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Abstract—This paper presents the feasibility assessment for the
adoption of a rectenna with basic structure elements as energy
source in wireless sensor networks (WSN) nodes. For that matter,
a rectenna that harvests energy from 2.45 GHz was designed
by the application of a tuning technique on the dimensions of
its elements. In the design, the CST Microwave Studio and a
SPICE based software were used. The DC-DC boost converter
was selected among several commercial options. The limitations
of the rectenna were evaluated using the power consumption of
different nodes. Results show that the total maximum conversion
efficiency for the rectenna was 34.08% at 20 dBm. The distance
ranges between the designed rectenna and the wireless energy
source were from 0.03 m to 0.20 m in the indoor scenario and
from 0.26 m to 2.03 m in the outdoor scenario. The rectenna can
supply the required power for the nodes CC2538 and CC1350
in the full range of distances, but for the nodes Z1 and Sky the
range of distances is reduced.

Index Terms—Rectennas, Energy Harvesting, DC-DC Boost
Converter, Wireless Sensor Networks, Wi-Fi.

I. INTRODUCTION

Wireless sensor networks (WSN) consist of the intercon-
nection of nodes, containing sensors and actuators, through
wireless communication for various applications. These net-
works are self configurable, low-cost and low-energy consum-
ing. Their purpose is to monitor physical and environmental
conditions while sharing data cooperatively towards a main
node in, for example, convergecast applications. The main
node processes the information and executes a specific series
of actions. Each node is constituted by an energy source, a
microcontroller, a radio and input/output ports for sensors and
actuators [1].

The implementation of WSN has challenges, such as their
damage tolerance in dangerous environments, the restriction
in the number of sensors and actuators which increments
the energy consumption, the interference in communications
between nodes due to the operating frequency, and the energy
consumption of the radio. Most of these challenges are related
to limitations in energy resources [2].

The lifetime of the nodes is incremented using sources such
as solar, wind, thermal, vibrations and electromagnetic energy.
Photovoltaic systems are the most used renewable energy
sources for WSN. Nevertheless, their efficiency depends on

the solar irradiance at the geographic location where they are
installed and their implementation can increase the costs [3].

An alternative low-cost renewable energy source are the
rectennas, which are devices that comprise an antenna and
a rectifier to capture and harvest electromagnetic waves from
microwave band and to transform them into electrical energy
for its utilization [4], [5], i.e. they are a wireless energy source.
Therefore, the energy is harvested from the propagating waves
present in the environment, such as urban or offices.

In this research, the feasibility for the adoption of a rectenna
as energy source in WSN nodes to increase their lifetime
was assessed. Although the design of rectennas has advanced
progressively in recent years, in this paper a low-cost rectenna
with basic structure elements was evaluated. This is considered
as an starting point for future research that will incorporate
state-of-the-art modifications to the basic structure in order to
optimize the performance of the rectenna.

The elements of the rectenna were designed through a
tuning technique and the power that can be harvested from
the 2.45 GHz band was determined. Furthermore, the power
consumption of several nodes sending messages was evaluated,
to analyze the performance of the rectenna and its limitations
in WSN applications.

II. DESIGN OF THE RECTENNA

In this work, the energy source is a rectenna that enables the
harvesting and utilization of electromagnetic waves, designed,
simulated and tuned by the authors, whose elements are shown
in Fig. 1. The antenna receives the electromagnetic waves
and transform them into AC signals. This is connected to the
LPF, that improves the impedance coupling and eliminates
the harmonics generated by the rectifier [6]. The rectifier
transforms the AC voltage signal into DC and conducts it to the
DC-DC boost converter that keeps the voltage at a functional
level for the node. This converter can regulate the voltage
from an input within a range that depends on the model and
the integrated circuit configuration [7].

This energy source harvests electromagnetic energy at the
design frequency of 2.45 GHz because of its massive use,
with low-cost and simple fabrication elements. For that, the
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Fig. 1. Layout of the rectenna that comprises antenna, LPF and rectifier with
the circuit diagram of the DC-DC boost converter.

rectenna was designed on FR-4 substrate, which has a dielec-
tric constant €,=4.4, a dielectric loss tangent tan =0.02, and
a thickness equal to 1.6 mm.

A tuning technique was employed by means of adjusting
the dimensions of each one of the elements, with a resolution
of 1 mm. For that process, the antenna and the filter behavior
were simulated using the CST Microwave Studio software [8],
while for the rectifier circuit a high frequency circuit simulator
based on SPICE was employed.

