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Energy Harvesting System Using Rectenna Applied to Wireless
Powered Remote Temperature Sensing

. . ~ *
Felipe Zanon!, Ursula Resende!, Guilherme Brandao?, and Icaro Soares®

Abstract—Nowadays, due to the ever-increasing number of electronic devices and communication
systems that use high-frequency electromagnetic waves, a significant level of electromagnetic energy
is available in the environment that is not entirely used. In this work, a complete electromagnetic
harvesting system using a rectenna is proposed to collect this energy and feed a temperature
measurement module. The rectenna is constituted by a combination of a microstrip antenna that
captures the electromagnetic energy and a rectifier circuit that converts it into electric energy in direct
current (DC) form to feed ultra-low-power loads. The proposed system uses a rectangular microstrip
antenna, designed and optimized by using the Computer Simulation Technology (CST®) software to
operate at 2.45 GHz. This designed antenna presents a measured reflection coefficient lower than —20dB
at the operating frequency with a maximum gain equal to 7.26 dB. In addition, a voltage doubler rectifier
circuit is designed and optimized by using the Advanced Design System (ADS®) to match the impedance
of the designed antenna to reduce the reflection losses between these two modules, achieving maximum
measured efficiency of approximately 33%. Furthermore, a boost converter circuit is designed for the
power management between collected and delivered powers to the sensor and to provide appropriate
voltage levels to feed the temperature measurement module. This module consists of an ultra-low-power
microcontroller and a temperature sensor that operates in the range of 1.8-3.6 V. The procedures for
designing and testing each module of this system are detailed. Finally, a prototype is built and tested
under different operating conditions to confirm its functionality and feasibility. These tests show that
the proposed system can operate without batteries, only with the harvested electromagnetic energy
dispersed in the environment, even from modulated and pulsating sources, as is the case of commercial
routers.

1. INTRODUCTION

At present, there is a great demand for the development of systems that use energy more efficiently
and for new sources of energy, even if destined to feed small loads. In this context, the concept of
energy harvesting is applied using different sources, such as near electromagnetic field [1, 2], solar [3],
piezoelectric [4], and Seebeck effect [5].

In addition to the ongoing energy demand, the expansion of technologies and services that operate
wirelessly — such as mobile phones, WiFi routers, and television stations — have made available a
considerable energy density in the environment, in the form of electromagnetic waves, which is not
being fully consumed. Within this context, a new technology has been investigated with the purpose
of harvesting this energy to feed low-power loads. This technology is called Electromagnetic Energy
Harvesting System (EEHS), and its basic element is the rectenna, which is essentially the combination
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of an antenna with a rectifier circuit [6-8]. The former is responsible for capturing the electromagnetic
signals present in the environment, while the latter aims to convert the signal from alternating current
into direct current (DC). This DC signal is used, for example, to supply low consumption loads, especially
those requiring mobility, and those employed in the application of the Internet of Things (IoT) [9, 10]
and remote sensing [11, 12].

The foremost rectenna usage challenges for energy harvesting are due to the signal high frequency
content and its low levels of power. This low power signal available in the environment minimizes the
levels of power delivered to the load, and limits the possibilities of technology use [13]. Thus, different
solutions have been investigated with the aim of increasing the ability of the rectenna to deliver more
power to the load [14-16].

Therefore, for the design of an operational and efficient EEHS, one must consider the frequency and
the power density of the electromagnetic wave available in the environment of its installation. Another
significant aspect that should be considered is the inclusion of a circuit to perform the impedance
matching between the antenna and the rectifier circuit. The function of this circuit is to ensure the
reduction of the number of reflected waves between these two elements and thus increasing the efficiency
of the system [17,18]. Since the EEHS deals with low-level input power, another element that can be
added to the system is a boost converter. This converter is capable of raising the voltage level in the
load and performing the power management in a storing element, for example, a supercapacitor [19].

Thus, this work aims to develop a theoretical and experimental EEHS for feeding a low-power
temperature sensor. In several industrial, medical and laboratory processes, the temperature of fluids
and solutions must be constantly monitored and controlled. In this way, due to its technical significance,
there are in literature different approaches to tackle this problem efficiently. For instance, the changes
in the electromagnetic parameters in liquids have been exploited in order to monitor properties such
as temperature [20, 21], humidity [22,23] and acidity [24]. However, in most industrial processes wired
network of all the sensors is costly and constructively difficult, which sometimes makes unfeasible
the real-life application of these sensors. Therefore, as some works show [25-27], energy harvesting
techniques have a strong potential as a low-cost alternative for powering these ultra-low-power sensors
in a remote network. Moreover, the chosen environment in which this paper is focused has signals with
frequency content around the 2.45 GHz band, which is justified by the large number of communication
devices operating in this band.

