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ABSTRACT
Wepresent a hardware platform for performing experimental
studies of energy storage devices for low power wireless
networks. It is based on a low-cost custom card that can
apply fine-grain synthetic loads – both charge and discharge
– to a set of batteries or capacitors andmeasure their response
in detail. Loads can be defined from a “live” trace of a running
wireless device, from a recorded trace, or programmatically
via a script. This approach makes it practical to run well
controlled, large scale, long running experiments and to
obtain high precision and accuracy. We describe two proof-
of-concept experiments using rechargeable Li coin cells and
capacitors to demonstrate the capabilities of our platform.

CCS CONCEPTS
•Networks→Networkperformance evaluation; •Hard-
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1 INTRODUCTION
Low-power wireless networks must be extremely energy effi-
cient in order to obtain the long operational lifetimes needed
for practical deployment. To achieve this, the community
has mostly focused on developing protocols and applications
that minimize the energy consumed by the devices.

Energy consumption is generally evaluated using “coulomb
counting”. In some cases, specialized hardware is used to di-
rectly measure the current consumed by a running device.
More commonly, a simulation (or the OS on a running device)
is instrumented to track the operating state of various hard-
ware components, such as the radio. Each state is associated
with a known current consumption, creating a trace of the
estimated current consumption over time. The charge con-
sumed is the integral of the measured or estimated current
over time.

The energy store itself – usually a small battery or a super-
capacitor – has received much less attention. It is generally
modeled as a simple ledger that tracks the remaining charge.
Current consumption removes charge from the energy store
and recharging replaces it. A device is assumed to fail when
its energy store is depleted.

In reality, batteries and supercapacitors are complex elec-
trochemical systems and exhibit non-linear behavior. Battery
lifetime1 depends heavily on the timing and magnitude of
the applied load, as well as on external factors like tempera-
ture [9]. Two key properties are rate-dependent capacity (a
lower current obtains a disproportionately longer lifetime
than a higher one) and charge recovery (an intermittent load
obtains a disproportionately longer lifetime than a contin-
uous one). The latter is especially interesting because most
low power devices operate with a low duty-cycle.

When a load is applied, the battery’s output voltage drops
immediately and then continues to decrease over the dura-
tion of the load.When the load is removed, the output voltage
partially recovers. This behavior depends on the magnitude
and duration of load, the battery state-of-charge, and other
factors such as temperature. A device fails, not when the

1For brevity, the discussion here focuses on battery discharge.
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battery has “run out of charge”, but when it is no longer able
to maintain a sufficiently high output voltage under load.

This suggests that it is important to better understand the
energy store in the context of low-power wireless devices.
Earlier measurement studies, including [2], suggest that non-
linear battery effects are potentially significant. Moreover,
battery models have generally been directed towards larger,
more complex batteries. Low-power wireless devices gener-
ally use low-cost single-cell batteries and the typical usage
pattern is a relatively high current (up to a few 10’s of mA),
very low duty-cycle load with load durations on the order
of a few ms to 1 s. Earlier studies suggest that this scenario
is not well served by existing battery models [11]. However,
the applicability of these results has been somewhat limited,
due to limitations of existing testbeds.
The contributions of this work are (i) to define the re-

quirements for an experimental platform that addresses low-
power wireless network scenarios, (ii) to describe both the
high-level approach and the low-level design decisions that
allow us to meet them, and (iii) to characterize the perfor-
mance of the implemented solution.
The main requirement is that the platform must support

high quality, controlled experiments for measuring the phys-
ical processes in the energy store. At the same time, it is is
not a battery testbed per se; the goal is to provide meaningful
information to developers of low-power wireless networks.
The platform must somehow capture the essential behavior
of a low-power wireless network and flexibly support investi-
gations on a wide range of topics, from protocol optimization
to network lifetime prediction.

Our platform achieves this by separating measurement of
the energy store from the operation of the wireless devices
that create load. It is based on a low-cost custom card that
can apply fine-grain synthetic loads – both charge and dis-
charge – to a set of batteries or supercapacitors and measure
their response in detail. The cards are controlled via USB
or Ethernet and are individually addressable. This approach
has several advantages:

One, synthetic loads are fully controlled and reproducible.
The platform provides several ways to define highly realistic
loads, using live or recorded traces of running devices. In
addition, a scripting interface allows loads to be defined
programatically, such as from a simulation. Scripting also
allows for stylized loads, which are useful in developing
analytic battery models. Measurements can also be scripted
to coordinate with the applied load and manage the amount
of data collected.

