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ABSTRACT: Low Energy (LE) devices for communication systems like Bluetooth, 5G New Radio (NR), etc. are most likely to be powered
by a battery; however, the limitation of the utilization time of this power supply entails it to be handled in different ways; one of them
is using electromagnetic energy harvesting paradigm, which could be capable to supply the energy consumption of this device. In this
research, the design and implementation of a device are presented for radio frequency energy harvesting in the Industrial, Scientific and
Medical (ISM) band. As the first step, field intensity measurements in “Facultad de Informatica y Electronica” (FIE) were performed by
the utilization of NARDA SRM 3006 radiation meter, with the aim of determining the technology with the highest radio frequency (RF)
energy within the 2.4 GHz ISM band. After the analysis, WiFi technology is chosen due to the massive implementation that exists in the
surroundings. Therefore, the frequency of 2.45 GHz was selected as the center frequency for the design. The device was implemented
using FR4 Epoxy glass material with a dielectric permittivity of 4.4 and a dielectric thickness of 1.6 mm. The device consists of 3 stages:
i) Capturing energy using a microstrip patch antenna ii) Rectification using a coupling network followed by a rectifying circuit, and iii)
Energy storage using the method of harmonic balance and electromagnetic moment. Finally, harvesting measurements were carried out
in FIE’s laboratory; the RF energy of a WiFi router was harvested; at 10 cm a voltage of 510.6 mV was obtained, and this level of voltage

PIERM

was capable of turning on a led diode demonstrating the functioning of the device.

1. INTRODUCTION

ver the time, human being has had the need of different
Osources of energy to carry out their activities. There are
different sources of energy such as solar, wind, thermal en-
ergy among others, which have been used to produce electric-
ity. This concept is where energy harvesting (EH) comes from,
which consists of taking advantage of different sources of en-
ergy from the environment and capturing a part of this energy
to be stored or used directly to power different types of de-
vices. The study of new methods that allow the utilization of
renewable energies is very important for the sustainability of
our planet. The fast spreading of wireless networks, Internet of
Things devices, low-power consumer electronics, and sensor
networks have caused the increasing use of batteries, leading
to serious problems in the future, because they have a limited
lifetime.

Energy harvesting systems are a burgeoning field of tech-
nology that holds great promise in our ever-growing demand
for sustainable and efficient energy sources. These systems are
designed to capture and convert ambient energy from the sur-
rounding environment into usable electrical power. As we con-
tinue to face challenges related to energy generation, consump-
tion, and environmental impact, energy harvesting systems of-
fer innovative solutions that can reduce our reliance on tradi-
tional power sources and contribute to a more sustainable fu-
ture [1]. The concept behind energy harvesting is to harness
energy from sources such as sunlight, mechanical vibrations,
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heat differentials, or even radio waves, and convert them into
electrical energy that can be stored or used to power various
electronic devices and systems. These systems have the poten-
tial to revolutionize a wide range of applications, from power-
ing remote sensors in the Internet of Things (IoT) to extend-
ing the battery life of mobile devices and reducing the environ-
mental footprint of our technology. In this sense, RF Energy
Harvesting Systems are defined as systems formed by a series
of stages that aims to capture the energy from radio frequency
(RF) waves present in the environment, such as radio emissions,
television, mobile communications technologies such as GSM,
UMTS, LTE, among other services that can be used due to their
high availability [3], for example industrial, scientific and med-
ical radio bands known as ISM, including Wi-Fi [6].

