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ABSTRACT

Harvested energy makes long-term maintenance-free sen-
sor deployments possible; however, as devices shrink
in order to accommodate new applications, tightening
energy budgets and increasing power supply volatility
leaves system designers poorly equipped to predict how
their devices will behave when deployed.

This paper describes the design and initial FPGA-
based implementation of Ekho, a tool that records and
emulates energy harvesting conditions, in order to sup-
port realistic and repeatable testing and experimenta-
tion. Ekho uses the abstraction of I-V curves—curves
that describe harvesting current with respect to supply
voltage—to accurately represent harvesting conditions,
and supports a range of harvesting technologies. An early
prototype emulates I-V curves with 0.1mA accuracy, and
responds in 4.4µs to changes in energy conditions.

1. INTRODUCTION

Energy harvesting is key to the success of many ubiqui-
tous sensing applications. By relying on energy harvested
from a variety of sources—solar [8, 10], kinetic [11],
RF [1, 13], and even other devices [9]—low power sens-
ing devices collect valuable data perpetually, while re-
quiring little or no maintenance.

Designing and deploying energy-harvesting sensors
is challenging since harvested energy is highly variable,
often scarce, and unpredictable. Conditions at runtime
are often vastly different from those in the lab.

As devices shrink to accommodate new applications,
volatility increases. Sensor platforms as small as a few
mm3 have been built [2]; however, energy storage tech-
nologies have not kept pace. Some devices, like com-

putational RFIDs (CRFID) [1, 13], store only enough
energy to run for a few seconds, in tiny capacitors. As en-
ergy storage shrinks, a device’s supply voltage becomes
more sensitive to changes in energy harvesting and de-
vice behavior. Conversely, both power consumption and
power harvested depend on supply voltage. In the face
of these dependencies, system designers are often unable
to predict how a device will perform in the wild. De-
ploying sensor nodes without being able to predict the
behavior of a node would result in long debugging cycles
and re-deployments.

A few existing simulators predict the energy consump-
tion [5, 13, 15] and energy harvesting [6] of low-power
sensors; however, realistic simulation requires an accu-
rate model of every hardware component in the system,
which leads to simulators that are limited to a single hard-
ware platform. Many tools [5, 15] simulate only the pro-
cessor and assume a fixed supply voltage. Trace-driven
simulators [6] allow designers to replay real scenarios.
However, simulating the behavior of hardware under the
collected traces is complicated. The simulator needs to
know the characteristics and the power profile of the
hardware platform.

In contrast to simulated approaches, this paper argues
in favor of emulating energy harvesting conditions. An
energy harvesting emulator combine’s many of the bene-
fits of both simulation and deployment—replaying har-
vesting traces from real environments, in order to provide
repeatable testing and experimentation. Other advan-
tages of emulation include simplicity and flexibility—
hardware or software changes to the device under test do
not require changes to the emulator.

Our contributions include (1) a general framework
for emulating energy harvesting for low-power sensors,
(2) a preliminary design of Ekho, a tool for recording
and emulating energy conditions, and (3) initial accuracy
and sensitivity results from an early-stage FPGA-based
implementation of Ekho.

2. REPEATABLE HARVESTING

Many technologies convert environmental energy into
electrical energy that can then power embedded devices.
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the capacitor voltage, Vcap = Vmeas − IHRs, and deter-
mines the appropriate harvesting current, IH , from the
I-V curve stored in its memory. The correct harvest-
ing current is produced by setting the output voltage,
Vplay = Vmeas + IHRc = Vcap + IH(Rc +Rs). The DAC
has finite precision (12 bits) and so our choice of resistor,
Rc, determines the range of currents that can be replayed.

The accuracy of this approach, depends on how fast
it is performed. Setting Vplay changes the harvesting
current, IH , which combined with the load, causes the
capacitor voltage Vcap to fluctuate. Consequently, the sys-
tem’s choice of Vplay is often wrong almost immediately
after it is set and must quickly be recomputed.

In order to minimize the delay between updates to
Vplay, the I-V Controller uses an FPGA instead of a low-
cost microcontroller to rapidly compute updates based
on voltage and current measurements.

Updates to the I-V curve do not need to be as quick as
the I-V curve-based current updates (second delays are
acceptable). So, these updates and other trace manage-
ment functions are handled by a USB-attached PC.