Two, specialized hardware enables instrumenting the en-
ergy store more effectively than it is possible on an active
wireless device. The test card is able to provide high reso-
lution (up to 125kHz) measurements over short intervals.
It also makes it possible to achieve very high accuracy and

precision. A smart calibration algorithm allows for compo-
nent and temperature compensation, enabling precision and
accuracy of 0.1 % + 1.5mV and 0.3 % + 0.3mA in voltage
and current measurements, respectively. Temperature com-
pensation is also essential when using the platform to study
temperature-related effects.
Three, the platform is highly scalable. It is feasible to

run large experiments, without the need for a long-running,
large-scale wireless deployment. With a single rack of test
cards, it is easy to run several independent experiments si-
multaneously, each using a statistically large number of bat-
teries, over a period of weeks or even months. Furthermore,
experiments can be performed under controlled environmen-
tal conditions, such as in a climate chamber.
Four, because the scripting and data collection interface

runs on a PC and can be integrated into larger simulation
or testbed control frameworks, there is considerable flexibil-
ity in how experiments are designed. The platform enables
a wide variety of investigations, including protocol perfor-
mance analysis, battery modeling, temperature effects, and
lifetime prediction.
The outline of the paper is as follows: The test platform

is presented in section 2, along with a characterization of
its performance in section 3. Two proof-of-concept experi-
ments are presented in section 4. Related work is discussed
in section 5.

2 PLATFORM
The card is shown in Figure 1. Figure 1a shows the top view
of the card. Eight battery holders for CR2032 coin cells are
placed on the left hand side with additional pin headers for
other types of storage devices. On the right, the data inter-
faces and power supply in the form of a USB-B and Ethernet
can be seen. Furthermore, a jack is used for additional power
when charging batteries. Three LEDs indicate status, error
and busy operation.

The bottom of the card is shown in Figure 1b. Located be-
low the eight battery holders are the analogue parts for drain-
ing or charging the batteries. The processor (STM32F407) and
the digital parts for the remaining features, such as memory,
voltage regulation, a temperature sensor and Power-over-
Ethernet are located on the bottom as well which makes it
easy to manufacture.

Figure 2 illustrates the high-level architecture of our plat-
form. The two data interfaces are shown on the left and
explained in detail in subsubsection 2.1.1. Eight independent
channels for either eight batteries or super capacitors are
available. The Analog Digital Converter (ADC) is used to
read back voltage/current from each channel. The Digital
Analog Converter (DAC) is used to control voltage and cur-
rent for charging and discharging each channel.
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(a) Top view (b) Bottom view

Figure 1: Images of the battery test card.
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Figure 2: Illustration of the card’ components and
data interfaces

2.1 Features
In this section we present some key features of the card and
map them back to the initial requirements.

2.1.1 Data Interfaces (PoE and USB). Two data interfaces
have been implemented to make the card practical and easy
to use. When using the card locally to a computer, it can be
connected via USB. However, when running larger exper-
iments with numerous test cards, USB is limiting the data
rate. Also, a large number of USB hubs would be required.
Therefore, an Ethernet connector with Power-over-Ethernet
(PoE, IEEE 802.3af) capability was chosen as an alternative
data interface. The card can then be connected to any regular
PoE switch. The advantage is that a larger power budget is
available with PoE, and the data rate being achieved is a lot
higher, as we will show in later experiments (see section 4).

2.1.2 High Resolution Sampling. For battery modeling, high
resolution sampling is required in order to derive parame-
ters such as time constants of battery-internal capacitance
and resistance, or to create fine-grain models supporting
characteristic IoT loads [11]. For this purpose, a detailed
battery-response which is measured by the voltage over
time is very important. The sampling rate is limited by the

communication interface. Rates up to 125 kHz are obtained
using Ethernet.