The history of RF energy harvesting started in the late 1950s
where a system that captured electromagnetic waves was tested
by William C. Brown, who invented and patented the term
rectenna, demonstrating its operation by powering a scaled he-
licopter [2]. The function of a rectenna is performed by the
antenna and a rectification stage that is responsible for the con-
version of radio frequency energy present in the environment to
direct current used to power a final device that has the charac-
teristics of low power consumption [7]. In 1973 Glaser patented
the SPS (Solar Power Satellite) system, the idea of this project
was to make use of geostationary satellites as a power plant,
which by means of solar panels would capture solar energy and
convert it into microwaves to later be sent to earth [5]. With the
idea patented by Glaser, in 1997 NASA proposed the idea of a
project called Solar Tower, and the idea is to deploy a structure
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containing a series of solar panels in the form of a row, which
are connected to an antenna responsible for transmitting energy
as 5.8 GHz microwave waves, towards a series of antennas lo-
cated on Earth to capture and convert it into usable energy; it
is thought that this project will be launched by 2030 [5]. Cur-
rently, the use of wireless networks is increasing, which also
means the increase of the electromagnetic radiation present in
the environment, along with the increase in the occupation of
the electromagnetic spectrum. Different wireless technologies
emit a certain amount of electromagnetic energy to the environ-
ment, but part of this energy is not used in its entirety, and for
this reason, the concept of RF energy harvesting or radio fre-
quency energy harvesting becomes important [2]. In this sense,
RF energy harvesting systems use a rectenna to capture energy
and pass it from an AC electromagnetic waves signal to a DC
signal.

Rectenna is a nonlinear device type because its structure uses
a diode. This device is composed of a series of stages, starting
with a receiving antenna, impedance adaptation, an RF to DC
conversion stage, and an energy storage stage [8]. Its operation
consists of capturing the radio frequency energy by means of
a receiving antenna to be later sent to the signal rectification
stage, and in the middle of these stages there is an impedance
adaptation circuit used to couple both the structures, followed
by arectifier circuit and an energy storage stage [4]. The rectifi-
cation stage aims to convert the signal from AC-type RF source
to a continuous DC signal. One of the commonly used recti-
fier elements in this stage is Schottky diodes, because of their
low threshold voltage and fast switching times [9]. Two groups
of rectifiers can be found, half-wave and full-wave rectifiers.
Half-wave rectifiers are used to eliminate part of the signal that
enters either the positive (direct polarized diode) or negative
part of the signal (reverse polarized diode). Gull wave rectifiers
are the most common, and its operation consists of passing the
negative part of the signal to positive one and vice versa, ob-
taining a DC signal similar to that of a battery. They give a
solution to the drawbacks of half wave rectifiers, taking advan-
tage of the total incoming wave which means both positive and
negative semicycles [10].

Since the antenna and rectifier could be uncoupled, an
impedance matching network takes place as a stage which is
capable to ensure the maximum transmission of power [8]. It
is an element that allows adapting the impedance between the
source and the load to ensure the maximum energy transfer.
In RF energy harvesting systems, the receiver antenna is
considered as the source and the rectification stage as the load,
and these adaptation networks allow to avoid the reflection loss
during transmission [11]. There are several ways to implement
them, but commonly 3 types of networks are defined: L-type,
T-type, and n-type networks [12]. Finally, there are several
factors that can introduce losses in the circuits used for RF
energy harvesting, which must be considered in their design.
The losses that affect the efficiency of the RF energy collection
circuits are [13].

e Threshold voltage: it is the activation voltage necessary
for the diode to enter its conduction state, if the voltage
entering the diode is not greater than the threshold voltage,
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the diode will not conduct, causing the rectifier circuit to
not work.

e Impedance matching: if an impedance matching network
is not used between the rectifier circuit and the antenna,
part of the energy captured by the antenna is reflected,
causing considerable energy losses.

e Parasitic components: certain electronic components have
associated intrinsic losses due to elements such as resis-
tance, capacitance, and inductance that the devices may
have.

e Harmonics: when using diodes in the rectifier circuit, they
are nonlinear type and produce incident power harmonic
frequencies that can reduce the amount of energy that is
converted into DC [9].