In this context, the contribution of this work is to demonstrate an experimental study of the
technical feasibility of a low-cost rectenna technology for feeding commercial low-consumption loads,
mainly focused on ultra-low-power sensors for fluid monitoring. There are in the literature some works
that present the design and application of energy harvesting systems [28-30]. However, in this paper
not only the detailed design of each module that composes the proposed rectenna is presented and
thoroughly analyzed with simulations and measurements, but also it carries out a careful investigation
of the operation of these modules working individually and together, in order to achieve efficient power
management from the harvesting of the electromagnetic power dispersed in the environment to the power
delivered to the sensor at the output. Besides, the proposed system is highly reproducible, scalable and
can be employed in many other applications apart from which this paper is mainly focused.

This work is organized as follows: Section 2 presents the methodology for the EEHS project and
the partial results of each module. In Section 3, the results obtained from the complete EEHS are
discussed. Section 4 presents the final considerations of this work.

2. ELECTROMAGNETIC ENERGY HARVESTING SYSTEM

In this work, the design, construction, and testing of an EEHS for feeding a temperature monitoring
module (MMT) are carried out. This module consists basically of an ultra-low power consumption
microcontroller and a temperature sensor. The block diagram of Fig. 1 shows the EEHS under analysis.
The operation frequency was chosen to be at 2.45 GHz once it is a frequency in the Industrial, Scientific
and Medical (ISM) band in which many communication devices also operate. In particular, WiFi
routers that operate in this frequency can be ubiquitously found in urban areas, which increases the
power level in this specific band. Moreover, this frequency allows the miniaturization of the designed
system, assuring a reasonable antenna efficiency. For these reasons, the 2.45 GHz band is one of the
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Figure 1. Block diagram of the proposed EEHS.

most used for energy harvesting applications [31].

The design of an EEHS requires the preliminary analysis of the power and frequency of the
electromagnetic waves available in the environment. This concern has the purpose of increasing the
efficiency of the EEHS and harvesting as much energy as possible from the environment.

2.1. Antenna Design

The antenna configuration chosen to compose the rectenna of this work is the rectangular microstrip

type, which offers an easy construction. The topology of the antenna projected is shown in Fig. 2(a)
and its surface current distribution in Fig. 2(b).
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Figure 2. Rectangular microstrip antenna with recess: (a) topology and dimension (in mm) and (b)
surface current distribution at 2.45 GHz.

The dielectric substrate used is Rogers RT/ Duroid® 5880 (relative electrical permittivity e, = 2.2,
loss tangent 6 = 0.0009 and thickness h = 1.57 mm) covered on both sides by copper plates (thickness
t = 0.035mm). The antenna dimensions, initially calculated according to [32], are optimized by using the
Genetic Algorithm technique available in Computer Simulation Technology (CST®) software, aiming
to achieve the lowest value of parameter Si; at the frequency of 2.45 GHz, and the results are presented
in Fig. 2(a).

Using the dimensions obtained from the optimization process, two prototypes are constructed.
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Figure 3. Simulated and measured parameters S1; for the rectangular microstrip antenna: s11_med1
(transmitting antenna) and s11_med2 (receiving antenna) indicate the measured values and s11_sim the
simulated value.

The simulated and measured results of the S1; parameter are depicted in Fig. 3. As can be observed,
these results are very close, which validates the optimization and construction of the antennas. The
prototypes are operational since they present S11 < —10dB at the 2.45 GHz frequency. It should be
emphasized that all S1; measurements are performed using the Anechoic Chamber DST200 (Rohde &
Schwarz®) and the E5071C network analyzer (Keysight®).

The tridimensional radiation pattern for the designed antenna is presented in Fig. 4(a), and its
farfield properties are indicated in Fig. 4(b). As it can be seen, at 2.45 GHz, the maximum gain for this
antenna is 7.26 dB with Half Power Beam Width (HPBW) of 78°, First Null Beamwidth (FNBW) of
315°, Front-to-Back ratio (F/B) of 28.9°, and Side Lobe Level (SLL) equal to 26°.