2.1.3 Sequencemode. For generating different load sequences
on the card, we developed a high-level scripting language.
These sequences are used for both charging and discharging
the battery. A simple pattern with a current of 20mA and a
duty cycle of 10 % can be defined like this:

l o ad 20mA, 100ms
l oad 0mA, 900ms
s t a r t

This would only apply the pattern to the batteries, but
not log any data. Therefore, measurements and traces can be
taken. Measurements are short samples at specific points in
time and are used for long-term experiments (usually weeks
or months):

l o ad 20mA, 100ms
l oad 0mA, 900ms
measurement 0 s
s t a r t

This would record the voltages at the beginning of the
load on each channel. Another feature is to generate traces.
It can be used to record high resolution data as presented
above. The time within the sequence, the sample frequency
and its duration have to be defined:

sampl ing 10kHz
load 20mA, 100ms
l oad 0mA, 900ms
measurement 0 s
t r a c e 0 s , 0 . 5 s
s t a r t
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2.1.4 Live mode & playback mode. In addition to user de-
fined scripts, the card also supports a live mode. An interface
on the card can be connected to an external device, track
its current consumption, and apply it to the batteries. These
traces can also be stored and replayed (playback mode) or
be generated from simulation tools. This feature allows, for
example, to apply the same load to different types of batteries
or at different temperatures.

2.1.5 Accuracy. All three modes for describing the load on
the battery are defined in terms of current. which must be
controlled as accurately as possible. The current control is
therefore realized by using operational amplifiers. Besides
improved accuracy, a compensation for errors due to tem-
perature and noise is possible as well. Both accuracy and
high resolution sampling cover the requirement of in-depth
analysis of batteries in certain scenarios.

2.2 Design Decisions
Several design decisions have been made to fulfill the re-
quirements. Our approach separates the measurement of the
wireless devices and the discharge behavior of the battery.
The following paragraphs highlight a few of the challenges
we were facing and how we solved them.

Our platform should provide trustworthy measurement
data for the requirements as presented in the introduction.
An important parameter affecting the performance for bat-
teries as well as for electronics is temperature. For batteries
such as the common CR2032 coin cell, for re-chargeable bat-
teries and for supercapacitors, experiments focusing on the
impact of temperature was a designated feature. The differ-
ent temperatures we generate for the system under test also
could effect the platform itself. Placing and choosing compo-
nents for the test platform itself was therefore an important
design aspect. Our approach was along three lines; (i) the
components themselves were chosen carefully with respect
to their temperature coefficient, (ii) we avoid placing heat
generating electronics next to sensitive components and bat-
teries, and (iii) we implement temperature compensation in
software.

Figure 3 shows the infrared picture of the battery card un-
der operation. The two primary heat sources are the voltage
regulators and the PoE parts. They are placed as far from the
batteries as possible and separated from the batteries and the
channel electronics by cutouts in the PCB that further reduce
heat dissipation. The figure shows that the temperature dif-
ference among the batteries is about 1 ◦C, which is tolerable.
The PCB around the batteries, where the channel drivers
and measurement probes are placed, is only slightly above
ambient temperature. Also a temperature sensor is placed in
that part of the card to allow for temperature logging and
compensation.

Figure 3: Infrared picture of the battery card showing
different temperatures across the PCB.

3 PERFORMANCE CHARACTERIZATION
For every measurement device, two terms are very important
when it comes to performance characterization: accuracy
and precision. Accuracy describes a systematic error, e.g. an
error between the actual value and the measured value. Preci-
sion describes the statistical variability around the measured
value. A practical approach to achieve high precision is to
reduce noise in the system and provide high resolution mea-
surement and control components, such as ADCs and DACs.
For accuracy, a calibration is required, which we will present
in the next section.

3.1 Calibration
Calibration is required to compensate errors from the various
analogue components that introduce errors. These errors can
be categorized in linear and non-linear errors. The worst case
of non-linear errors caused by the ADCs and DACs is about 3
LSB (Least Significant Bit). In contrast, the linear errors from
all components, including shunt resistors and voltage offsets,
are up to 50 LSB. Therefore, we concentrate on compensating
linear errors. The linear errors can be further split into gain
and offset errors. Both of these errors can be compensated
by calibration. [12]
The complexity of our platform is that we have eight in-

dependent sub-systems (the output stages controlling the
batteries) that all have to be calibrated separately. Addition-
ally, to be able to achieve a good accuracy in temperature ex-
periments, a calibration at different ambient temperatures is
required as well. For compensating the linear errors, two cal-
ibration points are required for every ADC and DAC. Given
that both current and voltage measurement have to be cali-
brated, manually setting individual calibration points was
not a viable option. Instead, a simple lab power supply with
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Figure 4: Operating areas and used calibration points

both a voltage and current limit is used for this process. By
limiting both the voltage and current to a known value (UC
and IC ), we can calibrate the whole test platform within one
single calibration process. The lab power supply is connected
to all eight output stages in parallel.

