can transmit atow
scheme that could be used for subsequent discovery on re-ent !

into the network. We show that a dedicated ND protocol is transmit powers, reducing their instantaneous power regui
necessary for energy harvesting networks and that directioal ment. We shall see a major improvement over omnidirectional
ND is beneficial in these networks under some circumstances. transmission by also reducing interference. We also study
and propose protocols for re-entering nodes’ discoverynin a
already deployed energy harvested network.

Miniaturization of sensors and actuators including the com The rest of the paper is organized as follows: Section I
munication module has triggered an enormous growth of wirsdimmarizes related literature. Section Il describes tie N
less sensor and actuators network (WSAN). These dévizes scenarios we consider, the assumptions that we make and the
networked and could be accessed anytime and from anywhetetails of the simulation setup. Then, we describe the sifec
This class of networked WSANs systems are identified af various parameters on the performance metrics, discuss
Internet of Things (IoT). Future IoT devices are requirethe effects and consequences of these effects in Section IV.
to be powered by harvesting energy from the ambiendeinally, we present some suggestions for future work and
loT devices are typically of low computation capacity, lowonclude in Section V.
radio range, little or no non-volatile memory storage. Ehes

I. INTRODUCTION & M OTIVATION

Energy Harvesting Internet of Things (EH-10T) devices have 1. RELATED WORK
the additional challenge of functioning with sporadic gyer o _ _
availability. ND in wireless sensor networks is not considered to be

In this paper we focus our attention on the problem ¢ Problem by itself as it is traditionally performed by MAC
neighbor discovery (ND) in a network consisting of these EHRrotocols as an implicit operation. However, as Dutta and
loT nodes. ND is performed implicitly in traditional sensoPthers pointoutin [1], ND is not a trivial problem in netwark
networks. Further, a popular energy management techniqiare it is not easy or practical to predict if and when a
in energy harvesting networks is duty cycle adaptation & thode will find a neighbor nearby. These networks include
rate of energy harvested. Moreover, though energy avfiabi mobile networks in which energy is a constraint — e.g., loatte

in theory is perennial, power availability is not guaractee OPerated ad hoc networks [1].
Similarly lyer et al., suggest that beaconing rate must be

1we use the terms device and node interchangeably. based on the estimate of the neighborhood size [2]. Such an



estimate of neighborhood size is calculated usingNbe&De-
tectalgorithm that uses a maximum likelihood estimator which
is fed with the number of errors occurring on the wireless
channel. However in case of energy harvesting networks, a
popular technique adopted for energy management is to adapt
the duty cycle to the rate of energy harvesting [3]. Such a rat
adaptation causes additional complexity in ND process.
Cohen and Kapchits describe a cooperative scheme for
continuous ND which is performed by nodes in collaboration
with known neighbors to find a node that may have recently Fig. 1: Node Placement in System Setup
entered the network [4]. Such a discovery process is diftere
from the initial discovery process when no node is aware of
the other. Again, the application of this scheme to energlye network could be different from the other. In an indoor
harvesting networks is not straight forward as the nodet tla home setting we can visualize this heterogeneity, since
have already been discovered by their neighbors would atterenergy harvested depends on where the nodes are placed and
to perform initial ND again. Thus, there would be a heavihe type of harvesting. For example, if a node is placed near
overhead caused by nodes trying to discover neighbors veho aindows they could use solar harvesting and if placed near
already aware of them. A node that suffers heavy fluctuatitime walls could use thermoelectric generation to bank on the
between on and off state due to very low energy availabilityifference in temperature in the insulation. In our studg w
could potentially cause congestions by re-initiating thB Ninitially consider the ND process occurring in a single node
process in its vicinity repeatedly. that we label as “scanning node” @&. The assumption is
Discovery in wireless networks using directional antenndisat this node has been marked to perform this process before
has been studied by Vasudevan and others [5] where thgployment and no other node attempts discovery. In anlactua
authors describe direct and gossip based algorithms. ND psetting this assumption may not be unrealistic since, inmaeho
tocols in ad hoc wireless networks using directional argsnnsetting this node could be a “super node” that acts as the
have been described by An and Hekmat [6]. They describeme controller which is powered by a large harvester or the
a hand shake based directional ND scheme and study gt&d even. We assume that the node performing discovery is
performance. An and others describe the various protokats taware of the exact number of its neighboks. ‘However, a
can be used for ND and the impact of beamwidth and linkore homogeneous network must be modeled and studied for
models on these protocols [7]. Each of these studies, descia truly ad hoc network. Now, we address different types of
the benefits of directional antennas in discovery and pmvi8llD processes in the sequel.
an analytical model for the same. However, they do not expand
ona ne_twork in which nodes duty cycle due to non-availapility Two-Way ND
of continuous source of power.
Thus we study the effects of infrequent energy arrival and 1) Omnidirectional Two-Way ND:First, we consider an
variable beamwidth on the neighbor discovery process in ERmMnidirectional scanning node at the center of a circuldd fie
loT nodes. In the next section we describe our simulatiomsetwhose radius represents the radio link range of the node (See

