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Abstract—Battery-free sensors operate on small amounts of
energy harvested from the environment, such as light, heat or vi-
brations. They usually harvest enough energy to perform sensing
tasks and communicate the sensor readings to a more powerful
end device. However, the amount of energy available in the
environment is often dynamic, resulting in unpredictable delivery
of sensor readings. In this paper, we present an architecture that
enables battery-free sensors to maintain predictable delivery of
sensor readings.

Our key contribution is the design of a control system that
complements the ambient energy harvesting source to ensure
a steady flow of energy to the battery-free sensors. We devise
a prototype system that controls an artificial light source that
complements the varying ambient light to make sure that our
solar-powered sensor can harvest energy at a regular rate.
Our preliminary results demonstrate that we can maintain
a predictable transmission rate even when energy harvesting
conditions drastically change during the course of the day.

I. INTRODUCTION

Sensor applications are deployed for extended periods of
time, unattended and often in hard-to-reach places, which
makes even such a simple task as replacing batteries chal-
lenging. As the number of deployed sensors and correspond-
ing applications grow, sustaining their large-scale deployment
becomes a challenge. Batteries on sensors often dominate the
overall cost of the sensor and their replacements drastically
increase the maintenance effort required. There is a growing
momentum in order to develop sensors that can operate
without batteries to support large-scale deployment of sensors.
Battery-free sensors harvest small amounts of energy from
the ambient environment, such as visible light [1] and radio
frequency signals [2], and store the energy in small capacitors.
However, with operation on harvested energy follows that the
battery-free sensors communicate intermittently based on the
energy harvesting conditions. Intermittent operation presents
a challenge to applications that require a predictable latency.
An important question to ask is therefore: How do we mitigate
the inherent intermittent communication on energy harvesting
and battery-free sensors ?

Edge computing is an emerging computing paradigm that
places powerful devices called edge nodes close to the sensors
and other computing devices [3] with the purpose of handling
heavy computations locally before sending data to the cloud.
This paradigm promises improvement of the scalability, la-
tency, support to intensive computational algorithms, etc.

Recent efforts are for example edge-based architectures to
support machine learning applications [4], and the use of
vehicles as edge computing platforms to support real-time
video analysis [5]. Battery-free sensors are inherently simple
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Figure 1. Overview of our architecture. The architecture is divided into four
main blocks: a powerful edge device, battery-free sensor, energy harvester
and actuator to control the energy harvesting environment.

as they operate within the constraints of harvested energy and
often avoid performing energy-expensive tasks [1]. Delegating
energy-expensive work such as computation to edge devices
could be beneficial to battery-free sensors. Edge devices also
hold potential to mitigate the intermittency of computation and
communication inherent to battery-free sensors.
Contributions. We introduce the first system that leverages
edge computing to mitigate intermittence of battery-free sen-
sors. We propose an architecture, shown in Figure 1, that
consists of an edge device, a battery-free sensor, an energy
harvester and an actuator that controls the energy harvesting
environment. The critical contribution of this architecture is
a novel energy harvesting condition controller at the edge
device to ensure that the battery-free sensors have a predictable
amount of energy to harvest.

In this paper, we set up a prototype of our architecture that
uses light for energy harvesting. The edge device monitors
the rate at which it receives packets from the tag. This
rate depends on the ambient light levels, which may vary
throughout the day. If there is not enough ambient light,
the tag cannot send packets. During such times, the edge
device can turn on an artificial light source to control the light
level, ensuring that the battery-free sensors have consistent
conditions for energy harvesting. To evaluate our architecture,
we deployed it for a week in an office at our university. Our
preliminary results demonstrate that even when the ambient
light levels vary drastically, our architecture ensures constant
packet transmission rates.

II. RELATED WORK

Our work is related to energy harvesting, edge computing
and backscatter communication. We are the first to combine
the three areas in our architecture.



A. Energy Harvesting

The past years have seen a significant increase of interest in
developing sensors that operate on harvested energy in order
to avoid operations on batteries and enable sustainable sensor
deployments. There are many different sources that can be
used for energy harvesting; Talla et al. [6] have designed a
system that can transmit power to sensors using WiFi signals.
Liu et al. [2] have designed battery-free sensors that operate
on energy harvested from ambient television signals. Most
common, however, is the use of visible light. Solar cells have
been used to provide energy to sensors for decades, and recent
efforts demonstrate ability to support battery-free visible light
sensing applications [1].

