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Solar/EM energy harvester for autonomous
operation of a monitoring sensor platform

kyriaki niotaki, francesco giuppi, apostolos georgiadis and ana collado

In this paper, a hybrid solar/electromagnetic (EM) energy harvester that operates at 2.45 GHz is presented. The proposed har-
vester integrates the solar cells in the same area as the rectenna element obtaining a compact implementation. The radiating
element that forms part of the rectenna is a cavity-backed slot antenna based on substrate-integrated waveguide technology,
which allows for a compact, single substrate implementation. The radiating element is connected to a circuit that provides
both the rectification of the incoming EM signals and the collection of DC energy coming from solar cells. A single-substrate
prototype has been implemented, demonstrating an overall power conversion efficiency up to 30%, depending on the incoming
radio frequency signal level and the ambient light conditions.
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I . I N T R O D U C T I O N

The development of concepts such as the Internet of Things
(IoT), Smart Cities, and Machine-to-Machine communica-
tions is increasing the demand for autonomous, self-powered
devices that are capable of collecting energy from the sur-
rounding environment in order to power up and operate.
This increasing demand of self-sustained devices, which can
operate without requiring any battery to power up, has led
to the development of a wide variety of energy-harvesting
and wireless power transmission solutions toward providing
this autonomy [1–5]. Energy harvesters for solar, electromag-
netic (EM), thermal, and vibration energy have been devel-
oped using different technologies and concepts. Owing to
the uncertainty and variability in the levels of available
energy from these types of energy sources, the development
of hybrid energy harvesters has been considered [6, 7] as a
way to ensure that there is always enough energy to operate
the selected devices. Toward the same objective the use of
wireless power transmission has also been considered, where
an intentional radio frequency (RF) signal with a certain fre-
quency and power level is transmitted to power up devices
up to large distances [8].

When utilizing hybrid harvesters, it is important to
perform an efficient combination of the two DC outputs
obtained from each of the harvesting solutions. In this
paper, a novel DC combining circuit that can be used in
solar/EM energy harvesters or solar/wireless power transmis-
sion systems is presented. The circuit is aimed to combine the

DC outputs both from the rectifier circuit and from the solar
cells minimizing the losses and mismatches that can appear
when combining different DC levels [9, 10].

The proposed DC combining circuit is used in a solar rectenna
structure that is capable to harvest solar ambient energy and EM
radiation at 2.45 GHz, providing a certain amount of power to a
selected sensor platform. The EM harvester has been designed
following a low-profile, cavity-backed slot antenna topology,
based on a substrate-integrated waveguide (SIW) technology,
as already proposed in [11, 12]. Cavity-backed antennas can be
useful in many applications, as the metallic walls of the cavity
help reducing the radiation leakage through the substrate, and
the additional metal surface permits to deal with the heat that
can eventually be produced under certain operation conditions
or environments. Amorphous silicon (a-Si) solar cells are inte-
grated on top of the antenna structure allowing for a compact
implementation of the solar/EM harvester [6, 7, 13, 14].

The designed solar/EM harvester is intended to interface
with a commercial wireless sensor node (WSN) setup. The
circuit performance has been optimized in order to satisfy
the specifications required by the sensor.

Section II is dedicated to the definition of the WSN envir-
onment in which the designed EM/solar harvester is intended
to be employed with particular attention to the voltage and
power levels needed for the sensor node to operate. Section
III focuses on the design of the SIW cavity-backed slot
antenna to be used in the rectenna design. This section also
describes the integration of the solar cells together with the
antenna structure and the sensor nodes enclosure. In
Section IV, the design of a DC combining circuit, which
permits combining the power coming from the EM and
solar sources and presents a unique DC voltage and power
level at the input of the sensor node circuitry, is presented.
Section V concludes the paper by highlighting the achieved
results.
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I I . A P P L I C A T I O N S C E N A R I O A N D
R E Q U I R E M E N T S

The design of the hybrid energy harvester has to be done con-
sidering the targeted final application, as the requirements may
vary considerably depending on several factors. Here the pro-
posed hybrid energy harvester is intended to be used in a self-
powered sensor node platform for building monitoring.

The choice of the energy sources for the harvester is strong-
ly influenced by the environment in which the sensor platform
is intended to operate. If the operation scenario is outdoor or
indoor, one can consider the presence of solar or artificial light
that can be easily harvested by properly dimensioned solar
panels. In addition to that, other energy sources can be
considered such as vibration, thermal or EM. Here, EM
energy harvesting has also been considered to power up the
sensor platform as it can also be present both in indoor and
outdoor scenarios. In the next sections, the WSN application
targeted and the associated specifications in terms of required
power are discussed.