and our model. Fig 1). This scanning node attempts to find its immediate
(single hop) neighbors which lie in random locations within
Ill. SYSTEM MODEL & SIMULATION SETUP the circular field. We assume that every node has a truly

We consider a network of EH-loT devices. We assume th@nidirectional antenna and is on the same horizontal gane
each node is equipped with an antenna whose beamwiguery other node. We assume that there is no synchronization
can be electronically switched similar to SPIDA as desatibdetween nodes but all nodes follow time-slotted operat#din.
by Nilsson [8]. We assume that it is possible to choose tf@des other than the scanning node sleep fgr; ms and are
beamwidth at which the transmitter may transmit rangingvake for T,, ms. The algorithm for this method is shown in
from 45> to 360° at which the transmitter becomes an ideahlg. 1.
omnidirectional transmitter. We assume that there arelidea2) Directional Two-Way ND:We then consider the case
transmission conditions and link variations are not cazr@d where the scanning node has a directional antenna with a
in this study. Further, we assume that time is divided infeeamwidthd and thus the circular field is divided inté"
slots. In this study we take one time slot to be equal ®ectors. The scanning node transmits DND packets in a
one millisecond. We focus our attention on the networfashion similar to the wheeled-iteration method [6], ithe
that has just been deployed. Every node in the network dsanning node transmits a DND packet and awaits an RND
powered by an energy harvester such as a photovoltaic paireleach of the sectors 1 througﬂg sequentially. Thus the
thermoelectric generator or vibration harvester. We assutotal transmission time for the scanning node is 27. The
that all nodes may or may not be powered by the same tyagsumptions about the neighboring nodes remain the same as
of harvester. Thus the energy opportunities of each nodeliafore. The algorithm is described in Alg. 2.



Algorithm 1 Omnidirectional Two-Way ND algorithm.

At the scanning nodé when having sufficient energy:
while all £ neighbors are not foundo

Advertize a neighbor discovery (OND) packet using

omnidirectional antenna

Wait for Reply ND (RND) packet in the nextms

if RND for a neighbotr is successfully receivethen
Mark x as found
Send a broadcast packet sayindias been found

end if

Sleep for (Nyay - 27)Ms

end while

At a neighbor nodey with sufficient energy:
if OND packet is received successfutlyen
Send a Reply ND (RND) packet
Wait for A to check ify is found
if y is not found byA then
Randomize the next wake-up time
end if
end if

Algorithm 2 Directional Two-Way ND algorithm.