Antenna: A rectangular printed microstrip type with
feeding microstrip was designed. The simulation results at
2.45 GHz for the tuned antenna were an S7; magnitude of
-24.12 dB (Fig. 2), a standing wave ratio (SWR) of 1.133,
an impedance of 50.853-j6.072 ) and a gain of 3.38 dBi on
H plane with ¢=0°, obtaining the directional radiation pattern
presented in Fig. 3.
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Fig. 2. Simulated S11 magnitude for the antenna and for the set of antenna
& LPF.
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Fig. 3. Simulated gain for the tuned antenna on H plane.

LPF: A LPF of stepped impedance type was designed. The
tuned set of antenna and LPF was simulated obtaining an
S11 magnitude equal to -24.79 dB (Fig. 2), which represents
an improvement for the design frequency. Also, this process
enhanced the matching impedance between the antenna and
the filter, as shown in Fig. 2.

Rectifier: The design of this element was a voltage doubler
with a single stage configuration, with a Schottky diode
HSMS-2820. The RF to DC conversion efficiency and the
DC voltage of the energy source simulated as functions of
the input power as shown Fig. 4. The maximum value of RF
to DC conversion efficiency was 40.09% and the maximum
rectification voltage was 6.1 V, both for a power of 20 dBm
at the input of the LPF.
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Fig. 4. Simulated conversion efficiency and voltage at the output of the
combination of antenna, LPF and rectifier as functions of Pg,..

The RF to DC conversion efficiency is determined with
(1) and it takes into consideration the LPF and the rectifier
efficiencies, where Pp¢ is the rectified electric power and
Pr, is the power received taking into account the gain of the
rectenna.

P
NRF-DC = TDC 100% (1)
Rz

DC-DC boost converter: Regarding the design of this
element, a supercapacitor (SC) was employed at the input in
order to store the harvested energy, and a step-up converter
was connected to hold the voltage in the output during
the operation of the nodes. Different step-up converters are
evaluated in Section III for their application in WSN.

III. CONDITIONS FOR THE APPLICATION OF THE
DESIGNED RECTENNA FOR WSN

In order to supply the harvested energy to the nodes of the
WSN there are a series of conditions that must be fulfilled.
The first condition is expressed in (2), where the left-hand
side of the equation is the power harvested by the rectenna,
Ntotal 1S the rectenna total conversion efficiency (it depends
on the RF to DC conversion and the selected DC-DC boost
converter efficiency values) and P77 is the power consumed
by the communication and processing unit. If this condition is
accomplished, the node will be permanently operative because
the source supplies 100% of the energy for its utilization.

node
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The second condition is that the operating voltage of the
communication and processing unit must have fixed values.
Therefore, a DC-DC boost converter is included in the design
of the energy source, even when the input voltage varies, as
long as it is equal to or higher than the start-up voltage, that is
(3) where Vp¢ is the rectified voltage and V[’,”Cm is the start-
up voltage. The selected operating voltage was 3.3 V because
it is a commonly employed operating voltage for nodes.

Ve > V& 3)

In this work, the implementation of several types of DC-
DC boost converters is evaluated, and their characteristics
and application results are shown in Table I, where Ppi™ is
the minimum input power required by the rectenna to supply
Vpyn, taking into account the gain of the tuned antenna. It
is noted that the total conversion efficiency and the power
harvested with the DC-DC boost converters are lower than
the ones obtained by the rectenna without them. This is the
cost of maintaining the voltage level at a fixed value.

Considering the characteristics of the selected converters,
the maximum power harvested by the rectenna with a 20 dBm
input power is between 32 mW and 36 mW, as shown in Fig. 5.
The values of the power harvested for the evaluated converters
are close to one another, therefore this characteristic is not
determinant for the selection of a particular step-up converter
model.

TABLE I
CHARACTERISTICS AND APPLICATION RESULTS OF THE SELECTED
DC-DC BOOST CONVERTERS WITH AN OUTPUT VOLTAGE OF 3.3 V.

DC-DC boost converter Rectenna
Part VS [ P | Niotar (%) | Meotar (%)
name (mV) (dBm) @ pgin @ 20 dBm
ADP5090 [9] 380 3 5.77 32.07
TPS61202 [10] 500 5 10.44 32.87
LTC3105 [11] 250 2 4.29 34.08
MAX1675 [12] 900 7 15.70 36.04
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Fig. 5. Simulated power harvested by the rectenna as a function of Ppr,.

The DC-DC boost converter with the best value of Ppim
was the LTC3105, with 2 dBm, and it presented the min-
imum value of start-up voltage among all the converters.
Additionally, the difference between the output power of both
converters is not significant, e.g. LTC3105 has 34 mW and
MAX1675 has 36 mW at 20 dBm. Therefore, the LTC3105

is selected as the best converter for the designed rectenna
and its application in WSN complies with the aforementioned
conditions.