From the literature, some examples related to present re-
search can be mentioned. Ref. [18] presents a rectenna to har-
vest RF energy at the ISM band of 2.4 GHz prototyped on a
Rogers 4003C substrate. Measurement results indicate that the
proposed rectenna delivers 5.1 mW to the load. In [19], the an-
tenna performs in the frequency band of 2.41-2.47 GHz which
covers almost all channels of 2.4 GHz wireless LAN band. The
simulated return loss of proposed antenna is below —10 dB, and
the simulated gain is over 5dBi. Finally, in [20] a rectenna
system implemented for radio frequency energy harvesting at
2.4 GHz Bluetooth/WLAN is designed on a rectangular patch
having four slots etched on the radiator providing a gain of
4.12dBi. In this paper, a complete energy harvesting system
for the ISM band is presented, which is capable to deliver the
power of 51.2mW to the load.

The rest of the paper is structured as follows. Section 2
presents the methodology focused on the analysis of the spec-
trum to find the center frequency for the EH device, the design
and simulation of the antenna based in parameters as frequency,
permittivity and permeability, the design of the rectifier to con-
vert the input RF waves to DC voltage, a coupling network to
avoid reflection losses, and finally an energy storage stage. Sec-
tion 3 shows the results of all stages, and Section 14 concludes
the paper.

2. METHODOLOGY

The methodology followed is presented in two sections. First,
the methodology for the field strength measurements in the ISM
bands is introduced. Then, the methodology followed in the
design and simulation of the device for RF energy harvesting is
presented.

2.1. Field Strength Measurements in the ISM Bands

To determine and analyze the opportunity of harvesting the
radio frequency energy available in the environment, a mea-
surement campaign was carried out in the ISM bands using
the NARDA SRM 3006 radiation meter, which operates from
27 MHz to 3 GHz, and an isotropic three-axis F-field antenna,
with the objective of select an operating frequency for the RF
energy harvesting device. The procedure used to perform field

WWwWw.jpier.org



Progress In Electromagnetics Research M, Vol. 122, 11-20, 2023

PIERM

ANTENNA
RF DC
Input Output
COUPLING RECTIFIER ENERGY >
NETWORK CIRCUIT STORAGE

U
—

U

EE:

FIGURE 1. Device block diagram.

TABLE 1. ISM measured bands.

I,

Frequency Band (MHz) | Central Frequency (MHz) | Frequency Use
26.957-27.283 27.120 Global
40.66-40.70 40.68 Global
433.05-434.79 433.92 Region 1
2400-2500 2450 Global

strength measurements starts with the study and identification
of the ISM bands, measurement points, and the selection of the
operating frequency.

ISM frequency bands are dispersed from 6.78 MHz to
245 GHz, which is defined in the Radio Regulations according
to ITU-R in 5.138, 5.150 and 5.280 [17]. The use of these
bands is given by regions and can change according to the
regulations of each country. Usually within these bands, there
are low-power and short-range communications systems such
as wireless phones, Bluetooth devices, wireless networks,
NFC, and other technologies [8]. The ISM bands in which
measurements were carried out are shown in Table 1.

There are a large number of technologies that operate in the
ISM bands, including the most common bands, 900 MHz band,
2.4 GHz band, and 5.8 GHz band. Some examples of technolo-
gies that operate in these bands are wireless personal area net-
works such as Bluetooth that works in the 2.4 GHz ISM band,
wireless sensor networks, WLANSs, wireless phones that can be
found in the 915 MHz and 2.450 GHz bands and others such as
RFID in the most common 13.56 MHz band [15].

To evaluate the field strength received in different places of
the faculty of computer science and electronics, measurements
were carried out at eleven different points. The aim is to ob-
serve the results and consider the different variations of field
strength according to the location and surrounding environ-
ment in the different ISM bands mentioned. From these data,
the design frequency of the device was determined. The re-
sults of the measurements showed that the 2.4 GHz ISM band
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is the one with the highest field intensity available for radio
frequency energy harvesting. In this way, the study is focused
on the 2.4 GHz ISM band, specifically on the 2.45 GHz fre-
quency. This band has a bandwidth of 83.5 MHz; its range is
from 2.4 GHz to 2.5 GHz; some technologies in this band are
802.11b/g/n networks, Bluetooth, wireless phones, among oth-
ers. One of the most predominant technologies within this band
is Wi-Fi, which usually operates on channels 1, 6, and 11 be-
cause they do not overlap.