A common challenge to all these efforts is the reliance
on minuscule amounts of energy harvested from the environ-
ment, which results in intermittent operation as the ambient
energy available for harvesting usually is dynamic and un-
predictable [7]. Our design focuses on controlling the energy
harvesting conditions to ensure predictable communication
even under intermittent operation of battery-free sensors.

B. Backscatter Communication

Using backscatter communication by reflecting or absorbing
ambient radio frequency signals enables wireless transmissions
at power consumption in microwatts. Recent efforts demon-
strate the ability to backscatter ZigBee [8], WiFi [9] or BLE
packets [10]. Other efforts demonstrate the ability to commu-
nicate long distances while consuming only microwatts at the
backscatter tag [11]. In this paper, we build on our system on
LoRea [11], to support ultra-low power wireless transmissions.
We design an architecture that ensures predictable backscatter
transmission rates for backscatter-based battery-free sensors
even under drastic changes in the energy harvesting conditions.

III. SYSTEM DESIGN

We propose an architecture composed by an edge device,
battery-free sensor nodes powered with energy harvesters, and
actuators.

The energy harvester devices collect energy from existing
sources and store it in small capacitors. The gathered energy is
used by the sensors to perform sensing tasks and communicate
with a receiver with storage capabilities, i.e. a gateway. The
main drawback with battery-free devices is that their opera-
tional time is totally determined by the source of energy. For
example, a solar cell will not be able to deliver energy to the
sensor if placed in a dark room.

In our system, we use the edge device to control actuators
that in turn affect the environment, allowing the harvesters to
collect enough energy for the sensors to perform their tasks.
For example, when the light level is too low in the room, the
edge device will turn on a smart bulb.

Battery-free devices are inactive most of the time due
lack of energy. Normally, in a request/response protocol, an
application sends a request for a sensor reading to the gateway
that will query the sensor until it wakes up, and then sends
back the response. Alternatively, an edge device could cache

Figure 2. State diagram for battery-free sensor. The sensor tag has four
states, ”Charging”, ”Work”, ”TX” (transmit) and ”Delay”. The states ”work”
and ”TX” are only reached if the sensor has enough power stored to complete
both of them. This means the sensor tag can only run out of power while
charging or if it is in the ”Delay” state.

the sensor readings and, when an application requires a sensor
value, the cached copy is delivered immediately, cutting down
the response time dramatically. This caching mechanism hides
that the sensors are powered off, at the cost of stale data. In
addition to the ability to hide powered off sensors, the edge can
enable Internet-connectivity whereas battery-powered sensors
may be too constrained to support an IP stack.

Finally, we replace the commonly used gateway with an
edge device for the following reason. The usual task of a
gateway is to collect sensor readings and immediately forward
them to a cloud infrastructure for processing, waiting for a
response and disseminate it to the sensor network. An edge
device, on the other hand, is powerful enough to perform
computation on the fly and provide the response to the under-
lying system. One of the limitations of the cloud computing
paradigm is that the computation may happen far away from
the system. Because of its proximity, the edge device cuts
communication latency and provides responses with much
lower latency than the cloud.

IV. IMPLEMENTATION

We implement our system using commercial off-the-shelf
components. Our architecture combines both hardware and
software, which we will describe below.

A. Hardware

We implement the edge device using a BeagleBone Black
due to the dedicated programmable runtime unit present on
the platform. To enable communication with the backscatter
sensor we integrate a Texas Instruments radio transceiver
CC2500 to the edge device. This also enables compatibility
with LoRea [11]. We use a Philips Hue Smart LED-Lamp as an
actuator as it provides us with the ability to control the ambient
light levels over a network connection. The battery-free sensor
is comprised by a MSP430FR5969 launchpad that was chosen
due to its ultra-low power consumption. As energy harvester
we use a state-of-the-art BQ25570, this device is also used
by others for this purpose [6]. A small flexible solar panel is
used for energy harvesting, and a 220µF electrolytic capacitor
for storage. We use the backscatter tag used in LoRea [11] to
support ultra-low power wireless transmissions.

B. Software

All implementation on the BeagleBone Black was done
using python. This includes SPI communication with the
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(a) Actuator disabled
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Figure 3. Packet reception rate at the edge device versus light levels. The upper graph shows the ambient light level observed with time. The lower graph
demonstrates the packets received from the battery-free sensor at the edge device. In both the lower graphs there is a constant line, this line represents the
desired minimum packet rate. In 3(a), we observe that as expected, the packet reception follows the ambient light with low reception rate corresponding
to evening and night. As we enable the actuator, In Figure 3(b), we observe that packets are received even during the day and night due to the actuator
maintaining consistent energy harvesting (light) conditions.

