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ABSTRACT

Object tracking applications are gaining popularity and will soon
utilize energy harvesting low-power wireless nodes where power
is mostly consumed for neighbor discovery. Such applications re-
quire the design and experimentation with low-power neighbor dis-
covery protocols. We demonstrate the Panda protocol [4, 5] im-
plementation using commercial off-the-shelf energy harvesting de-
vices, based on the TI eZ430-RF2500-SEH prototype. The proto-
types harvest indoor light energy to perform power-aware neighbor
discovery, while maintaining a power budget. A custom-designed
online monitoring system interactively demonstrates the network
dynamics, including the energy storage levels of the devices, the
neighbor discovery events, and aggregate discovery statistics.

1. INTRODUCTION

Object tracking and monitoring applications are gaining popular-
ity within the realm of the Internet-of-Things (IoT) [3]. Emerging
low-power wireless nodes that can be attached to physical objects
are enablers for such applications. Often, these nodes are meant
to interact with a reader, but architectures are emerging that handle
scenarios where no reader is present, or where the number of nodes
overwhelms the readers’ availability. These scenarios can be sup-
ported by Energy Harvesting (EH) tags (e.g., [6]) that are able to
communicate peer-to-peer and are powered by an ambient energy
source (e.g., indoor light).

Such EH nodes will enable applications in healthcare, smart
buildings, assisted living, manufacturing, supply chain manage-
ment, and intelligent transportation [2]. An example application
is identifying misplaced objects: often when an item is misplaced,
its ID is significantly different from the IDs of its neighbors. In
such a case, the misplaced node can, for instance, flash a low-power
LED to indicate that it is lost. One enabler of such applications is
Neighbor Discovery (ND), in which nodes identify neighbors that
are within wireless communication range.

To maintain perpetual tracking of the mobile objects, ND must
be run continuously with the EH nodes operating in a low-power
mode, consuming power at the rate of power harvested. We pro-
posed, analyzed, and experimented with the Panda protocol in [4,
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Figure 1: The prototype EH node stores harvested energy in a ca-

pacitor and powers the microcontroller and transceiver.
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Figure 2: Panda demonstration setup: 5 EH nodes harvest energy
through the solar cells with neighbor discovery events monitored
by a listening node.

5], which is configured to maximize the rate at which nodes dis-
cover their neighbors, given a constrained power budget at each
EH node.

In this demonstration, we present the Panda protocol' implemen-
tation using Commercial Off-The-Shelf (COTS) EH nodes, based
on the TT €Z430-RF2500-SEH prototype [1] shown in Fig. 1. The
demonstration testbed (shown in Fig. 2) is composed of EH nodes
harvesting light from a custom-designed software-based light con-
trol system. The EH nodes contain a low-power microcontroller
and a wireless transceiver, and are configured to discover their
neighbors using the Panda protocol. A custom-designed online
monitoring system interactively visualizes both the wireless net-
work dynamics and the neighbor discovery events and statistics.

2. PROTOTYPE DESCRIPTION

To maximize the discovery rate, Panda follows a probabilistic ap-

'We focus on the implementation of the dynamic version of the protocol, Panda-
Dynamic, in [4, 5]. For simplicity, we refer to it as Panda throughout this abstract.
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Time elapsed: 396 sec

Individual node ND statistics:
Node 1:

Neighbor discovery rate: 9 disc. / 396 sec = 0.02 disc./sec

Last time heard a packet: 31.70 sec ago, Discovery Latency: 8.48 sec
Node 2:

Neighbor discovery rate: 9 disc. / 396 sec = 0.02 disc./sec

Last time heard a packet: 0.05 sec ago, Discovery Latency: 21.31 sec
Node 3:

Neighbor discovery rate: 11 disc. / 396 sec = 0.03 disc./sec

Last time heard a packet: 36.67 sec ago, Discovery Latency: 23.80 sec
Node 4:

Neighbor discovery rate: 6 disc. / 396 sec = 0.02 disc./sec

Last time heard a packet: 16.94 sec ago, Discovery Latency: 1.28 sec
Node 5:

Neighbor discovery rate: 6 disc. / 396 sec = 0.02 disc./sec

Last time heard a packet: 12.81 sec ago, Discovery Latency: 35.16 sec
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Figure 3: The Panda online monitoring system which illustrates: (a) network dynamic and discovery events, (b) energy storage level (capac-
itor voltage) of each node, (c) the neighbor discovery rate at each node, and (d) the discovery rate and discovery latency statistics of both

individual nodes and the whole network.

proach in which nodes transition between sleep, receive, and trans-
mit states (for more details, see [4]). The Panda protocol is imple-
mented in the EH prototype based on the TI eZ430-RF2500-SEH.
However, to fully experiment and demonstrate with the COTS de-
vices, we made some modifications to the hardware, as summarized
in [5]. The prototype consists of the following components:
Power Harvesting Source: The prototype harvests light from a
Sanyo AM 1815 amorphous solar cell, which has a fixed harvesting
voltage of 1.2V.

Energy Storage: The energy harvested by the solar cell is stored
in a 10 mF capacitor. To ensure stable operation of the microcon-
troller, the capacitor is prevented from reaching a low voltage level
by imposing a software cutoff at 3.6 V. If a node reaches such a
low voltage, it enters an ultra-low-power sleep state until the volt-
age level reaches a safe operating point.

Low-Power Microcontroller: A TI-MSP430 microcontroller is
used to provide computational capabilities. These include (i) sam-
pling the capacitor voltage using an analog to digital converter
(ADQ), (ii) operating a low-power 12 kHz clock with an idle power
draw of 1.6 uW to instruct the node to enter and exit an ultra-low-
power deep sleep state, and (iii) sending and receiving messages to
and from the radio layer.

Low-Power Transceiver: The prototype utilizes a 2.4 GHz
CC2500 wireless transceiver, which is designed to provide low-
power wireless communications.  The transceiver consumes
64.85mW in receive state, and the transmission power level is
set in software to —10dBm, with a resulting power consumption
of 59.23 mW. At this transmission power level, nodes within the
same room typically have little or no packet loss.

3. DEMONSTRATION

The demonstration testbed (see Fig. 2) includes: (i) five EH
prototypes running the Panda protocol, (ii) a custom-designed
software-based light control system, and (iii) a custom-designed
online monitoring system. In the light control system, a Java-based
script and an Arduino-based light control module precisely controls
the irradiance (light energy intensity) generated by light-emitting
diodes (LEDs). Dark box enclosures and 3D printed mounting fix-
tures ensure full control over the light conditions at the solar cells.

Demo participants can change the energy harvesting rates at the
nodes by increasing or reducing the amount of light incident on
the solar cells. From the monitoring system, demo participants can
observe power-aware neighbor discovery: nodes with a higher en-
ergy harvesting rate are more active, and listen and transmit more

frequently than nodes with a lower energy harvesting rate. In addi-
tion, demo participants can also observe the following features via
a set of graphs shown in Fig. 3.

Node States and Discovery Events: The network dynamics are
demonstrated by a topology graph (see Fig. 3(a)) in which each
numbered node represents an EH prototype. A node in the graph
“blinks” when it transmits a discovery message. If a discovery
event happens, a directed edge will occur, pointing from the trans-
mitting node to the receiving node (e.g., in Fig. 3(a), node 2 re-
ceives a discovery message from node 1).

Energy Storage Level: Fig. 3(b) shows the capacitor voltage of
each node, which corresponds to its energy storage level. Because
of the stochastic nature of the Panda protocol as well as the varying
energy harvesting rates, each node’s capacitor voltage varies with
time. In addition, energy neutrality is demonstrated by the voltage
oscillating within the limits of the capacitor storage.

ND Statistics: Fig. 3(c) and Fig. 3(d) show the ND statistics, from
each individual node to the overall network. The ND rate of one
node is the average number of discovery messages per unit time it
receives from all other nodes, and the ND rate of the network is the
sum of ND rate of individual nodes. Fig. 3(d) also contains the dis-
covery latency, which is the time between consecutive discoveries
received by one node from some other node.
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