2.2. Design and Simulation of the Device for Rf Energy Harvest-
ing

The design of the device is based on the scheme shown in
Fig. 1, in which the antenna is responsible for receiving ra-
dio frequency energy; the coupling network allows the maxi-
mum amount of power to be transferred between the antenna
and the rectifier circuit, and the rectifier allows to convert the
AC signal captured by the antenna into DC, to be later stored
and delivered to a load or to a low energy consumption device.
Each one of the stages wwa designed and simulated, starting
with the microstrip patch antenna and followed by the rectifier
circuit, where the coupling network stage and energy storage
stages were included.

There is a wide variety of dielectric substrates used in the
manufacture of microstrip antennas. It is important to compare
the different materials and recognize their differences in order
to select the material that provides the highest performance, in
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FIGURE 2. Microstrip antenna patch design.

TABLE 2. FR4 epoxy glass design parameters.

Substrate
Values
Parameters
Operation frequency | 2.45GHz
Dielectric constant | 4.4 (FR-4)
Substrate thickness 1.6 mm
Loss Tangent 0.02

order to capture the greatest amount of RF energy in the spec-
ified frequency band. Considering the availability of the dif-
ferent materials, FR4 Epoxy Glass material was selected, and
their design parameters are characterized in Table 2.

2.2.1. Microstrip Patch Antenna

A 2.45 GHz microstrip patch antenna was designed, it is pow-
ered by a microstrip line with insertion which allows to couple
the impedance of the patch with the microstrip line to later place
a 5082 SMA connector. HFSS student version software was
used for the simulation of the antenna which allows to study
the behavior of different high frequency structures and model
them in a simple way. For the microstrip patch antenna design,
first the dimensions of the patch (both width /" and length L)
were calculated, and the width was calculate using Equation 1.

Vs 2
2f- Ve +1
where V, is the speed of light, f,. the Resonance frequency

(2.45GHz), and e, the dielectric constant (4.4). The antenna
length was calculate using Equation (2).

W:

(M

refr+0.3) (X 40.264

L= L ~ 0.824p Eress FODG +0.264)
2fr\/€reff\/uoeo (Ereff_0-258)(7+0-8)
)

where €.y is the effective dielectric constant, u, the vacuum
permeability, €, the vacuum permittivity, and % the substrate
height (1.5 mm). The dimensions of the 50 ) power line were
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FIGURE 3. Diode characteristic curve V-1 [12].

TABLE 3. Antenna dimensions.

Parameters | Dimension by equations (mm)
w 37.26
L 28.8296
Wo 2.9836
Yo 10.6945
Naw 0.1993

found by using the insertion feeding method to couple the patch
and the transmission line, which consists of creating a symmet-
rical insertion to the transmission line of length g from the edge
of the patch to its center, with a width of n,, Fig. 2.

Once the dimensions were obtained, the microstrip antenna
patch was modeled with the corresponding variables and di-
mensions, as shown in Table 3.

Finally, an optimization process was carry out with small
variation steps of 0.01 mm. To achieve the desired response at
2.45 GHz, the length of the patch L was reduced about 0.06 mm,
and the width of the insertion 7., was increased approximately
0.08 mm.