The antennas prototypes are also tested in a set up in which one operates as a transmitting and
another as receiving antenna. The transmitting antenna is connected to the N5181A high frequency
signal generator (Keysight®) set to operate at the frequency of 2.45 GHz and to provide a power of
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Figure 4. Radiation pattern for the designed patch antenna at 2.45 GHz: (a) tridimensional plot and
(b) E-plane and H-plane plots with indicated farfield properties.
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Figure 5. Power received (dBm) by the receiving antenna vs distance between the antennas.

26 dBm. The receiving antenna is connected to the FieldFox® N9912A spectrum analyzer (Keysight®)
to measure the power received from different distances set between the antennas. The results obtained
are shown in Fig. 5. As it can be observed, the power level received by the receiving antenna decreases
with increasing of the distance, presenting values close to 1dBm at the largest tested distance (60 cm).

2.2. Design of the Rectifier Circuit

The proper choice of topology as well as electronic components to be used is fundamental for the design
of an efficient rectifier circuit to compose a rectenna. In addition, one must take into account the
characteristics of the signal to be delivered to the rectifier circuit through the antenna.

The rectifier circuit topology adopted in this work is the voltage doubler, whose diagram is
illustrated in Fig. 6. This topology is simple since it uses few electronic components, and it is able
to raise the voltage level delivered to the load. In order to perform the rectification, the HSMS2862 is
used, which includes two Schottky diodes encapsulated at the same integrated circuit. They are capable
to operate at 2.45 GHz and present a low barrier voltage (250 to 350 mV). In spite of these advantages,
the Schottky diode presents a non-linear behavior as a function of the frequency and the power of the
input signal [14], which is taken into account in the design of the rectifier circuit.
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Figure 6. Diagram of the voltage doubler type rectifier circuit.

The boost converter connected to the MMT is modeled using a 3.01 kS resistor load (Rz). The
capacitance values C; and Cso, both equal to 100 uF, are selected to better adjust to the pulsating profile
of the router signal (source of the electromagnetic energy to be harvested). Open stub configuration
performs the impedance matching. This choice is done because of its constructive simplicity and its
outstanding performance, without the use of discrete components.

The geometry dimensions of the rectifier circuit were simulated and optimized using the Advanced
Design System (ADS®) software. The LSSP (Large-Signal S-Parameter Simulation) tool is adopted
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Figure 7. Rectifier circuit: (a) topology (TL = microstrip transmission line, L = length of TL, and
W = thickness of TL) and (b) surface current distribution at 2.45 GHz.

because it is suitable for the circuit simulations including non-linear components, such as the HSMS2862
diode. The optimization process schematic is illustrated in Fig. 7(a).

The SMA connector has the function of performing the interface between the circuit and the
measuring equipment, and its influence is also considered in the simulation. The dimensions of the
impedance matching circuits (L1, Lo, Lsrup and Wgryp) are optimized using the random optimization
method to achieve two objectives with the same importance:

e Setting the input impedance value of the rectifier, Zi,, at 50 Q) in the frequency range 2.4-2.5 GHz.
The input power (Pipyt) was set at 0 dBm;

e Acquiring the maximum value of S11 equal to —10dB for Pyt ranging from 0 to 10dBm and
fixed frequency at 2.45 GHz.

These frequency and power ranges have been chosen to ensure that the rectifier is feasible in an
environment that has WiFi internet signals, and considering the result shown in Fig. 5. The rectifier
circuit is optimization is done by considering its construction on an FR-4 substrate (e, = 4.3, § = 0.01
and thickness h = 1.50mm) covered on both sides by copper foils (thickness ¢ = 0.03mm). The fixed
dimensions are shown in Fig. 7(a). The optimization process leads to the following values for the free
dimensions: L = 17.603mm, Ly = 10.796 mm, Lgpyp = 8.644 mm and Wsryp = 5.545mm. Fig. 7(b)
shows the surface current distribution in the impedance matching and rectifier circuit obtained by the
full-wave simulation carried out in CST®,