3.1.1 Calibration method. To describe the calibration pro-
cess, we have to briefly introduce the design of each output
stage. Each output stage can read voltage and current using
an ADC and force the current or limit the voltage using a
DAC. We can use this design together with the limits of the
lab power supply to drive the operation point to a few se-
lected points. Figure 4 shows the operation points used for
calibration which we will present shortly:

Point 1 is recoding the first calibration point for both the
voltage and current ADC as well as the current DAC. The
hardware supports sign detection of the current, making it
possible to zero the DAC (to within 1 LSB). As no current
flows through all of the output stages, the voltage is known
due to the lab power supply.

Point 2 draws the maximum current in all output stages
and therefore forcing the voltage of the lab power supply
close to 0V. This represents the second and final calibra-
tion point for the voltage ADC and enables the system to
accurately measure voltages. Calibrating the current ADC
in this step is not possible, as the current is not necessarily
distributed equally among the output stages.

Point 3 is similar to Point 2 except that only a single
output stage is active, thus a current of IC flows through the
stage and the calibration of the current ADC is complete.
To calibrate all eight current ADCs, this and all subsequent
steps are repeated for each output stage.

Point 4 forces a current slightly below IC . The actual
current flowing can be measured using the ADC (as it is
already fully calibrated), sampling the second calibration
point for the current DAC.
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Figure 5: Deviation of the voltage before (triangle) and
after (circle) the calibration.
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Figure 6: Current deviation without and with calibra-
tion

Points 5 & 6 are similarly used to calibrate the voltage
DAC by choosing points close to the edges of the operat-
ing range and sampling the actual voltage with the already
calibrated ADC.

3.1.2 Calibration results. Figure 5 and Figure 6 show both
the voltage and current readings before and after our calibra-
tion for the eight power sources (i.e., batteries). The gray area
marks the accuracy of our multimeter that we used as ref-
erence. The lines with triangle markers show the deviation
before the calibration and lines with circles after we applied
the calibration. In general, after the calibration process both
the voltage and current readings are well within and even
below our reference’s accuracy with 2mV and 0.5mA. As a
further indication, the measurements among the different
batteries are much more consistent than without calibration.

3.1.3 Calibration results for temperature. As the battery plat-
tfom will be used for temperature experiments, calibration is
repeated at different temperatures. Figure 7 shows the maxi-
mum deviation of the current across the temperature range
between 0 ◦C and 50 ◦C. The maximum delta of 0.26mA is
only 0.25 % error, relative to our current range of 150mA.
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Table 1: Testcard specifications

Parameter Min Typ Max Unit
Voltage range 0 5 V
Native resolution 1.22 mV
Oversampled resolution 0.1 1.22 mV
Accuracy T=0 ◦C to 50 ◦C 0.05+1 0.1+1.5 %+mV
Current range RShunt = 3.9Ω -106.8 106.8 mA
Resolution RShunt = 3.9Ω 52.16 µA
Accuracy with calibration 0.2+0.2 0.3+0.3 %+mA

Parameter Min Typ Max Unit
USB (PoE) charge current per channel -25 (-125) mA
USB (PoE) continuous sampling rate 25 (125) kHz
USB (PoE) measurement noise 0.13 (0.2) 3.2 (7.2) mVRMS
USB (PoE) set current noise 0.05 (0.5) mARMS
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Figure 7:Maximumdeviation of the current across the
whole temperature range

3.2 Current Control Accuracy
To evaluate the accuracy of the output stage to control the
load applied to a power source, we look at the step response
when switching from charging (negative current) to discharg-
ing (positive current). This scenario is the most challenging
because we have to make sure to never be in both modes at
the same time and because the closed-loop design to set the
desired target current needs some time to settle. The design
of the control system uses opAmps in the feedback path to
sense current and voltage. While this enables cheap and accu-
rate results it also has a few trade-offs. First, additional phase
shift is introduced. To keep the system stable, the gain has to
be limited, for which a relatively large resistor R in the feed-
back path would be desirable. Second, switching direction of
the current requires to overcome the blocking range of the
output driver (non-biased push-pull-stage), during which
no current can flow. This period of time is proportional to
the above mentioned resistor in the feedback path, that is, a
smaller value for resistor R would be desirable.

