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Abstract: Recently, there has been an increasing fascination for employing radio frequency (RF)
energy harvesting techniques to energize various low-power devices by harnessing the ambient
RF energy in the surroundings. This work outlines a novel advancement in RF energy harvesting
(RFEH) technology, intending to power portable gadgets with minimal operating power demands. A
high-gain receiver microstrip patch antenna was designed and tested to capture ambient RF residue,
operating at 2450 MHz. Similarly, a two-stage Dickson voltage booster was developed and employed
with the RFEH to transform the received RF signals into useful DC voltage signals. Additionally,
an LC series circuit was utilized to ensure impedance matching between the antenna and rectifier,
facilitating the extraction of maximum power from the developed prototype. The findings indicate
that the developed rectifier attained a peak power conversion efficiency (PCE) of 64% when operating
at an input power level of 0 dBm. During experimentation, the voltage booster demonstrated its
capability to rectify a minimum input AC signal of only 50 mV, yielding a corresponding 180 mV
output DC signal. Moreover, the maximum power of 4.60 uW was achieved when subjected to an
input AC signal of 1500 mV with a load resistance of 470 k(). Finally, the devised RFEH was also
tested in an open environment, receiving signals from Wi-Fi modems positioned at varying distances
for evaluation.
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1. Introduction

Over the past decade, energy sustainability has gained a notable preference to power
portable and low-power appliances and gadgets. This shift is attributed to the advance-
ments in nano and micro-electromechanical systems (NEMs and MEMs), microelectronics,
ultra-large-scale integration (ULSI), and system-on-a-chip (SOC) technologies. Conse-
quently, portable devices have assumed a pivotal role in crucial sectors, such as medical
applications, security, communication, and industrial systems monitoring [1]. In situations
where devices must be deployed in remote or difficult-to-access areas, making battery
reinstatement and maintenance impractical, a successful approach involves the adoption of
renewable energy harvesting [2,3]. This approach aims to eliminate the reliance on batteries
or enhance the battery’s life cycle. Various energy sources, such as solar [4], wind [5],
vibration [6], and acoustic energy [7], present in the environment have been efficiently
converted into useful electrical energy to power low-power devices. Moreover, as a part of
these energy sources, the extensive utilization of wireless communication has resulted in the
pervasive presence of residual RF energy in the surroundings. The RF spectrum spans from
very high frequencies (VHFs) to extremely high frequencies (EHFs), covering the range
from 3 kHz to 300 GHz within the electromagnetic spectrum. All familiar transmission
systems leverage specific segments of the RF spectrum to transmit signals to the receiving
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end [8]. RF energy is currently being broadcast by millions of transmitters globally. These
transmitters consist of a wide range of devices, including mobile base stations, television
and radio broadcasters, mobile phones, handheld radios, and Wi-Fi devices, as shown in

Figure 1.
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Figure 1. An overview of the RF energy harvester intended for energizing wireless sensors and
portable gadgets using signals from multiple RF transmitters in the surroundings

Table 1 displays the power consumption requirements for various low-power sensors
and biomedical devices (shown in Figure 1). The data illustrate that a cardiac pacemaker
can function within a low input power ranging from 1 to 10 uW, with an operational input
voltage from 2 to 5.5 V. Similarly, a glucose sensor and a smartwatch can operate with 3 uW
and 1 uW, respectively, requiring input voltages of 3.3 V and 1.5 V.

Table 1. Operating power demands of well-known low-power sensors and devices

Low-Pf)wer Temperature Smoke Sensor  Glucose Sensor Pacemaker Cochlear Smartwatch

Device Sensor Implant
Reference [9] [10] [11] [12] [13] [14]

Voltage 2-33 3.3-12 3.3-55 2-55 1.5-5.5 1.5-3.3

required (V)

Power required 400 1000 3 1-10 100-10,000 1

(LW)

Power level Low Low Extremely low Extremely low Low Extremely low

In scenarios where these devices need deployment in challenging or remote areas
where battery maintenance and replacement are impractical, RF energy harvesting emerges
as a successful approach. This method has the potential to either eliminate the need for a
battery or extend the lifespan [15].