CC2500, control of the Philips Hue lamp and the connection
to the MySQL database. The MySQL database is used for
storing data for later analysis. Python was selected since it
is easy to prototype and test in, as well as having all the
necessary libraries for the different subsystems.

Battery-free Sensor. Our battery-free sensor operates through
a series of states, as we show in the state diagram in Figure 2.
The sensor tag is powered on whenever there is enough energy
to do so (Initial state). Then, the sensor tag proceeds to wait
(”Charging” state) for the harvester to store a sufficient amount
of energy to allow the tag to execute its task (”Work” state) and
transmit the result (”TX” state). In order to limit the maximum
packet transmission frequency a delay is used (”Delay” state).

Edge Device. The packets transmitted by the sensor tag consist
of a semi-unique ID (1 byte), a packet counter (1 byte), and
two instances of the light level (1.5 bytes each) measured as
the voltage of the solar panel. The semi-unique ID is used to
identify the nodes1, the packet counter to enable observation
of packet loss, and the two instances of the light levels to filter
out bit errors.

When receiving a packet, the edge device performs two
operations on it; one, it creates a SQL query and sends the
data along with other information (such as date and time) to
a database, and two, it uses the information about the light
level in combination with a controller to regulate the actuator.
We opted for a PID-controller because of simplicity. Since the
solar cycle is quite slow, we did not need a controller with fast
response, and a PI-controller was found to be sufficient. The
first is done in order to store data, and enable the evaluation
of the system. The second is essential to the system; the
edge device uses the PI-controller to control the minimal data
transmission rate.

1Implemented to enable use of more than one node. However, in this
specific prototype only one node was used.

V. EVALUATION

For the evaluation we focus on the ability of our architecture
to maintain stable transmission rates even if the energy avail-
able in the environment varies. We perform two experiments:
in the first, we disable the actuator to establish a reference
packet transmission rate. In the second experiment, we enable
the actuator to regulate the energy harvesting conditions.
Experiment Setup. We placed the battery-free sensor in a
north-facing window of an occupied office with the solar panel
laying flat on a windowsill. As the communication range of
backscatter communication depends on the distance to the
carrier source [11], and due to the limited power of the carrier
generator device, we placed the carrier source, tag and edge
device near each other. We set the carrier generator at a
distance of approximately 60 cm from the battery-free sensor
and the edge device at a distance of roughly 25 cm. The
proximity helps us avoid experiencing high amounts of packet
loss. An actuator in the form of a lamp was placed closely
above the solar panel. We programmed the PI-controller in the
edge device to regulate the actuator so that we had a minimum
packet rate of 1 packet every 4 seconds, while the sensor tag
was limited to maximum 1 packet every second during optimal
conditions.
Results. Figure 3(a), demonstrates the result of the experiment
when the actuator is disabled, and Figure 3(b) reflects the
result of the experiment with the actuator enabled. At high
light levels, we observe that the packet transmission rate
is proportional to ambient light levels. At low light levels,
with the actuator disabled, we find significant time periods
when no packet transmissions are received. We note that the
transmission started early in the morning, shortly after sunrise,
continued throughout the day when the sun was up, and then
stopped completely around sunset in the late afternoon. On the
other hand, with the light controlling actuator enabled, we can
observe that we could ensure stable packet transmission rate
even when ambient light levels changed. The gaps in received
transmissions seen in the Figure 3(a), no longer exist, which



implies that the data transmission was continuous during both
day and night. We can also observe that there were lesser
periods of significant packet drops. In both experiments there
were a few short periods of no data transmission at all; it is
worth noting that these drops are very periodic, and occurred
earlier in the day, or in the afternoon. The packet drops could
be due to interference as the experiments took place in an
office environment with other co-located wireless networks.

Our results demonstrate the potential of our architecture to
maintain stable packet transmission rates even when the energy
available in the environment varies.

VI. CONCLUSION

In this paper, we have presented an architecture for en-
ergy harvesting and battery-free sensors that build on the
emerging computing paradigm of edge computing. Battery-
free sensors are usually intermittently powered and suffer from
intermittence in communication and processing. We advocate
controlling the energy harvesting environment of the battery-
free sensors from the edge device to ensure predictable energy
harvesting conditions to mitigate intermittence. We set up a
prototype of our architecture that uses light for energy harvest-
ing, and then we deployed the architecture for a week in our
office. Our results demonstrate that our architecture enables
a consistent energy harvesting conditions for the battery-free
sensors, ensuring predictable packet transmission rates. We
recognise the early design of our work, and in the future will
explore controlling other energy harvesting modalities such as
radio frequency signals.
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