The optimized rectifier is manufactured and tested for functionality and efficiency. In this test,
the prototype is connected via a KLC® SMA3011 connector to the N5181A signal generator, which is
adjusted to provide a fixed signal frequency at 2.45 GHz with output power (input power of the rectifier,
Pinput) ranging from —10 to 25dBm. A multimeter is connected to the load terminals to measure the
voltage (Vout) value in Ry. The results obtained are presented in the graph of Fig. 8(a), which confirm
the operation of the rectifier circuit. Also, it shows the growth of Vi, with increasing of Py, until
17dBm, where Vi, begins to stabilize. The efficiency, 7, of the rectifier circuit is calculated from the
measured values of Voyt and Pypu. Fig. 8(b) shows that the maximum value of n achieved by the
rectifier circuit is approximately 33% for Pyput = 17dBm. From circuit analysis, it can be shown
that the maximum theoretical efficiency for this rectifier’s topology is approximately 40%; therefore,
the measured efficiency is close to this limit. The main factors that reduced this efficiency are the
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Figure 8. Rectifier circuit performance as a function of the input power: (a) Output voltage (Voutput)
and (b) efficiency (7).

non-idealities of the commercial electronic devices and their losses. In addition, it changes the input
impedance of the circuit, increases the reflection losses in the prototype. One alternative to mitigate this
effect is to design an adaptive impedance matching circuit capable of matching the rectifier impedance
considering the non-idealities and fluctuations in the input power.

2.3. Boost Converter Design

The output available by the EEHS may not be sufficient to power the MMT, and there is no guarantee
that the available power in the environment is constant. Hence, it is convenient to employ a boost
converter and energy storage elements, such as capacitors or supercapacitors. The converter has the
function of raising the voltage level at the rectenna output and also performing the energy management
of the EEHS. The BQ25504, manufactured by Texas Instruments®, has been selected to be part of
the EEHS under analysis because it has low starting voltage, low power consumption, ability of storing
energy by supercapacitor (ensuring that the power supplied to the load is constant, even with the
variation of the input power) and protection circuit against under and overvoltage.

The BQ25504 is programmed by choosing the value of external resistors. The value of these
components depends on the specific requirements of each application. For the EEHS under study, these
requirements are presented in Table 1. The calculation follows the methodology provided by the device

Table 1. Project requirements for BQ25504 converter.

Parameter Value
Voltage Range for Overvoltage Threshold (VBAT gy) 3.5V
Voltage Range for Under Voltage Threshold (VBATyv) 2.2V
Voltage Range for Threshold Voltage for High to Low 94V
Transition of Digital Signal Indicating Battery is OK (VBATok) '
Voltage Overvoltage Hysteresis Thresold (VBATyysr) 2.8V
MPPT (Maximum Power Point Tracker) disabled

Digital Programming Input for IC over Temperature Threshold (OT) | 65°C
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Figure 9. Boost converter: (a) schematic, and (b) voltage profile obtained in the boost converter test.

manufacturer. The pin diagram of the converter is shown in Fig. 9(a), together with the calculated
resistors.

The prototype constructed of the circuit presented in Fig. 9(a) is submitted to a test focused on
determining the level of voltage in which the converter starts its operation. Also, once operating, it is
determined what is the minimum voltage that guarantees the operation of the converter. To perform this
test, the variable voltage source E3631A (Keysight®) is connected to the drive input. The two channels
of the DSO7032A oscilloscope (Keysight®) are connected to the input and output of the converter,
respectively. A 100 k2 resistor is used as a load at the converter output, and a 470 uF capacitor is used
as the energy storage element. These values are chosen so that the constant RC of the circuit allows a
better visualization of the output signal behavior. The results of this test are shown in Fig. 9(b).

Initially, the value of the input voltage of the circuit is changed from 0V to the value needed to
make the converter go into operation. It has been verified that the converter starts operating when the
voltage at its input reaches at least 441 mV. Afterwards, the input voltage value is reduced to the value
at which the converter shuts down. It has been found that, once in operation, the converter maintains
its operation for input voltage values greater than 97.5mV. In addition, the boost converter is able to
maintain the output voltage level by approximately 3.3 V, even under variations at the input voltage of
the circuit.

2.4. Design of the Temperature Monitoring Module

This section presents the design of a module for temperature monitoring, which demonstrates the
potential of using the EEHS. The MMT consists of a temperature sensor connected to the ultra-low
power consumption microcontroller (LC) MSP430G2132. It has the function of processing the measured
temperature information and displaying it in the LEDs temperature scale connected to its outputs.
There is a total of twelve LEDs, graduated with 5°C each, starting from 5°C to 60°C, as shown in
Fig. 10.