2.2.2. The Rectifier Circuit

A rectifier circuit of type multiplier-rectifier was chosen, and
this circuit allows to rectify the signal and obtain a output signal
twice the peak voltage of the input signal. This circuit is widely
used in energy harvesting devices, formed by two capacitors
and two diodes. The HSMS-2850 Schottky diode of Agilent
Technologies was selected, which has an activation voltage of
250mV with a current of 1 mA. This type of diode works in
the same way as a normal diode, but differs from another type
due its low activation voltage and fast switching time, and the
characteristic curve of the Vp vs I diode is shown in Fig. 3.
In this type of applications it is important to take into account
that the capacitors must have low resistance to avoid energy loss
at high frequencies. The chosen capacitors are ceramic MLCCs
SMD type for surface mount, and they are from the GQM se-
ries and manufactured by muRata Electronics. The capacitor
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FIGURE 4. Rectifier circuit response, muRata capacitor.

value selection was made using the Tuning tool to find a suit-
able value. It was defined with a range of values from 1 pF to
1 nF in order to check the response to different capacitor values.
The circuit simulation includes the Harmonic Balance module
which allows for nonlinear components analysis such as diodes,
and the module also allows capturing voltage measurements at
input and output of the circuit.

When using a capacitor of 100 pF, it can be observed that the
voltage at the output V,ut circuit is 0.296 V, and the voltage at
the inputis Vin = 0.179 V (See Fig. 4). Ideally, the multiplier-
rectifier circuit should have an output voltage of twice the input
voltage. As observed, this result is not achieved because there
is no coupling network that allows matching the impedance be-
tween the generator and the multiplier-rectifier circuit, so a cou-
pling network is necessary to allow the maximum energy trans-
fer. To obtain a more realistic response from the circuit, the
library of muRata capacitors were included. Fig. 4 shows the
behavior of the circuit, since it includes all the characteristics of
the selected capacitor such as its operating temperature, nomi-
nal voltage, operating frequency among others.

Finally, Fig. 5 shows the scheme of the multiplier-rectifier
circuit where the Schottky HSMS-2850 diode was used, and
their simulation parameters are available in professional soft-
ware and specifically at the library for high frequency diodes.
Also, an AC power source was used to simulate the signal that
the receiving antenna will pass to the rectifier circuit, and it is
configured in the frequency of 2.45 GHz with an impedance of
50 2 and an initial power value of —10 dBm.

2.2.3. Coupling Network

The proposed coupling network was designed in order to couple
the output impedance of 50 {2 antenna to the input impedance
of the multiplier-rectifier circuit. To achieve this, it was nec-
essary to calculate the impedance of the multiplier-rectifier cir-
cuit. In this case, the equivalent circuit of the Schottky diode
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FIGURE 5. Multiplier-rectifier circuit simulation.
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FIGURE 6. Equivalent circuit of the Schottky diode HSMS-2850.

HSMS-2850 provided by its datasheet is used to find the exact
impedance of the circuit as shown in Fig. 6.

The resulting circuit is shown in Fig. 7 where the S-
parameters module was used to determine the dispersion
parameters. A terminal was included to indicate the impedance
to which it is required to couple, and in this case it is 50 2.
The S7; parameter was plotted in a Smith chart to determine
the impedance. In this case at the frequency of 2.45GHz, a
normalized impedance value of Zy * (0.170 — 5j2.417) was
observed, and when Zy = 502, there is an input impedance
value of Z;,, = 8.509 — j120.838.

Once the impedance at the input of the multiplier-rectifier
circuit was found, the Smith chart tool and its module were
used. To design the coupling network, the load impedance
was defined corresponding to the calculated impedance Z; =
8.509 — 5120.838 (2 and the source impedance corresponding
to the impedance at the output of the antenna Z,,-ce = 50 2.
For this design, distributed elements or sections of transmission
lines were used for the coupling network, due to its easy imple-
mentation with microstrip technology. To consider the energy
storage stage, the impedance value must be calculated again
taking into account the value of the capacitor used.

2.2.4. Energy Storage Stage

To complete the simulation of the circuit, it was necessary to
add at the output of the rectifier circuit a stage that allows to
store the energy, which was done by introducing a capacitor
C', together with a parallel resistor Ry,. Due to this addition,
the capacitor C'z, and resistor Ry, were included to recalculate
the impedance value, and thus determine the coupling network
used in the final circuit as shown in Fig. 7.