A) Application scenario
The need for self-powered sensor nodes in a WSN application
is of great importance under particular operating conditions.
Nowadays, wireless sensor networks are used in many
aspects of everyday life. Among the most common applica-
tions stand the security in buildings, as well as their structural
stability monitoring, and the control of certain environments
(seismic areas, factories, and dangerous places). As a result,
there is a need for a large number of sensors, which are some-
times placed in locations that are difficult to reach, which
makes it challenging and expensive to take care of their
maintenance.

The application scenario that has been targeted here is a
WSN for building monitoring. The WSN monitors a wide
variety of parameters, such as stability, temperature and
humidity in a mixed indoor/outdoor environment.

In order to get advantage of the natural and artificial light
that can be harvested in the external part of a building and in
the rooms inside, it has been decided to use the solar energy
as the main power source for the sensor. In addition to that,
EM energy harvesting has been considered, as RF signals are
also present both inside and outside the building and light
might not always be present. The proposed harvester is a
hybrid solar/EM harvester. The collected energy from both
solar and EM sources is processed as illustrated in Fig. 1
and stored, in order to be used for powering the WSNs.

B) Selected requirements
The architecture used in the WSN scenario selected is shown
in Fig. 1. The sensor platform operates taking energy from
ambient energy sources by means of the proposed hybrid
solar/EM harvester. A power management circuit boosts the
harvested DC voltage, and store the energy in a battery or
supercapacitor. It also handles the stored energy and delivers
it to the microcontroller whenever it needs power to operate.

On the other side, the sensor platform collects information
about the surrounding environment by means of different
sensor devices that convert the received physical measurement
to an electrical signal that is handled by the microcontroller
and then stored. The stored information is send to a base
station by means of a radio transceiver and a communication
antenna.

The requirements of the sensor platform of Fig. 1 are listed
in Table 1.

The Texas Instrument BQ25504 evaluation kit was chosen
to integrate the power management unit as it is capable of
handling ultra-low power input power levels. It contains a
boost converter that incorporates a DC-to-DC conversion
stage plus a regulator. Its main specifications are shown in
Table 2. One can see that it can boost input voltages as low
as 70 mV. The boost converter is configured to allow a con-
nection between the power management unit and the sensor
if the storage voltage falls in the desired range between 2.9

Fig. 1. Block diagram of the sensor network platform.
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and 4.2 V. This prevents the energy storage element to charge
too much, or to discharge below a desired level.

The selected storage element for the targeted application is a
supercapacitor. The dimensioning of the supercapacitor
element is done assuming that the sensor platform needs to
be able to operate for 7 days without any external energy con-
tribution and consuming an average of 671 mA. Considering

this requirements, it was calculated that a 350 Farad capacitance
is enough to guarantee this performance. The selected superca-
pacitor is the BCAP0350 from Maxwell.

I I I . S O L A R A N T E N N A D E S I G N

In a current WSN environment, the design of the blocks that
are directly connected with the external world, like the energy
harvesting module, is getting more and more challenging; in
fact, the device should be robust and compact, in order to
be placed anywhere. In addition to that, particular attention
is devoted to the implementation costs that need to be low
if the device is intended for extensive mass production.

A) SIW cavity-backed slot antenna
Substrate Integrated Waveguide technology is adopted for
the implementation of a cavity-backed slot antenna. In the
designed structure an SIW cavity encloses the radiating
element (a slot), in order to create a cavity-backed configur-
ation (Fig. 2).

The design is made in FR4 of 1.6 mm height, dielectric con-
stant 1r ¼ 4.4 and loss tangent tand ¼ 0.02. The input 50 V

line is placed on one side of the substrate board, whereas on
the other side a slot is used as radiating element. The structure
is dimensioned to operate at 2.45 GHz.

Table 1. Sensor operation requirements.

Lifetime w/o external source 7 days needed
Sampling rate every 10 min
Sampling time 2 s
Average consumption 671 mA
Stand-by current 220 mA
Peak consumption 120 mA (when sampling)
Supply voltage 2.9–4.2 V

Table 2. BQ25504 specifications.

Minimum input voltage 70 mV
Maximum input voltage 5.5 V
Cold-start voltage 300 mV
Cold-start input power 10 mW
Maximum input power 300 mW
Programmable output voltage 1.5–5.25 V

Fig. 2. SIW cavity-backed slot antenna (a) antenna layout, (b) fabricated prototype, (c) solar antenna prototype.
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B) Integration with solar cells and sensor
packaging
The structure of the solar antenna is based on the SIW cavity-
backed slot antenna presented in the previous section. An a-Si
solar cell is integrated on top of the antenna structure (Fig. 2).
The location of the solar cell is selected in order to avoid
affecting the performance of the antenna itself. This is
done by placing the solar cells in an area of the antenna
where the field distribution is weak. In this case avoiding cov-
ering the area surrounding the slot is enough to avoid affecting
the antenna performance.