The MSP430 family is suitable microcontrollers for low power supply applications, likewise the
EEHS case. Its low consumption is due to the standby mode operation that works most of the time. In
addition to this main feature, the MSP430G2132 meets the other requirements needed for the proposed
application, which are: operation with low voltage supply (the MSP430G2132 is capable of working
with voltages between 1.8 to 3.6 V), having a channel analog-digital converter (ADC) and containing
digital outputs to display the measured temperature on the LEDs.



Progress In Electromagnetics Research C, Vol. 114, 2021 211

Reset button DC power supply

Temperature
scale in °C

MSP430G2132

30 T T T T T T T T T
Static thermistor curve
Equivalent resistance
25 = = =Thermistor linearization curve | 4
20 - .

Resistance (k2)
o

10

0 10 20 30 40 50 60 70 80 90 100
Temperature (°C)

Figure 11. Behavior of the NTC thermistor resistance, equivalent resistance and linearization vs
temperature.

The operating modes of the MSP430G2132 are shown as alternatives to combine performance with
low power consumption. Besides the active mode (AM), there are five low-power modes (LPM) options.
In this work, uC is programmed using AM and LPM3 modes. The AM mode is required for the CPU
to process the contents of the interrupts (reading the digital-analog converter and processing the on/off
LEDs logic). The LMP3 mode is selected because it consumes low energy and, at the same time, it
allows the timer operation.

The temperature sensor chosen to compose the MMT is the 10 k{2 NTC thermistor because it has
high input resistance, high sensitivity and the possibility of operation with low voltage values. However,
this sensor presents non-linear resistance behavior as a function of the temperature, described by Eq. (1),
known as Steinhart & Hart equation, which is shown in Fig. 11 (blue thermistor static curve):

Tramg — 18 1073 4 2.34 x 10~*In(R) + 8.81 x 1077 [In(R)]* (1)

where T is the temperature in °C, and R is the thermistor resistance, given in 2. The coefficients of
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Eq. (1) are obtained by means of the calibration of the thermistor using a digital thermometer with a
measuring range between —50°C and 110°C.

The MSP430G2132 is not able to handle calculations involving logarithms and exponentials. Since
the response curve of the thermistor is logarithmic in its nature, it is necessary to linearize the sensor
for the correct temperature reading. Therefore, the thermistor curve is linearized by inserting a 10 k{2
resistor in parallel with the thermistor. Fig. 11 shows, in addition to the static curve, the equivalent
resistance curve and the curve linearized from the Eq. (2).

R =—89.817 x T + 7455.4 (2)

From the graph obtained in Fig. 11, it is possible to observe that the linearization process by the
parallel resistor insertion technique is satisfactory. It reduces the resistance variation, especially at lower
temperatures, and it makes possible the proper interpretation of measurements by the microcontroller.
On the other hand, the linearization process carried out reducing the sensor sensitivity.

3. RESULTS AND DISCUSSIONS

The antenna, the rectifier circuit, the boost converter, and the MMT are interconnected to form the
EEHS. Two tests are performed to verify the functionality of the system. In both tests, a capacitor of
470 uF is connected to the boost converter, to perform energy storage. This value is chosen to reduce
the test period since the use of supercapacitors would require a few hours for its complete discharge.

The first test, called energy reuse test (R-test), consists in connecting one of the antenna prototypes
(transmitting antenna) to the TP-Link® WR841HP router, tuned to channel 9 (2.452 GHz), with peak
power of 18 dBm. The EEHS is positioned at 30 cm from the transmitting antenna. In the second test,
called the wireless energy transmission test (T-test), it is possible to provide higher power levels for
the EEHS and, thus, greater distances between the source and the EEHS are achieved. This test is
performed to demonstrate the potential of the technology by using a source of high frequency signals
with the power greater than the source used in the R-test and dedicated exclusively to the power supply
of the EEHS. In the T-test, the N5181A signal generator is connected to the transmitting antenna and
configured to provide a 26 dBm signal at the 2.45 GHz fixed frequency, and the EEHS is positioned at
1.90 m from the transmitting antenna. Fig. 12 shows the block diagram of the tests performed. Figs. 14
and 15 show the experimental assemblies of R and T tests, respectively.
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Figure 12. Block diagram of the R-test and T-test.