The new impedance value including the energy storage stage
is Zgp * (0.1702 — j2.4145), and when Z, = 50} there is an
input impedance value of Z;,, = 8.5095 — j120.7266. The
values of C;, = 220pF and R;, = 10kQ2 were determined
by the Tuning tool. Observing the behavior of the circuit, the
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FIGURE 10. Final circuit design.

Ry, allows the C, capacitor to discharge, and the C', capacitor
allows smoothing the output signal.

In the coupling network design, the load impedance was de-
fined corresponding to the new calculated impedance Z; =
8.509 — j120.838 2 and the impedance of the source corre-
sponding to the impedance at the output of the antenna defined
as Zsource = D0(), see Fig. 8. The software has three com-
ponents for distributed elements that could be used in the de-
sign of the coupling network, which are: transmission lines,
open stubs, and shorted stubs. In this case, transmission lines
and open stubs were used. They allowed the impedance to be
coupled until reaching 50 €2. It must be considered that the cou-
pling network must maintain a bandwidth; therefore, the curves
Q or quality factor were used; in this case, the different sec-
tions of lines were entered, keeping them within the curve Q
until reaching 50 2. Once the coupling network was designed
in the Smith chart tool, the circuit was exported through the
Smith chart block, which has inside the design of the coupling
network as shown in Fig. 9.

The components in Fig. 9 are given by their characteristic
impedance (Zj) and electrical length (£), which were trans-
formed to physical dimensions of width (W) and length (L) for
later implementation, and this transformation was carried out
by the LineCalc tool Then, the Smith chart block was replaced
by the coupling network in physical dimensions as shown in
Fig. 10, and the final circuit for the RF energy harvesting de-
vice was obtained. The P_Probe components and the V;,, and
Vout pins were included to perform the corresponding circuit
tests.

16

r',‘l‘,” HARMONIC BALANCE | ".L'," S-PARAMETERS LAVt
H: B Param Ganild
sP1

Star-24 Gz

Stop-25.GHz

Step=

B ST

DA_SmirChavatcht_cel2 3
DASminChariatont -

HEl
Frea[1}=2.45 GHz
Orderl1]=3

1 c2 c3
fa C=100pF C=220pF

LR
= R=10kOhm )

FIGURE 8. Circuit design including smith chart.

| —
L 1 hX S
Bl TLIN TLIN TLIN P2
Num=1 L L2 %3 Num=2
Z=36.2814 Ohm | | 7=48 8684 Ohm <Z£=63.1305 Ohm
E=83.6298 + E=80574 E=65.1597
F=2.45 GHz F=2.45 GHz F=2.45 GHz

FIGURE 9. Coupling network design.

FIGURE 11. Final layout of the rectifier.

To generate the final layout, it was necessary to make a series
of considerations (see Fig. 11) that were added to the circuit to
be implemented later. These considerations were,

1. MTEEs were placed in the places in which three lines of
different widths meet and MSTEPs in the places in which
two lines with different widths meet. This aims to elimi-
nate discontinuities that alter the behavior of the circuit.

2. MGAP was added, which allows defining the space be-
tween the lines leaving enough space to place both the
capacitors and Schottky diodes according to their dimen-
sions.

3. VIAGND was added to simulate the effect of ground con-
nections, and the diameter of the hole that is made to con-
nect it to the ground plane.

4. New lines were added and allowed the connections of the
different components considering their space and the place
in which each of them was welded.

To verify that the circuit is working properly, an electromag-
netic simulation was perform, in which both the circuit design
and the electronic components were considered (capacitors and
Schottky diodes), for which, the ports, the substrate used, and
the frequency plan were defined; in addition, the Momentum
Microwave simulation type was selected.

Once the simulation of each stage verified the proper opera-
tion of each stage of the device, both the microstrip patch an-
tenna and the rectifier circuit were manufactured as shown in
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Table 4. WiFi router operation features.