RF energy harvesting is a method that entails the substantial conversion of residual RF
signals present in the environment into useful electrical energy, facilitated by a combined
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receiving antenna and a rectifier, commonly referred to as a rectenna [16]. A standard
RFEH setup includes a receiving antenna, impedance-matching circuit, rectifier, and energy
storage component as shown in Figure 2.

Receiving
antenna
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Figure 2. Schematic of the RF energy harvesting system.

The receiving antenna stands out as a crucial component in RFEH. Over the years,
various geometric configurations of receiving antennas have been suggested in the literature
to optimize harvesting efficiency. For example, Sunanda et al. [14] suggested a long periodic
wideband antenna designed specifically for RFEH. The developed prototype demonstrated
the capability to harvest 0.678 V from a —20 dBm input, achieving a maximum efficiency of
52%. Similarly, a circular patch antenna featuring two circular and rectangular slots was
developed for RFEH [17]. This antenna presented an optimal choice for RFEH, boasting
a wide bandwidth of 1590 MHz, a high gain of 2.81 dBi, and a compact size. Moreover,
it is imperative to have an optimal matching network to maximize the power transfer to
the rectifier circuit. Additionally, selecting an optimized matching network topology is
crucial for minimizing insertion loss and maximizing power transfer efficiency. Various
topologies, including L-section, T-section, or Pi-section, based on lumped electronic-circuit
components, transmission lines, and stubs, present distinct trade-offs between losses and
performance, necessitating careful consideration during the design process [18,19]. The
rectifier holds significant importance in determining the overall efficiency of an RFEH
system, given that the RF signals captured are initially in the form of narrowband AC
voltage signals characterized by lower power density [20]. It is essential to rectify these
signals to convert them into useful DC voltage signals [21]. The development of efficient
rectifiers and voltage boosters has been a prominent focus of research over the years. For
instance, Nastouh et al. [22] proposed a single-port voltage doubler specifically designed for
harvesting GSM (global system for mobile communication) signals. The measured results
indicated that the rectifier could attain a power conversion efficiency (PCE) of 26% for a
—20 dBm input. Likewise, Surajo et al. developed a quad-band rectifier for the utilization of
RFEH [23]. The DC voltage extracted from ambient RF signals was 0.433 V, with the rectifier
achieving a maximum efficiency of 31.7% at 1.82 GHz across the quad-band when subjected
to a —20 dBm input. Full-wave rectifiers, for example, the Dickson and cross-coupled
differential-drive (CCDD) types, are frequently selected for RF energy harvesting due to
their advantageous features, such as high voltage and PCE [24]. However, these rectifiers
may face losses related to threshold voltage and leakage current, respectively. Although it is
possible to minimize these losses, doing so often results in increased circuit complexity and
overall size expansion. Therefore, selecting a particular rectifier type involves balancing
various factors, including the nature of the application, available space, ambient input
power, and desired output voltage.

This paper unveils a novel advancement in RF energy harvesting designed to charge
portable gadgets with minimal operating power requirements. A high-gain (7.31 dBi)
receiver microstrip patch antenna was designed and tested to capture ambient RF residue,
operating at 2450 MHz. In parallel, a two-stage Cockcroft-Walton voltage booster was de-
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veloped and integrated with the RFEH to convert and amplify the received signals into DC
signals, which could be effectively utilized by low-power sensors and biomedical devices.

2. Modeling and Simulation

The design and simulation of the receiving antenna were facilitated using computer
simulation technology (CST) 2019 software. Moreover, impedance matching and rectifier
circuit design were accomplished through the utilization of Path Wave advanced design
system (ADS) 2022 software.

