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Abstract—With the convergence of ultra-low-power commu-
nications and energy-harvesting technologies, networkin self-
sustainable ubiquitous devices is becoming feasible. Hemcwe
have been recently developing new devices, referred to as &gy
Harvesting Active Networked Tags (EnHANTSs). These small,
flexible, and energetically self-reliant tags can be seen aa
new class of devices in the domain between RFIDs and sensor
networks. EnHANTSs are made possible by advances in ultra-le-
power ultra-wideband (UWB) communications and in organic
semiconductor-based energy harvesting materials. They Wien-
able novel tracking applications, such as continuoUS MOMIKING  [e= =— ——— — — — — —— — —
of objects and locating misplaced items. In this demo, we psent MICA2
phase | EnHANT prototypes. These prototypes are much larger
than the envisioned EnHANTs and do not include custom-made Mote
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UWB and organic electronic components. Yet, they serve as ) I
platforms for preliminary experiments and allow demonstrat- Silicon Light-to- —

ing energy harvesting-adaptive EnHANT communications. Each Frequency .. .;:\\ I
prototype is based on a MICA2 mote and includes a custom- . Solar Cell Converter. SRy
designed sensor board with a light sensor and a solar cell, o J
which are used to determine the light energy received from th -_—— - -

environment. We have also designed a monitoring system wific _ o

is used in the demo to show how the EnHANT prototypes adjust F9- 1. The components of the envisioned ENHANT phase ligtype (top,
their communications patterns based on their energy harvesg shaded) and the components of the phase | prototype (bottom)
parameters.

Index Terms—Energy harvesting, energy scavenging, energy in the near future. Additional information about the EnHANT
adaptive networking, ultra-low-power communications, adive project is available at [2]
t I ind light. . )
ags, solar energy, Indoor g In this demo, we present phase | EnHANT prototypes that
are based on commercial-off-the-shelf (COTS) hardware. Th
l. INTRODUCTION hardware components of the EnHANT prototypes we present

Energy Harvesting Active Networked Tags (EnHANTan this demo are shown schematically in Fig. 1 (bottom),

belong to the domain between RFIDs and sensor netwof¥3d @ sample prototype in shown in Fig. 2. The long-term
[12]. Small, flexible, and energetically self-reliant, EANTS objective is to create a small and flexible tag with the custom

will be attached to objects that are traditionally not neteeal, Nardware integrated. Hence, phase Il EnHANT prototypeis wil
such as books, furniture, walls, doors, toys, keys, proge incorporate organic semiconductor-based solar cellsjbftex

clothing. In their capacity aactive tags, EnNHANTSs will enable Patteries, and UWB transceivers, as shown schematically in
ubiquitous networking of commonplace objects, and th{idd: 1 (top, shaded). These specialized hardware compsnent
will provide the infrastructure for novel tracking applins, &€ currently being developed (e.g., the solar cell and the
such as locating misplaced items, continuous monitoring BRIETY we recently designed are shown in Fig. 3). The phase

objects, and determining locations of disaster surviieesent | Prototypes we present in this demo serve as a platform
advances in ultra-low-power circuit design, ultra-widetia for the integration of custom-designed hardware as well as

(UWB) wireless communications [10], and organic energip! €xperiments withenergy harvesting-adaptive ENHANT

harvesting techniques will enable the realization of EnHaN communications and networking.
One of the key enabling technologies for EnHANTS is
8 Corresponding author. energy harvesting, which allows perpetual operation ofasy
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Fig. 2. The phase | EnHANT prototype attached to an MIB60@mmming
board.

Fig. 4. Sample screenshot of the monitoring system userfact

phase | EnHANT prototype is shown (placed on an MIB600
] programming board [6]) in Fig. 2. It includes a solar cell and
@) () TAOS TSL230rd light-to-frequency converter [8]. A lighd-t

frequency converter allows the prototypes to obtain adeura

Fig. 3. (a) An organic semiconductor-based small-molesaler cell [13]  haa5yrements of the environmental energy present, wiele th

and (b) a thin-film flexible printable battery, both develdpa the Columbia .

Laboratory for Unconventional Electronics. solar cells demonstrate how much of the available energy
a particular harvesting technology collects. The accuraty

he energy measurements of the light-to-frequency coersert

and has recently attracted attention from industry [3], [4ﬁ1 o :
: " as been verified using a Newport 818-UV photodetector [7
[9] and academia [11], [14}-[20]. In traditional battergded aceable to the Nationgl Institutz of Standardrfs and Togyo 7

communications, the devices minimize energy spending IST)

extend network lifetime. With energy harvesting, rathearth . . .
minimizing energy consumption, the devices optimize t The custom-designed sensor boards include a resistor and a
energy spending according to environmental conditiong T AX5455_d|g|taI p_otentlometer [5]. T_he board design allows
adjustments of energy spending in energy-harvesting ststeto use a fixed resistor or the potentiometer to load the solar
can be done, for example, by varying the devices’ duty cyclggltl' l?. sor?e (taxp}gr:jmtints, ‘f[\{e ulse Itlhle d(;gltal:cy contrc_)éabl
[15], [19], activation patterns [16], or data collectiote®[11], potentiometer 1o 1in € optima] cell foading for maximum
wer as illuminance changes. The voltage across the load

[17]. Current sensor networking research on radiant energy . ) . .
harvesting mostly focuses on outdoor Solar energy. Sing sistor can be determined by the microcontroller’'s A/D_-con
we expect many EnHANT applications to function indoors\ferter and the actually harvested power can be determined.
the EnHANT research focuses on harvestimgloor light At this stage, the phase | EnHANT prototypes are commu-
energy. In this demo, we show how the EnNHANT prototypesicating with each other wirelessly using MICA2 transcesve
adapt their communication patterns to the energy they cé@he phase | prototypes do not include a rechargeable battery
harvest from the environment. A particular challenge in emnd therefore the EnHANT battery state is emulated using
ergy harvesting-adaptive communications of ultra-lowvpo a virtual rechargeable battery software module, where the
devices is the tight dependency between energy spendieg) radrtual battery level changes in response to a node spending
of the communicating devices [12]. We demonstrate EnHANdnergy on communications, or obtaining energy from the
prototypes exchanging information about their energyestat environment. The nodes exchange their identifiers and their
and makingjoint decisions on their communication patternsenergy harvesting-related parameters (i.e., virtuakbpatevels
based on the exchanged energy parameters. and power generated by the solar cells), and determine the

communication rates in accordance to their energy states.

II. SySTEM DESCRIPTION To easily configure the prototypes’ parameters and to track

In this demo we present phase | EnHANT prototypetheir behavior, we have designed and developed a custom
that are based on commercial-off-the-shelf (COTS) compmonitoring and control system with a Java-based graphical
nents. The current prototypes are implemented using MICA®er interface. This monitoring system includes a set of
(MPR400) motes [1] and custom-designed sensor boards.lie’ graphs that are used to demonstrate the changes in



patterns of the other nodes communicating with it.
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IIl. DEMONSTRATION

Demo participants can change the environmental energy
the devices receive by reducing or increasing the amount
of light shining on the solar cells. The online monitoring
system displays a set of graphs that represent the states of
various prototype parameters, such as their communication
rates. When changing the radiant energy levels, demo par-
ticipants can observe how the changes in the environmental
energy availability change the power generated by pro&syp
solar cell, and influence the prototype communication pagte
Demo participants can also observe how the changes in

the energy available to a node influence the communication
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