Characteristics Value
WiFi Channel 11
Center Frequency 2.462

Frequency Range 2.451-2.473
RF Transmition Power 20dBm
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FIGURE 12. Antenna and rectifier circuit manufactured.
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Fig. 12. The power conversion efficiency (PCE) was evaluated
using Eq. (3) [16]:

2
out

PCE(n) = P x By

x 100% 3)

3. RESULTS

The results are organized into four sections. First, the spectrum
measurements are presented, followed by the microstrip patch
antenna measurements. Subsequently, the rectifier circuit mea-
surements are discussed, and finally, the measurements of the
entire EH device are presented.

3.1. Spectrum Measurements

The measurements were obtained using the NARDA SRM
3006 equipment at various locations, encompassing the opera-
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tional frequencies of both the equipment and the antenna avail-
able in the laboratory. These frequencies include the ranges
0f26.957-27.283 MHz, 40.66—40.70 MHz, 902-928 MHz, and
the band of 2400-2500 MHz. Subsequently, the data stored
within the equipment were extracted utilizing the SRM-3006
Tools software and were graphed using mathematical software.
As an illustrative example, the results of measurements con-
ducted at the initial point for the different frequencies under
study are presented in Fig. 13. It is clear to see that the higher
electromagnetic field is received at 2.4 GHz band with a peak of
2.526 mV/m. Through an examination of all the measurements
conducted within the ISM band, specific attention is given to
the 2.4 GHz ISM band in which the higher electromagnetic field
is received.
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FIGURE 14. Antenna return loss simulate vs measure-
ment.
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FIGURE 15. Microstrip patch antenna radiation pattern. (a) 3D antenna radiation pattern.
(b) Radiation pattern blue ¢ = 0 (E plane) and red ¢ = 90 (H plane).
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FIGURE 16. Rectifier circuit evaluation. (a) Received power levels on WiFi channels with the design microstrip patch antenna. (b) Power level

received by the antenna at 2.45 GHz.

FIGURE 17. Measurements setup for output Voltage vs Input Power for the rectifier circuit

3.2. Microstrip Patch Antenna Measurements

The measurements of the microstrip patch antenna were ob-
tained using the final design, which incorporates the opti-
mized dimensions outlined in Table 3. An important param-
eter evaluated was the S, parameter, also known as return
losses, which quantifies the power reflected by the antenna.
As shown in Fig. 14, the antenna resonates at a frequency
of 2.45GHz and exhibits a return loss of —36.44dB. Fur-
thermore, the antenna’s bandwidth below —10dB spans from
2.4187 GHz to 2.4817 GHz, resulting in a bandwidth of ap-
proximately 63 MHz. In Fig. 15, radiation pattern is shown,
in which a gain of 3.6947 dB was obtained in the maximum ra-
diation direction.

Fig. 16(b) shows the received power Prx at the frequency
of 2.45 GHz (in the maximum radiation direction) resulting in a
value of Prx = —53.43 dBm. These measurements were per-
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form with the spectrum analyzer ANRITSU model MS2724C.
Also, measurements at the antenna were carried out for differ-
ent frequencies considering the central frequencies of the dif-
ferent WiFi channels, and these measurements can be seen in

Fig. 16(a).

3.3. Rectifier Circuit Measurements

Measurements for different input powers and the correspond-
ing rectified voltage at the output were performed to verify the
device’s ability to harvest RF energy. A signal generator AN-
RITSU model MG3692C center at 2.45 GHz was used, and the
power was varied from —20 dBm to 20 dBm with 2 dB steps, as
shown in Fig. 17.

In Fig. 18(a), the output voltage vs input power at the rectifier
is shown. Also, in Fig. 18(b) the Power Conversion Efficiency
(PCE) as presented in [16] (i.e., as a function of the input power
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FIGURE 19. Power harvesting with device connected to router.