At the scanning nodé when having sufficient energy:
while all £ neighbors are not foundo

Scanning node Neighbor node
(A) (8)

Fig. 2: One Way Neighbor Discovery

B. One-Way ND

Let us consider a connected energy harvesting network,
where nodes have discovered their neighbors and are now
performing network operations such as sensing and data
transmission. However, with energy harvesting nodes in the
network, when nodes constantly leave and re-enter the net-
work, storing a neighbor table in non-volatile flash memory
is often too expensive for nodes to perform especially ifenod
density is high and also from the point of view of available
energy. In such a case, it is more economical for a node to
attempt to rediscover its neighboring nodes every time-it re
enters the network. However, a two-way ND process could
be avoided in this case as most nodes are already aware of
all their neighboring nodes. We propose that all nodes in a
connected network send out beacons. These beacons can then
be heard by the newly “reborn” sensor nodes and it is used
to discover their neighbors. Such a beaconing could be usefu
not just for ND but also to convey important information such
as synchronization as in S-MAC [9] and/or as a signal that a
node is still or active in the network.

C. Energy Model
In this subsection we describe the modeling of the energy

for all s wheres is a sector from sector 1 through sectof"val process, the energy consumed by the nodes and the

27
= do

Advertize a neighbor discovery (DND) packet using an

directional antenna with beamwidth
Wait for Reply ND (RND) packet in the nextms
if RND for a neighbor is successfully receivetthen
Mark x as found
Send a broadcast packet sayindas been found
end if
end for
Sleep for (Nway - 27.2F) ms
end while

At a neighbor nodey with sufficient energy:
if DND packet is received successfutlyen
Send a Reply ND (RND) packet
Wait for A to check ify is found
if i is not found byA then
Randomize the next wake-up time
end if
end if

behavior of the energy storage elements.

1) Energy Harvesting (Arrival) ProcessThough the en-
ergy harvesting is a continuous process, the nodes would not
be able to use the tiny amount of harvested energy as and
when it is harvested. This is due to the limitation of the
hardware. The nodes start working only when there is enough
energy in their supercapacitors or batteries. To substarttiis
claim let us take a look at harvesting electronics. They make
use of DC-DC converters which require a minimum power
level to start operating. Thus there exists a threshold ebov
which the energy needs to be harvested. Thus, during a long
absence of harvesting opportunity or if the amount of energy
harvested is less, the nodes would be off. The quantity of
arrival is randomized to emulate a varying energy avaiiigbil
level similar to the varying power at the harvesting sources
e.g., a solar panel at noon versus at sunset.

We call this as an energy arrival model at the harvesting
node and we assume it to follow a Poisson arrival process. Tha
is, the time between the arrivals of two discrete burstdpisc
of energy is exponentially distributed. We use the term gyer
inter-arrival (or IA) time to indicate that the time betwetsvo
consecutive arrivals of energy. Thus an energy regime et s
an A time of 15 time slots is injected with a random quantity



of energy every 15 time slots on an average. While it is difficu : : :

to visualize the arrival of energy in this manner from a solar 16001 Do Transmite G130
panel, it is natural to observe this from a piezoelectricstaly 00| e
harvesting energy from structural vibrations.

Harvested energy is accumulated in an energy storage Jo00l @
element modeled as a supercapacitor. We account for the loss ol @@@
due to leakage current. mmm“’“’m }ﬁ

2) Energy Consumption at NodeEach node is assumed to o ° t %
be aware of its energy availability in the storage buffer.odla 400f @@@ee@” - ﬁzﬁﬂﬁﬁgﬂ
initiates or responds to an ND process only if it has energy 200 ii;11¥§§§§§§§§§§§§§ i
required for the entire process. For example, scanning node oaﬁﬁ g - - - -
with directional capability in the two-way discovery prese Neightor Discovery Rato
would start transmission in Sector 1 only if it has energy to (a) Required Number of Time Slots for Discovery
transmit to and receive from all sectors.

x + O

12001

Neighbor Discovery Time (Slots)

150F T T
50 Omnidirectional transmitter

Directional Transmitter6=180
Collisions occurring at the scanning node due to multiple © Orectonal Trnamitera-é6

nodes transmitting at the same time have to be dealt with

effectively for successful discovetryin the two-way discovery

method discussed above, every RND received by the scanning &@

node is retransmitted to the neighbor nodes. Thus, if the §

neighbor nodes receive a packet that does not match the @% }HHHHHHH

packet that it has just sent, it can detect that a collision @ }HHH

has occurred. When such a collision is detected, the node 58 gg % gg HHH%%%%%

randomly reschedules the instant at which it wakes up next. 0® i 0}% 0a 08 :