2.1. Receiving Anntenna

The microstrip patch antenna, as shown in Figure 3, is more suitable for RFEH due to
its favorable characteristics, including its light weight, simple fabrication, broad bandwidth,
and cost effectiveness. The antenna was designed using an FR-4 substrate having a dielectric
constant (&,) of 4.3 and a loss tangent (tan 3) of 0.025. The antenna comprised a rectangular
patch, substrate, and a ground plane. The proposed antenna utilized an inset for impedance
matching, as shown in Figure 3. The initial dimensions, width, and length of the patch can
be computed by employing Equations (1) and (2).

w=_ < (1)

+1
2f\/ 25

where W is the width of the patch, f is the resonating frequency, c is the speed of light, and
e, represents the dielectric constant of the substrate.

o (eep +03) (W +0.264)
TN (eef —0258) (% +0.38)

@

where L is the length of the patch, f is the operating frequency, ¢ represents the speed of
light, W is the width of the patch, / is the height of the substrate, and ¢, represents effective
dielectric constant, which can be computed using Equation (3).
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Figure 3. Proposed microstrip patch antenna: (a) front view; (b) side view. Unit: mm.

The design of the inset aimed to establish the input impedance when looking at the
edge of the patch to a predetermined target impedance. This was facilitated by exploiting
the co-planarity between the antenna and the feedline, generating capacitance along the
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input of the feedline. The goal was to achieve a target input impedance equivalent to the
feedline’s impedance connected to the patch antenna, typically set at 50 (). The depth of
the inset could be computed using Equation (4).

L _ 4 Zfeedline
D = —cos™! \|5—— 4
7T Zantenna @)

where L represents the length of the patch, Z ¢egiine is the feedline’s impedance, and Zantenna
is the antenna’s impedance.

2.2. Matching and Rectifier Circuit Design

A two-stage Dickson voltage booster was designed to transform the received RF
signals into DC signals. The rectifier included four diodes (D1, D2, D3, and D4), four
capacitors (C2, C3, C4, and C5), and a load resistor RL, as shown in Figure 4a. The rectifier
circuit was developed to minimize reflections and achieve maximum PCE. To ensure
optimal power transfer to the rectifier, it is crucial to align the impedance of the antenna to
that of the rectifier, which can be calculated using the return loss Equation (5).

[ =Sy = ZrRec — ZANT
ZRec + ZANT

)

where Zrgc represents the rectifier’s impedance while Z N7 is the antenna’s impedance.
The impedance matching was accomplished through a series combination of the inductor
L1 (14 nH) and capacitor C1 (2 pF), as depicted in Figure 4b. Due to the low harvested
voltage level, it was crucial to amplify it for effective use in low-power devices. The output
voltage of a single-stage rectifier could be computed using Equation (6).

Vourt =2Vp — Vi — Vi (6)

where V), Vi1, and Vj; represent the peak input voltage and threshold voltage levels of
the first and second diode/transistor, respectively. Likewise, for a rectifier with multiple
stages (1), the output voltage could be computed as the product of V,,;;; and n, as shown in
Equation (7).

Vout,n = nVoun (7)
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Figure 4. Dickson voltage booster for RFEH: (a) Designed impedance-matching and rectifier circuit;
(b) simulated reflection coefficient of the rectifier.

The reflection coefficient (S11), radiation pattern, gain, output voltage, and PCE of
the proposed antenna and rectifier were simulated. Figure 5a displays the simulated and
measured reflection coefficients of the proposed antenna, while Figure 5b illustrates the
gain and 3D radiation pattern of the designed antenna. The S parameters of the designed
antenna were obtained through measurements with the help of a vector network analyzer
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(VNA). The simulated and measured results demonstrate strong agreement, indicating
that the designed antenna resonated with a —10 dB measured bandwidth of 75 MHz. The
radiation characteristics of the antenna were assessed through the analysis of its far-field
radiation pattern and gain at the corresponding operational frequency of 2.45 GHz. At the
resonance frequency, the antenna achieved a high gain of 7.31 dBi, making it a suitable
choice for RFEH applications.

—— Simulated - Measured
© dBi
a -5 7.31
ol 2.47
" -2.38
2 15 -7.23
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£ s -16.9
g 218
Q -30 ’ -26.6
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Figure 5. Proposed antenna analysis: (a) simulated and measured reflection coefficient (S11) of the
designed antenna; (b) gain and 3D radiation pattern of the designed antenna.