0 50 100 150

−50

0

50

Time [µs]

Cu
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at 1 kΩ
at 2.5 kΩ
at 5 kΩ
at 10 kΩ

Figure 8: Step response with different signs and differ-
ent resistors values within the control path.

Figure 8 shows the step response of the current control
when using different values of R during a current sequence
from −50mA to 50mA. Too small values of R introduce oscil-
lation due to the limited phase margin of the control circuit,
while larger values introduce a very small skew rate and
result in slow control of the current. The exact value of R for
which no oscillation is present depends on part tolerances
and is slightly incluenced by temperature. Therefore, we
chose a conservative value of R = 10 kΩ in order to always
have a stable control system. The subsequent slow step re-
sponse is often acceptable as sign changes of the current are
expected to be rare and the response to current steps without
a sign change is significantly faster.

3.3 Card Specifications
Table 1 shows a brief overview of the cards specifications.
Our native resolution is just 1.22mV which results from the
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12 bit ADC. Without any calibration both the current and
voltage accuracy are worse by the factor of 3.

Finally, the power source of the card has an impact on the
battery card’s performance. When powered from USB, the
noise is reduced, and the sampling rate is limited. On the
other hand, PoE offers a five-times higher sampling rate but
introduces a lot more noise to current measurements.

4 EXPERIMENTS
To show the capability and usage of the test platformwe have
setup two proof-of-concept experiments. The first experi-
ment shows the discharging behavior of very small Lithium-
Ion (Li-ion) batteries. The second experiment shows an ex-
emplary use case of characterizing supercapacitors.

4.1 Example: Rechargeable Batteries
This experiment was designed in the context of a study
that tracks the movements of bats [1]. The tracking de-
vices use very small Li-ion batteries. These batteries have
a nominal capacity of only 22mAh and they are used due
to their extremely small weight, which is required to put
them on the backs of bats. The idea is to maximize lifetime,
by deeply discharging the batteries. Our experiment tries
to find out how much more energy can be taken out of the
batteries below its cutoff voltage. Therefore, the batteries are
charged to the nominal voltage and then drained by a pre-
defined application-specific pattern which covers both the
duty-cycled send periods and the sleep current in between.
Throughout the experiment, we record the voltage of each
of the eight batteries, and read the cumulated energy for
each battery since the beginning of the experiment. The re-
sults are shown in Figure 9 and show the normalized energy
on the y axis and the cut off voltage on the x axis that can
be taken from the batteries. Our experiments have shown
that the energy varies by up to 10 %. Finally, our experiment
indicates that most of the energy is already discharged at
about 3.6V and deep discharges below this voltage should
be avoided to not damage the cell.

4.2 Example: Supercapacitors
Supercapacitors are an emerging technology to store energy
generated by energy harvesting. Their advantage is their
almost linear discharge behavior, which makes predicting
remaining energy easier than for batteries. However, the
stored energy can be fairly small and self-discharge can be a
problem as well.

Figure 10 shows a set of supercapacitors that are connected
to the pin headers of the platform. Using our platformwe can
charge and discharge supercapacitors and make the same
experiments as for batteries. We can see effects of different
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Figure 9: Discharged energy at different cut-off volt-
ages

Figure 10: Using the test platform with supercapaci-
tors

load patterns and temperature on the supercapacitor’s stored
energy.
We use eight identical capacitors with no stored energy

at the beginning of the experiments. We charge them to
2.7V and discharge them right afterwards to minimize self-
discharging effects. Throughout this experiment, we sample
both the current and voltage of the eight channels at a fixed
interval.
Table 2 lists the capacitors with the calculated efficiency

and capacity. The efficiency is the factor between the charged
and discharged energy. The capacity can be calculated by
E = 1