Since each node that detects this collision reschedules its Negor Doy

timers, the probability of a collision during the next ND jmer (b) Number of Response Collisions

is reduced. If the received and transmitted packets match,

the node that transmitted the ND packet does not respond 7

to any subsequent ND packets, thus as nodes are found, the

rate at which collisions are experienced must reduce. In the

one-way discovery process, as there is no feedback from the

passive scanning node, each neighbor node simply randsmize

the time slot at which it transmits the next ND packet. To

compare different categories of ND and also to study theceffe

[e]

D. Conflict Resolution
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of various parameters we use the following metrics (similar i .
to [7]): (@) ND ratio is the ratio of found nodes to total numbe ﬁﬁﬁeees@@mew“’“m
of neighbor nodes. (b) ND time is the time taken to find all mggzéé § eeeee@e °

k neighboring nodes. (c) ND energy is the energy required o TN ohg . oth“ 0s 1
at the scanning node to discoviernumber of neighbors. It ety Rate

includes the energy required for the DND or OND packet, for (c) Energy Spent

reception and the energy cost for acknowledgments.
P 9y g Fig. 3: Effect of Beamwidth

IV. RESULTS& DISCUSSIONS

In this section, we address the effects of different
beamwidths and energy inter-arrival times on the two-waat all nodes, including the scanning node, have excesggne
omnidirectional and directional cases. Following this,siiedy availability i.e., energy inter-arrival time is 0. Neighiigg
the performance of the one-way ND case at various enengydes operate at 20% duty cycle. The advantage of using
regimes and discuss how it compares with two-way discovegy.directional scanning node is evident from Fig. 3 which
shows the ND time required to find each neighbor node and
A. Two-Way ND shows the mean and standard deviation of samples taken over
1) Effect of Beamwidth: The study of the effect of 1000 iterations of the procedure. As the beamwidth of the
beamwidth was conducted in the case that 40 nodes and scanning node decreases collisions that occur among réspon
) _ _ _ _ ing nodes go down. Thus the required ND time reduces.
ks we do not perform physical layer simulation, we assumeittzn ND As the percentage of nodes discovered increases, we can
packet is transmitted without ND collisions it can be reediby devices in ,
range with probability 1. observe that the deviation from the mean increases. Such an



an inter-arrival time of 15, 10 and 5 time slots.

T T T T T
3500 | - —O— - Omnidirectional Transmitter 1A = 15

~#~ Directional Transmiter 1A - 15 | The time or number of slots required in each case to find
30001| o Dreotona Transmier A 10 ] neighbor nodes is recorded for both an omnidirectional and a
+ Drectons! Tranamitr A d - directional scanning node & 45°) in Fig. 4(a). As intuition

= suggests, the performance of the scanning node in terms of

ND times is worse at low energy arrival rates. However it is
interesting to see the behavior of the directional nodeugers
the omnidirectional one. When the inter-arrival time is 15
time slots, the omnidirectional scanning node outperforms
the directional node. This is caused by the excess energy
that the directional node must spend in comparison with the

2000

1500

Neighbor Discovery Time (Slots)

1000 -

50010

O medae ek omnidi_re_ctional node as seen in F_ig 4(b). Since the nodes in
_ _ _ the vicinity of the scanning node in the IA = 15 case suffer
(@) Required Number of Time Slots for Discovery from lack of energy, they respond less frequently to the ND
packets of the scanning node. As a result, the scanning node
450(] 22" Dioctonat ranemter 2 15 ] bears the brunt and has to spend a longer time and energy
aool| —o— Diveconat s e 10 ] attempting discovery. Furthermore, as the directionalenod
O+ Omnidirectional transmitter IA = 5 . . . .
| Dol ransmiter -5 QU defers the ND process to a time when it has sufficient energy
z P to carry out discovery in all sectors, there is a further éase
S 300 Pl 1 . . .
E ot in its ND time.
g% ~ ] Implications We now discuss some implications of the
il ] effect of beamwidth and rate of energy arrival on ND. While
Ssop [/ e a directional scanning node is capable of better performanc
. g
word E due to lesser interference, at very low energy availability
sof N, the directional antenna loses its advantage due to therlarge
e - -0 -
=m0 - . .
Jem—e——8——e—&— 86 number of ND packets and hence higher energy consumption.
T Womedmenegbos We initially assumed that the scanning node was in some

