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• Small energetically self-reliant tags
• Enabling technologies
• Energy harvesting with lightweight components
• Low-power wireless communications
• Energy adaptive algorithms

An Example Application
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• Energy harvesting with lightweight
components
• Low-power wireless communication
• Energy adaptive algorithms
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Panda protocol outline

Amorphous Solar Cell
• Harvesting indoor light at a fixed harvesting
voltage of 1.02 V
• Supports power harvesting rate up to 0.5 mW

TI CC2500 2.4 GHz Wireless Transceiver
• Provide low-power wireless communication
• Perform carrier-sensing before transmissions
• Send and receive discovery messages
• TX consumes 59.23 mW (with -10 dBm TX
power level), RX consumes 64.85 mW

Energy Harvesting Prototype Testbed Network Demonstration
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Neighbor Discovery (ND)
• Neighbor Discovery is key to searching and monitoring applications
by identifying nodes within communication range
• Challenges: (i) perpetual neighbor monitoring – last forever, (ii)
energy-constrained tags can only be active for small periods of time,
and (iii) achieving and maintaining coordination is difficult
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Demo showcases:
• The energy harvesting rates at the nodes can be
changed by increasing or reducing the amount of
light incident on the solar cells
• Power-aware neighbor discovery: nodes with a
higher energy harvesting rate are more active, and
listen and transmit more frequently than nodes with
a lower energy harvesting rate
• Network dynamics in real time
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Energy Storage Level:

Neighbor Discovery Statistics:
• The statistics includes the average neighbor discovery rate for both
individual node and the network, as well as the discovery latency
Energy Storage Level

Neighbor Discovery Rate

Neighbor Discovery Statistics
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TI-MSP430 Ultra-Low-Power Microcontroller
• Operate the Panda protocol
• Ultra-low-power sleep state consumes 1.6 uW
• Sample the capacitor voltage using an Analog-toDigital converter (ADC)
• Receive and send packets to the radio layer

Software controlled light system including a
dark box enclosure, high-power LED driver,
and an Arduino-based light controller.

• The network dynamics are shown by a
topology graph
• A node “blinks” when it transmits a message
• A directed edge occurs when a discovery
event happens (e.g., node 2 receives a
discovery message from node 1)
• The capacitor voltage of each node represents its energy storage level
• Energy neutrality is demonstrated by the voltage oscillating within the
limits of the capacitor voltage

Prototype based on the TI eZ430-RF2500-SEH

Energy Storage
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• The average node sleep duration is set
as function of it energy storage level
• Panda achieves energy neutrality by
stabilizing the capacitor voltage at a
target value

• Small network of EH prototypes harvest energy
from the light control system
• Programmable light control system for finely
controlled dynamic light energy inputs
• An online monitoring system

Boxes equipped with small tags

Enabling technologies

• Objective: Maximize the rate at which nodes discover their neighbors, subject to a power budget at each
energy harvesting node
• Energy harvesting nodes transition between different radio states (sleep, listen/receive, and transmit) to
maintain within a power budget. The node sleep duration is adjusted based on power harvesting
feedback from the energy storage level (i.e., capacitor voltage)

Testbed includes:

Identifying a misplaced box in a warehouse
• Harvest light energy
• Communicate within short range
• Exchange ID information

A real time Graphical User Interface
(GUI) based on Python and the
Python Tkinter package
Node States and Discovery Events:

Power Connector

Searching Objects:
Where are my keys?

Monitoring of Objects

Panda Protocol

Energy Storage
• An external 10 mF capacitor stores harvested
energy to power up the prototype
• Prevented from reaching a low voltage level by
imposing a software cutoff

The Internet-of-Tags

Smart Buildings

Online Monitoring System
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Object tracking applications are gaining popularity and will soon utilize
Energy Harvesting (EH) low-power wireless nodes where power is
mostly consumed for neighbor discovery (ND). Such applications
require the design and experimentation with low-power neighbor
discovery protocols. Although ND protocols were developed for sensor
networks, the challenges posed by emerging EH low-power
transceivers were not addressed. Therefore, we design an ND protocol
tailored for the characteristics of a representative EH prototype: the TI
eZ430-RF2500-SEH. We demonstrate the Panda protocol [1, 2]
implementation using commercial off-the-shelf energy harvesting
devices, based on the TI eZ430-RF2500-SEH prototype. The
prototypes harvest indoor light energy to perform power-aware
neighbor discovery, while maintaining a power budget. A customdesigned online monitoring system interactively demonstrates the
wireless network dynamics, including the energy levels of the devices,
the neighbor discovery events, and aggregate discovery statistics.

Panda – Power-Aware Neighbor Discovery Asynchronously
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Abstract

Recent and Future Work
Distributed broadcast throughput maximization
• Explore the fundamental limits on the communication rate between a set of
heterogeneous energy-constrained nodes. Consider two alternative
definitions of throughput: Groupput and Anyput
• Design, analyze, and experiment with Energy-constrained Broadcast
(EconCast) protocol – a simple asynchronous in which nodes transition
between sleep, listen, and transmit states in a distributed manner, and
dynamically change the transition rates between different states

Open Problems
• Testbed evaluation of EconCast with custom designed ultra-low-power nodes
with improved energy awareness
• Consider unique application characteristics (e.g., neighbor discovery and
delay tolerant networks) and their relation to groupput and anyput
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