As the proposed solar/EM harvester is designed to be inte-
grated in a polycarbonate box with a transparent cover, the
final design of the solar antenna was done adding on top an
additional layer of polycarbonate with 1r ¼ 2.1 and tand ¼
0.005.

The measured input matching and radiation patterns for
the final designed solar antenna together with the polycarbon-
ate layer are shown in Figs 3(a) and 3(b) respectively. It can be
seen that the antenna presents good matching around
2.45 GHz and that its gain is approximately 1.9 dB at the
broadside direction.

I V . R E C T E N N A A N D D C
C O M B I N I N G C I R C U I T D E S I G N

The proposed harvester needs a DC-combining stage that
takes the DC power contributions from the solar cells and

from the RF signals and combines them before delivering
them to the power management circuit. This function is per-
formed by the novel circuit proposed in Fig. 4.

Included in this DC-combining circuit, there is the rectifier
element that converts the RF signals into DC power. The
antenna is connected to the rectifier circuit and the obtained
DC voltage is summed to the DC power coming from the
solar cells by properly merging the rectifying stage with the
solar harvester circuitry.

Changes in the irradiance value produce a change in the
loading effect of the solar cells. In order to avoid the mismatch
between the antenna and the rectifier circuit when the irradi-
ance changes two branches are used in the DC-combining
circuit. Each of the branches has a matching network and
an envelope detector. The outputs of both envelope detectors
are connected to an output load of 1.5 kV. The input match-
ing of the DC-combining circuit for different irradiance values
is shown in Fig. 5.

Initially, in order to evaluate the performance of the rectifier
circuit, the RF–DC conversion efficiency of the DC-combining
circuit is evaluated when the solar cells are completely covered
and the irradiance is 0 W/m2. The RF–DC conversion effi-
ciency is calculated using (1) and the obtained results for dif-
ferent RF input power levels and different frequencies are
shown in Fig. 6

h = 100∗ PDC output

PRF input
. (1)

Fig. 3. Measured performance of the solar antenna (a) input matching, (b) radiation patterns.
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In a second step, the solar cells are uncovered and the perform-
ance of the DC-combining circuit is evaluated versus frequency
for different irradiance conditions and for two different RF
input power levels, 0 and 23 dBm (Fig. 7). Figure 8 shows
the DC output voltage at 2.45 GHz versus RF input power
level and for different irradiance values.

In order to evaluate the DC-combining circuit efficiency
when operating simultaneously with an RF input signal and
the solar cells illuminated, it is necessary to define a new
figure of merit (2). The input power to the DC-combining
circuit in (2) includes the RF input power and the DC
power provided by the solar cell. The DC power provided
by the solar cells is obtained measuring the voltage drop in

Fig. 4. Solar/EM DC-combining circuit (a) schematic, (b) photo of the
implemented prototype.

Fig. 5. DC-combining circuit input matching for different irradiance values.

Fig. 6. RF–DC conversion efficiency of the DC-combining circuit for
irradiance ¼ 0 W/m2.

Fig. 7. DC-combining circuit output voltage versus frequency for different
irradiance values (a) RF input power 0 dBm (b) RF input power 23 dBm.

Fig. 8. DC-combining circuit output voltage versus RF input power levels for
different irradiance values.
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the solar cell and the current flowing through it for different
irradiance conditions and different RF input power levels

h = 100∗ PDC output

PRF input + Psolar cell
( ) . (2)

Figure 9 shows the combined DC output power for different
irradiance and RF input power levels as well as the total effi-
ciency of the DC combiner. It can be observed that when con-
sidering the DC output power of the solar/EM harvester, it is
better to have both types of energy, solar and EM as this leads
to higher values of DC power.

However, attending to the total harvester efficiency, the
best operation conditions are with high irradiance at the
solar cells and no RF input signals. This concludes that
the harvester should operate in the hybrid solar/EM mode
when there is an immediate need of DC power to operate
the sensor, and to operate only with the solar mode when
there is enough light, as in this manner the generation of
the DC energy to be stored is more efficient.

V . C O N C L U S I O N

In this paper, a hybrid solar/EM harvester operating at
2.45 GHz has been presented. The proposed harvester is
aimed to be used in a sensor node scenario to provide the
sensors with full autonomy. A DC-combining circuit that
combines the outputs from the solar and the EM harvesters

is also presented, which provides a unique DC power level
at its output. The proposed harvester can be very useful for
its application in autonomous WSNs that cannot be easily
accessed in order to avoid the periodic maintenance and
battery substitution.
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