The proposed rectifier circuit underwent simulation, considering the input and output
voltage signals. The input voltage signal was simulated at 0 dBm, having a frequency of
2.45 GHz and an impedance of 50 (), aligning with the parameters of the receiving antenna.
Figure 6a showcases the simulated output voltage achieved using the developed two-stage
rectifier. The simulated results demonstrate the achievement of a DC output voltage of
5.2V at 0 dBm input power, showcasing suitability for operating portable gadgets and
other low-power appliances. Figure 6a further provides a comparison with a single-stage
rectifier, displaying an output voltage of 3.2 V. Utilizing two stages for the same input
signal could enhance the output voltage to 5.2 V.

6 70
TR RELE LR TR R R —T\’\"O—SlﬂgC
5} 60 e o Single-stage
2 4 e\: 50
o 3 > 40
&0 . 2
& i === [nput signal =
S 2 . @ 30
= === One-stage rectifier| >
> 1 === Two-stage rectifier = 20
=
0 W 10
.1 T T T 1 T I I 1 0
0 100 200 300 400 500 600 700 800 900 220 -10 0 10 20
Time (psec) Input power (dBm)
(a) (b)

Figure 6. Developed rectifier circuit: (a) simulated input and output voltage signals of the rectifier;
(b) simulated PCE of the proposed rectifier with 0 dBm input power.

In the field of energy harvesting, the PCE of the rectifier holds significant importance,
representing how efficiently the rectifier can convert input signals into practical DC voltage.
The PCE is quantified through Equation (7).

(%) =

P Ipe x Vi
out 1 100% —= % % 100% ®)

in in
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Figure 6D illustrates the efficiency of the developed rectifier circuit, displaying ad-
vancements over prior versions and achieving an impressive 64% efficiency. The efficiency
simulation of the designed rectifier aligned with the parameters of the receiving antenna,
including a 50 Q2 impedance, 2.45 GHz frequency, and 0 dBm input power equivalent to the
ambient input power from Wi-Fi modems. Figure 6 also features a comparative analysis,
showcasing the efficiency of the designed rectifier compared to a single-stage rectifier. With
a single-stage rectifier’s utilization, a maximum efficiency of 53% was achieved, which
was enhanced up to 64% with the developed two-stage rectifier, achieved through proper
impedance matching under identical input parameters.

Figure 6D illustrates the efficiency of the developed rectifier circuit, displaying ad-
vancements over prior versions and achieving an impressive 64% efficiency. The efficiency
simulation of the designed rectifier aligned with the parameters of the receiving antenna,
including a 50 () impedance, 2.45 GHz frequency, and 0 dBm input power. The Figure 6b
also features a comparative analysis, showcasing the efficiency of the designed rectifier
compared to a single-stage rectifier. With a single-stage rectifier’s utilization, a maximum ef-
ficiency of 53% was achieved, which was enhanced up to 64% with the developed two-stage
rectifier, achieved through proper impedance matching under identical input parameters.

2.3. Fabrication

The fabrication of the designed antenna’s PCB was completed, comprising a cop-
per patch and ground plane on an FR-4 sheet (¢, = 4.3 and tan & = 0.025), having a
thickness of 1.66 mm. The circuit layout was generated using Express PCB, as shown in
Figure 7a. The matching and rectifier circuit were implemented on a wafer with dimensions
of 76.2 x 38.1 mm?. Considering the circuit’s low voltage and low input power characteris-
tics, commercially available Schottky diodes HSMS-2850 (from Avago) were selected for
rectification due to their advantageous features, such as a low voltage drop, low junction
capacitance, and high switching speed, leading to enhanced efficiency at higher frequencies.
Additionally, surface-mount capacitors were utilized and assumed to be connected with
the diodes.

and <
rectifier
circuit

(b)
Figure 7. Prototype device: (a) PCB layout of the rectifier circuit; (b) fabricated RFEH system.