way more endowed than its neighbor nodes which is why
it pro-actively took on the role of finding its neighbors.
In the directional discovery case, the onus of the excess
energy consumption is only on the scanning node. Obviously,
neighbor nodes waste lesser energy on collisions in this.cas

. . o Thus the energy spent across the network is reduced and this
increase is the result of the randomization of the back-gffakes such an option more profitable to a network deployed
time that is performed for the purpose of conflict resolutio, 5 setting where energy availability is a major concern.
In Fig. 3(b) we see the cumulative number of collisions thq{hough this is at the cost of lower performance, over a
occu_rrgd pefore disco_vering each of the_40 nodes. In ca§e|&{g run, it can be argued that this network will be able
omnidirectional scanning node, a sharp rise can be see®in{i maintain connectivity for a longer duration due to fewer
number of collisions till about 40% of the nodes are founqy,mbers of nodes dying out due to high energy consumption
Beyond this point, the number of collisions saturates Wsib j, he ND process itself. In order to increase the advantages
The reason for this is that as each node is found, the protyabiby¢ e girectional scanning node, a better scheme could be
of a collision kept reducing as the nodes that are alreadydouyeyised by choosing a wider such that the benefits of both

in the previous slots no longer respond to the subsequent Ndser interference and lower number of DND packets can be
packets. enjoyed.

The energy required for finding all 40 nodes can be seen|p adverse conditions, if even the supposedly well-endowed
in Fig.3(c). We assume that the scanning node can transgtihnning node has very low energy availability, we must
to the same link range for a smaller transmit power. Yet, thfstribute the burden among the other nodes. From the sesult
advantage that the scanning node has in lower ND time f@e can understand that there is a threshold on inter-atiival
low beamwidth is offset by the higher energy consumptiogf energy below which it is advisable to perform directional
due to increased number of transmissions. Thug, &t45° ND. Here our results indicate that this inter-arrival tine i
the quantity of energy spent by the scanning node is highasf time slots. Nevertheless, this threshold is dependent on
and reduces with higher beamwidth. the transceiver chip used as the difference between energy

2) Effect of Inter-arrival Times of Energy The effect consumed for different transmit powers varies widely among
of inter-arrival times on the ND can be seen in Fig. 4. Athe various commercial offerings today. If there is a chigtth
we described previously, energy arrives at each of the nogesvides lower energy requirement (than we consider here)
including the scanning node as a Poisson arrival proce$s wibr its lowest transmit power option, this threshold woulat n

(b) Required Energy for Discovery

Fig. 4: Effect of Energy Inter-arrival Times



apply and probably would not be required any more. suggest that this relationship is more complicated. Inrfutu
B. One-way ND studies, accurate modeling of the energy storage element

) ) ) ~ must be included. Furthermore, we do not study the effects
The scanning node behaves like a simple receiver in thg the size of the storage element here. If we consider a

study. Since we propose that this scheme be used for contipner supercapacitor, the effect of a heavily varying gper
ous ND, we must ensure that this method has the least possilgjlability may be smoothened.

overhead. However, as mentioned earlier the beaconing thaf\,e consider nodes to form clusters that have a specially en-
we expect neighbor nodes to perform is multi-purpose and twed super node that performs initial ND. In order to présen
overhead is not strictly for the ND process alone. Hence Vgegeneralized solution, a model in which every node inisiate
focus only on the energy spent at the scanning node. ND processes of its own must be studied and understood. This
homogeneous network would be an extension of the model we
have studied here.
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