3.3 Prototype

In order to verify our design, we have built an initial
prototype, based on Figure 3, consisting of a PC running
basic trace-management software, an FPGA-based I-V
controller, and a custom analog front end. On the PC,
Xilinx ISE is used to program the FPGA firmware and
we have written a C# program that communicates I-V
curve data to and from the I-V controller’s memory.

The I-V controller core is a Digilent Spartan FPGA
board, with two 14-bit ADC channels, which digitize the
buffered Vmeas and the Imeas, respectively. I-V compu-
tations are handled by the FPGA and I-V curve data is
stored in flash memory. When emulating, the board’s
12-bit DAC is used to generate an appropriate Vplay.

The analog front end is implemented as a custom
printed circuit board, which scales/shifts Vmeas and IH to
match the input range of the ADCs (0.4-2.9V) and ampli-
fies the DAC output to allow a full range of 0-8.25V for
Vplay. A low-tolerance sense resistor (Rs = 5Ω) allows
accurate current measurements, and custom circuitry has
been added for precisely calibrating both voltage and cur-
rent measurements in order to reduce gain and resistance
errors introduced by the buffers and amplifiers.

3.4 Initial Results

Our initial experiments focus on Ekho’s ability to accu-
rately replay a single solar I-V curve (the full-sun curve
in Figure 2) to a UMass Moo [17], a batteryless RFID-
scale sensing device with a 10µF capacitor. In order
to induce rapid variations in load current, the device
periodically blinks an LED.

Accuracy: During the experiment, we measured the
replay current at each voltage and compared it to the
I-V curve being emulated. When the LED was on the

difference between the replayed current and the target
current was 170µA. When the LED was off, the error
measured up to 70µA. While this indicates a need for
more precise calibration and noise elimination, it is close
to our target accuracy, and is sufficient for many devices.

Sensitivity: In addition to the accuracy of our prototype,
we are also interested in the sensitivity or responsiveness
of the system to sudden voltage changes. To this end,
we measured the time lag between changes in Vmeas and
Ekho’s response in the form of an updated Vplay to be
4.4µs. For a response time of 4.4µs, and a maximum
current load of 10 mA, and with a ideal tuning, Ekho
will be able to achieve 50 µA accuracy for devices with
capacitor size of as small as 2.5µF .

We also measured the time delay of individual tasks
that make up Ekho’s 4.4µs total latency. Converting
signals from analog-to-digital (ADC) and the reverse
(DAC) dominate the delay, requiring as much as 1.5µs

for each conversion. Signals take over 1µs to propagate
across the analog front-end, and computing Vplay updates
based on the current I-V curve takes just under 100ns. In
order to further reduce Ekho’s latency, we are currently
working on performing ADC and DAC conversions in
parallel and finding lower-latency analog components.

4. RELATED WORK

Ekho builds on a number of related projects focused on
making energy consumption and harvesting reproducible
for small embedded devices.

Hardware-based power metering tools for low-power
sensors [7] and storage systems [12] have made it possi-
ble to accurately characterize energy consumption pat-
terns. Using simulation tools for low-power devices, like
PowerTOSSIM [15], system designers can accurately
predict energy consumption on specific platforms.

In more closely related work, Gummeson et al. [6] built
a trace-driven simulator that models and predicts CRFID
behavior. This simulator predicts harvesting and device
behavior, but it is limited to solar-powered platforms and
a single specific hardware platform.

5. FUTURE WORK & CONCLUSIONS

This paper describes an initial design and implemen-
tation of Ekho, a tool for recording and emulating I-V
curve-based energy-harvesting traces. Ekho is built to
ease the testing and debugging of RFID-scale embedded
devices that rely on environmental energy. Accuracy and
latency measurements from our initial prototype, during
emulation indicate that Ekho is responsive enough to
accommodate a wide range of sensor devices, though
improved calibration is needed.

Moving forward, we plan to complete the implemen-
tation and evaluation of Ekho. Capturing I-V curves is
still under testing and needs to be validated for multi-
ple harvesting technologies. Efforts are under way to
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improve accuracy through adding automatic calibration
algorithm into I-V controller firmware, better tuning and
component selection. Finally, we plan to expand our eval-
uation of Ekho using irradiance measurements in order
to provide accurate ground truth.

Ekho promises to help system designers manage the
complexity of energy harvesting and supply voltage fluc-
tuations. As embedded sensors continue to find new
applications that require small form factors and long life,
we expect tools like Ekho to play a critical role.
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