In the layout design phase, track pads for the diodes were initially designed, with an
area of 0.98 mm? allocated for each pad where the diodes were to be mounted. Similarly, for
the matching circuit, track pads for the inductor and capacitor of size SMT-1206 (from Av-
ago) were generated, each having an area of 1.77 mm?. The rectifier circuit, comprising the
diodes and four capacitors, employed track pads sized SMT-0805 (from Avago) with an area
of 1.01 mm?. All track pads for the inductors, capacitors, and diodes were interconnected
through trace lines. After the layout design, the PCB was developed, and all components
were mounted onto it. An SMT Rework station machine, operating at a high temperature
(180 °C) was used to solder the diodes and SMT capacitors onto the developed PCB board.
An SMA connector (from Avago) facilitated the connection between the antenna and the
rectifier circuit. Figure 7b illustrates the completely developed RFEH prototype.
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3. Results and Discussion

Figure 8 presents the experimental setup employed in the laboratory for the testing of
the rectifier’s prototype. During the experimental phase, the rectifier was interfaced with a
function generator to generate diverse input AC voltage signals with varying amplitudes
and frequencies. Simultaneously, an oscilloscope was employed to connect with the rectifier,
enabling the assessment and observation of multiple parameters of the input and output
voltage signals, including frequency and amplitude.

Function
generator

AC input

o

Rectifier

DC output

Oscilloscope

Figure 8. Experimental arrangement for evaluating the developed rectifier.

The developed rectifier underwent testing with various input voltage levels, spanning
from 50 mV to 1.5 V. Figure 9a illustrates the output voltage signals plotted against various
input voltage levels. The developed rectifier demonstrated its capability to rectify both
lower voltage levels (in mV ranges) and higher voltage levels. The rectifier effectively
converted a minimum input voltage of 50 mV AC to 180 mV DC, showcasing its efficiency
in voltage amplification. The rectifier exhibited a more pronounced amplification response
for low voltage levels, aligning with the intended objective, given that ambient RF signals
typically carry low voltage levels. Similarly, the rectifier efficiently rectified a maximum
input voltage of 1.5 V.

The response of the developed rectifier was evaluated under different load resistors.
A range of load resistors, with values spanning from 1.5 k() to 126 M(), were connected to
the rectifier, and the output DC voltage was scaled across each resistor in the experimental
phase. Various input signals, varying from 50 mV to 1.5 V, were applied across different
resistance values, and the resulting output voltage is depicted in Figure 9b.

The power transferred to the load resistance (RL) could be evaluated by examining the
output DC voltage (VDC). Figure 9c displays a graph depicting the relationship between
the output power and load resistance. The experimental setup incorporated various input
AC voltage levels, ranging from 50 mV to 1.5 V. Measurements of output power were
conducted across a range of resistors. Irrespective of the amplitude of the input AC voltage,
the maximum load power was attained with a load resistor of 470,000 (). This observation
implies that opting for a 470,000 () load resistance could yield optimal power delivery with
the developed rectifier. The maximum power recorded was 4.59 x 10-¢ W, attained with
an input AC signal of 1.5 V, having the load resistance set at 470,000 €).

The transformation factor (T factor), represented by the ratio of output DC voltage
to input AC voltage (Vout/Vin), is plotted against various load resistance (RL) levels in
Figure 9d. To analyze the T factor with load resistance, a range of input AC voltage signals
(from 50 mV to 1.5 V) was applied across diverse load resistances (ranging from 1.5 k(2 to
126 MQ?). The maximum T factor, reaching 4.10, was attained for an input AC voltage of
50 mV with a load resistance of 76,000 k(). Table 2 offers a comprehensive overview of the
analysis conducted on the developed AC to DC rectifier prototype.
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Figure 9. Testing of the developed rectifier: (a) the output voltage plotted against the input voltage
for the developed rectifier; (b) the output voltage plotted against different load resistors linked to the
rectifier; (c) the output power plotted against different load resistors linked to the rectifier; (d) the
transformation factor against different load resistors for the developed rectifier.

Table 2. Overview of the experimental characterization of the developed rectifier.

Parameter Value or Range
Minimum AC voltage rectified 50-180 mV
Maximum voltage rectified 1500-1300 mV
Input AC voltage levels 50-1500 mV
Load resistances 1.5-126,000 k)
Optimum load 470,000 O)
Maximum T factor 4.10

The power delivered to the load (R;) could be determined by measuring the output
DC voltage (Vpc) across the load resistance, as indicated in Equation (9).