IV. EVALUATION OF THE RECTENNA AS ENERGY SOURCE

In this section, the application of the designed rectenna as
energy source is evaluated with different nodes operating at
3.3 V. In that sense, the characteristics of current consumption
for the nodes on sleep (Iseep) and data transmission (I7,)
of nodes shown in Table II are specified. The node’s current
consumption (I,,cqn) is defined by (4), where N represents
the times that the node sends data in one day, ¢, is the time
to transmit one data packet and receive the acknowledgment
packet, and t;,4,; are the seconds in one day.

ITx'th~N + Isleep(ttotal - tTmN)

Imean = “4)
ttotal
TABLE II
CHARACTERISTICS OF THE SELECTED NODES AT AN OPERATING VOLTAGE
OF 3.3 V.
Node Band Isicep (A) | I7e (MA)
CC1350 [13] | Sub-1 GHz 0.7 13.4
CC1350 [13] 2.4 GHz 0.7 22.3
CC2538 [14] 2.4 GHz 1.3 24.0
Sky [15] 2.4 GHz 54.0 19.5
Z1 [16] 2.4 GHz 20.5 21.4

The evaluated mean current consumption values were 5, 10,
50 and 100 pA. For the evaluation, ¢;,.4; equals to 86400 s and
tT, are estimated to be 3 ms and 9 ms for the 2.45 GHz and
sub-GHz bands, respectively. I7, and I, are those shown
in Table II. The Fig. 6 shows the results that allow to identify
whether the nodes can send data several times a day with the
selected I,,eqn, Where N is expressed in packets per hour.
Under the studied cases, it was obtained that nodes CC1350
(for both bands) and CC2538 require 5 pA, node Sky requires
50 pA, and node Z1 requires 100 pA to operate.
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Fig. 6. Packets per hour that the node sends data as function of the mean
consumed current for each selected node.

The relationship between the received power and the dis-
tance from the transmitting antenna to the rectenna 7, as
a function of the wavelength ), is determined by the Friis
equation (5), where Gp, and Gpg, are the transmission and
reception gains of the antenna, respectively, and Pr, is the
transmission power. The scenarios for the evaluation are indoor



and outdoor, the Wi-Fi transmission system for the indoor
scenario at 2.45 GHz has Pr, = 20 dBm and G7, = 5 dBi
[17]. While, the transmission system for the outdoor scenario
at 2.45 GHz has Py, = 30 dBm, G, = 15 dBi [18]. Both
scenarios have G, = 3.38 dBi from the tuned antenna.

drr

Figure 7 shows the mean power levels required to enable the
selected nodes, which are estimated on 16.5 uW for CC1350
(in both bands) and CC2538, 165 uW for Z1 and 330 pW
for Sky. For the nodes CC2538 and CC1350 the power levels
needed to operate are under the curve of the power harvested
level in both scenarios, hence they can operate along the whole
distance range (0.03 m to 0.20 m in indoor scenario and 0.26 m
to 2.03 m in outdoor scenario).

On the other hand, the Z1 power levels intersects the power
harvested curve, reducing the maximum operating distance
of the rectenna to 0.17 m and 1.68 m for the indoor and
outdoor scenarios, respectively. Regarding the Sky node, it
also reduces the distance between the rectenna and the wireless
transmission source to 0.14 m and 1.43 m for the indoor and
outdoor scenarios, respectively.
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Fig. 7. Power harvested by the rectenna with LTC3105 in indoor and outdoor
scenarios and mean consumed power by nodes for the bands Sub-1 GHz (1)
and 2.4 GHz (2).

V. CONCLUSIONS

The conditions for having the rectenna as the only means of
energy supply were established. In this case, the node keeps
permanently operative without requiring any additional means
of energy supply.

The limitations of the designed rectenna were evaluated
for two propagation scenarios, indoors and outdoors, using
different nodes with diverse technologies. The distance be-
tween the rectenna and the wireless energy source that allows
the operation at 3.3 V was estimated. Besides the amount of
received power, the minimum input voltage of the DC-DC
boost converter proved to be constringent. The distance ranges
from 0.03 m to 0.20 m in the indoor scenario and from 0.26 m
to 2.03 m in the outdoor scenario.

For each case scenario, power hungry nodes were able
to operate only at the smaller distance within the range,
while the most power efficient nodes were able to operate

within the whole range. Although the nodes can operate
on the estimated distance ranges, these could be improved
by modification of the rectenna elements’ structure. Future
research will be focused on the application of methods to
optimize the conversion efficiency and increment the distance
ranges.
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