(P;,) at various load resistance values) is shown. Because the
rectifier was designed for 50 €2 load impedance, the maximum
PCE of 40% wwa obtained with 50 2 load.

The rectifier’s output was also observed using an oscillo-
scope. In this scenario, an RF (AC) signal was generated with
a signal generator and fed into the input of the rectifier circuit
at a power level of approximately 20 dBm and a frequency of
2.45 GHz. To validate the rectifier’s operation, ared LED diode
with a threshold voltage of 1.6 V was connected to its output.
The LED illuminated when the rectifier circuit was provided
with a power input of around 25 dBm, confirming its function-
ality.

3.4. Device Measurements

To verify the ability of the device to harvest RF energy, a WiFi
router was used in its default configuration with the character-
istics shown in Table 4. Any router or AP periodically sends
a signal known as “beacon”, which contains information about
the connection and allows devices to recognize network char-
acteristics. These signals are sent every 40 to 1000 ms, but by
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default set to 100 ms. An oscilloscope was used to observe the
signal at the output of the RF energy harvesting device.

When harvesting energy from the WiFi router without hav-
ing traffic on the network, the only signal that is captured corre-
sponds to the “beacon” that is sent every 100 ms. It is necessary
that the network remains in use to be able to capture more en-
ergy from WiFi radio waves, due to the dynamic behavior of
the signal. In this way, the signal can remain constant when
sending more packets as shown in Fig. 19. The voltage mea-
sured at the output of the Electromagnetic Harvesting device
was 510.6 mV or 0.51V, measured with the rectenna at a dis-
tance from the WiFi modem about 10 cm.

4. CONCLUSIONS

Through field strength measurements carried out within the
Facultad de Informatica y Electronica, it was concluded that
the 2.4 GHz ISM band is the one with the highest levels of field
strength. For this reason, there is a better opportunity for the
harvesting of RF energy.

The microstrip patch antenna and the rectifier circuit at
2.45GHz were designed, and a return loss of —30.9dB, a
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VSWR of 1.12, and a bandwidth of around 56 MHz were ob-
tained. Therefore, it was concluded that the antenna is coupled,
and the return losses are minimal. However, due to the uti-
lization of a dielectric substrate with a high loss tangent, the
antenna efficiency is limited, and a value of 0.46 is obtained by
simulation.

The diode as a nonlinear element, therefore, throughout the
rectification process of the AC signal several harmonics could
be produced, which reduces the amount of DC at the out-
put of the device. The harmonic balance method was used
for its study, where the level of the signal in DC (0 Hz) ob-
tained by simulation is 4,032 dBm for an RF input signal of
2.45 GHz with a power of —10dBm. Also it was determined
that the RF component in the output at the fundamental fre-
quency (2.45 GHz) is attenuated at 29.87 dBm, achieving the
rectification of the signal.

The continuous voltage measured at the output of the rec-
tifier circuit for different power values configured in the RF
signal generator gave different results as follows: for 0 dBm it
was measured 113.3 mV, for 10 dBm 443.8 mV, and for 20 dBm
1282 mV. In addition, the radio frequency energy generated by
a WiF1i router was harvested at 10 cm with a measured voltage
of 510.6 mV. The rectified signal was displayed on the oscillo-
scope and the operation verified by turning on an LED diode
with a threshold voltage 1.6 V.

The designed rectenna for a radio frequency energy harvest-
ing system has a useful performance by harnessing RF waves
available in the environment, and this rectenna could provide
a consistent source of energy, resulting in reduced reliance on
conventional batteries and increased autonomy in low-power
electronic devices which work with an small amount of volt-
age level. This enables the ability to operate in environments
where energy is scarce or intermittent such as the Internet of
Things and self-powered RFID tags. Also, compared to other
energy sources, radio frequency sources have no limitations in
both space and time, including mobile communications, radio
and television broadcasting, WiFi networks among other tech-
nologies that are widely used.
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