The R-test was run for thirty minutes with the setup shown in Fig. 13, monitoring the temperature
in a cold and hot liquid. By changing the position of the temperature sensor from the hot liquid to the
cold one, the temperature LED display gradually reduced its temperature degree (due to thermistor
inertia) ranging from 45°C to 10°C. It is noteworthy that the objective of this work is not to measure
strictly the temperature, but rather, to demonstrate the viability of the technology under study to feed
low consumption sensors. It is important to emphasize the use of the boost converter because the signal
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Figure 15. Signal measured at the output of the TP-Link® WR841HP router.

provided by the router is pulsating, as shown in Fig. 15. Thus, the absence of the boost could imply in
commutation between on and off states of the microcontroller since the capacitors used in the rectifier
circuit are not large enough to hold the value of the voltage at the load.

The T-test was performed for one hour, under the conditions shown in Fig. 14. Temperature
monitoring was also performed on a cold liquid and a hot liquid. It should be noted that the signal
supplied by the N5181A generator does not have the same characteristics as the signal shown in Fig. 15.
In this case, the signal is a sine wave oscillating at 2.45 GHz and not a pulsating signal, thus providing
a higher average power level to the test.

According to the tests performed in this Section, it is possible to check the functionality of
the designed system for both energy harvesting and power transmission. Even using a high-power
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commercial router, the maximum distance reached for the proper operation of the system was 30 cm in
the R-test. This value is considerably smaller when compared to the T-test, which reached a distance
of 1.90m. This fact is due to the use of the signal generator, which is capable of providing higher power
and a non-pulsed signal. Thus, the T-test demonstrates the potential of the technology because if a
higher power commercial router were used, longer distances would be reached.

With the results obtained, the application of the designed EEHS is recommended for monitoring
the environmental parameters where the exchange of batteries can be a limiting factor, as in areas of
difficult access. It is noteworthy that a set of antennas and rectifier associations was not used in this
work, which could increase the power delivered to the load as presented in [14] since it was chosen by
the EEHS compaction.

The EEHS can be designed for operation in other frequency bands as well as in multi-frequencies
since current commercial routers can operate in the 2.4 GHz and 5.8 GHz bands. To operate at 5.8 GHz
band, a new rectenna design should be performed because both the antenna and the rectifier were
designed specifically for the 2.4 GHz band. However, the MMT would not undergo any modification
because its power is in direct current. Thus, it is verified that the EEHS presents flexibility since it is
possible to adapt the rectenna to the MMT according to the environment to be monitored.

4. CONCLUSION

In this work, a low-cost and easily reproducible system for electromagnetic energy harvesting, using
rectenna, applied to the temperature monitoring was proposed, systematically described, designed and
analyzed through simulations and measurements. Even though this paper focused its application on
remote fluid temperature monitoring for industrial processes, the same device could also be applied for
other kinds of ultra-low-power sensors that can be found in agriculture [33], medicine [34], domotics [35],
among other applications.

The proposed system is composed of a rectangular microstrip antenna with a measured reflection
coefficient lower than —20dB at the operating frequency of 2.45 GHz that was chosen once many
communication devices operate in this ISM band, and consequently the level of electromagnetic power
dispersed in the environment at this frequency is substantial. This antenna also presents a maximum
gain equal to 7.26 dB with a half-power beamwidth of 78°. In order to convert the power collected by
this antenna to a DC power, a half-wave rectifier was designed and optimized to match the antenna’s
impedance and thus mitigate the losses due to reflection. The efficiency measured for this rectifier was
around 33% which is closer to the maximum theoretical efficiency for this rectifier’s topology. Then,
a boost converter was designed to carry out the power management and assure that the voltage level
delivered to the sensor is between 1.8 and 3.6 V. Finally, the load for this system is constituted by an
ultra-low-power sensor and microcontroller unit responsible for processing the measured data.

A prototype for this system was built and tested for both harvesting and wireless power
transmission. In both tests, it was found that the technology is feasible and functional to power sensors
with low power consumption. For wireless transmission, it is possible to achieve greater distances (1.9 m)
between the transmitting and receiving antenna, since the signal emitted is dedicated exclusively to this
type of application. In turn, harvesting energy has the characteristic of dealing with environmental
signals that have low power and presents a variable frequency and power, making the impedance
matching between the antenna and the rectifier more complex. Besides that, the dispersed signal is
modulated and pulsating, which becomes reduces the harvest power level. However, the built prototype
is capable of operating even in this situation. Finally, through the results obtained, it is possible to
conclude that the proposed system is feasible in practice and demonstrates that the electromagnetic
energy presented in the environment is able to feed low consumption loads.
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