2 · C · U 2, as both E and U are known. The efficiency
and capacity are comparable with other experiments on su-
percapacitors [10], while the capacity is a little higher with
almost 50 % for all capacitors.
Characterizing the supercapacitors of a system is there-

fore extremely important, because the remaining energy in
the supercapacitors can only be predicted, if the capacity is
known precisely.
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Table 2: Energy of different supercapacitors with
Cnominal = 1 F

Capacitor Efficiency [%] Capacity [F]

1 69.3 1.44
2 67.6 1.44
3 67.2 1.53
4 69.0 1.52
5 69.0 1.42
6 69.2 1.46
7 68.5 1.44
8 66.8 1.46

5 RELATEDWORK
This paper builds on an earlier testbed, which was used to
collect extensive long-term measurements of primary Li coin
cells (CR2032) being discharged using synthetic loads whose
timing and current values were derived from typical sensor
network operations [2]. The results clearly demonstrated the
impact of non-linear effects, such as the rate-capacity effect
and charge recovery. For example, simple linear calculations
of battery lifetime were shown to err by up to a factor of
three, for high-current, low duty-cycle loads.
This work was the first to support these kinds of exper-

iments and eventually it became clear that the test cards
(which were re-purposed from battery Q/A hardware) had a
number of limitations. The platform described here is an en-
tirely new design that achieves better precision and accuracy
and supports a much wider range of experiment scenarios.

In particular, the original cards used a set of four resistors
to define up to 15 different resistive loads, which meant that
the current values were poorly controlled. By contrast, the
new cards provide a current-controlled load with an accuracy
of a few hundred µA. Furthermore, the original cards only
measured the battery’s response to an applied load at three
points. On the new cards, measurements are scripted and
can include both point measurements and samples measured
at rates up to 125kHz. The ADC measurement resolution is
1.22mV, compared to 11.2mV for the original cards. Accu-
racy is further improved through an automated per-battery
calibration mechanism.

There are a number of new features: The new cards can ap-
ply a negative (i.e. charging) load, enabling experiments with
rechargeable batteries and supercapacitors. Loads can also be
taken from a “live” or recorded trace of a real wireless device.
In addition, the new cards are temperature compensated, a
feature that first appeared in PotatoScope, part of our earlier
experimental deployment of an agricultural sensor network
[4]. Temperature compensation not only improves accuracy,

it also facilitates integration with temperature-controlled
test environments.

More generally, there have been relatively few reported at-
tempts to measure battery discharge behavior in the context
of low-power wireless networks: Characterizations of a Li
coin cell (CR2354) are reported in [7] and [8]. The non-linear
rate-capacity and charge recovery effects are clearly visible
in the results. But both experiments were based on manual
measurements of a few batteries, connected to wireless de-
vices operating at very high duty cycles. A characterization
of AAA alkaline batteries reported in [5] has similar limita-
tions. An experiment reported in [3] measured Li coin cell
(CR 2032) performance under more realistic load patterns
that were inspired by the operation of Bluetooth radios. The
batteries were shown to handle high peak loads with a low
duty cycle reasonably well, but the test environment does not
appear to have supported large scale or more general experi-
ments. An experiment to systematically measure the battery
lifetime of devices operating in a real wireless environment
is reported in [6]. But to keep the experiment duration practi-
cal, the loads needed to be very high. And because the loads
could not be fully controlled, or even characterized in detail,
it was not possible to draw many conclusions.

6 CONCLUSION AND FUTUREWORK
A better understanding of the role of energy storage devices
is important for improving the lifetime of low-power wire-
less networks. This work describes a unique platform for
performing long-running, large-scale experiments with en-
ergy storage devices. The platform is based on a low-cost
custom card that can apply fine-grain synthetic loads to a
set of batteries or capacitors and collect very high resolution
measurements of the response. We also outline two proof-
of-concept experiments, using rechargeable Li-ion coin cells
and supercapacitors, respectively.
The platform will produce results that are well-suited to

the needs of the wireless and embedded systems community
due to its scalability, its ease and flexibility of defining real-
istic loads, and its high precision and accuracy, especially
under varying temperature conditions. We expect it to en-
able a wide variety of experiments, including protocol design
and performance analysis, battery characterization and mod-
eling, and lifetime prediction under varying environmental
conditions.
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