VZpe
Ppc = )
DC R,

where Vpc is the rectified voltage while R} is the load resistance.
Figure 10a illustrates the experimental setup for real environment measurements,
where the developed RFEH system is tested to receive RF signals from a WiFi modem
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acting as a source. The experimental configuration incorporated a Wi-Fi modem as the
source of the RF signals. Measurements were conducted at distances ranging from 15 cm
to 150 cm from the source. Figure 10b demonstrates that the maximum output power of
0.47 nW was achieved when positioned 15 cm away from the source, indicating that signals
with high power density can be captured using the receiving antenna in close proximity
to the source. Nevertheless, as the separation between the source and receiving antenna
increased, the received power diminished, following an inverse square relationship. It
is noteworthy that the harvested power was relatively low, attributed to the fact that a
Wi-Fi modem transmits RF signals with low transmitted power, typically in the range of a
few uUW.

3.8E-06 ’
__ 4807 y ‘.*
2 ++-F"++
T 6.0c08 }
o
2 @
o
& 75e-09 } ® ..
s ® o
9.3E-10 = S
1 100 10,000 1,000,000
Resistance (kQ)
(@) (b)

Figure 10. Testing of the developed RFEH system in a real environment: (a) the experimental
arrangement for evaluating the developed RFEH; (b) the harvested power against different load
resistors for the RFEH system.

Table 3 outlines a comparison between the developed RFEH system and previous
studies within the RFEH field. The evaluation focuses on key characteristics, including the
size, resonance frequency, output voltage and power, rectifier type, and PCE.

Table 3. Comparison of the developed RF energy harvesting system with state-of-the-art technology.

References [25] [26] [27] [8] [28] [29] [30] This Work
Antenna size/ 27.5 x 53 x 53 x 54.5 x
Rectifier size ZZS)SNZ 2590/14 x O 18290/ 5 B4/1315 % 435/22.07 x NA Hox 568/ 0 487762 x
(mm x mm) 27.5 8.23 26.2 38.1
Resonance
frequency 2400 2400 915 2437 2452 915 915 2450
(MHz)
Matching Open-circuit ~ Transmission Transmission  Transmission Short circuit
network stub line stubs N/A line stubs line stubs LC-based stub LC-based
Rectifier Seven Two Five Multiple Single Three Single Two
stages
Substrate FR-4 Rogers Polymer PTEFE PTEE + FR-4 CMOS FR-4 FR-4
TMM10 y
Output
voltage (V) 2 2.6 29 4.8 2.8 4 2.3 5.2
PCE (%) @
input power 18.6 @ —50 477 @ 11 20@0 525@7 33.8@5 25@1 25@0 64@0
(dBm)

The GSM 900/1800 and ISM/Wi-Fi 2400 bands transmit a significant amount of RF
signals in the surroundings and emerge as the predominant frequencies for RFEH [31].
In the literature, the majority of RFEH has been designed to harness RF energy residues
from these bands, as they offer the highest power density in the surroundings, ranging
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from 36 nW/cm? to 84 nW/cm? [32]. Over the years, RFEH has undergone continuous
development, incorporating various receiving antennas, diverse impedance-matching
circuits, and a broad range of rectifier topologies. Among the different antenna geometries,
patch antennas stand out as a favorable option due to their characteristics, including ease
of fabrication, lightweight design, broad bandwidth, and cost effectiveness [33]. Designing
an impedance-matching network necessitates a careful balance of factors, such as device
dimensions, frequency, and adjustability. The choice between the transmission line and
LC-based impedance matching depends on the device size and application type. However,
Mutee et al. [34] revealed, in measured results, that below 2600 MHz, both matching
topologies exhibit similar behavior. Similarly, incorporating multiple stages in rectifiers
can be employed to enhance the output voltage level for a specific range of applications.
However, this enhancement is accompanied by larger size and diminished efficiency [35,36].

Recent research has predominantly focused on improving the PCE of rectifiers in
RFEH systems [37]. This emphasis arises due to the relatively low ambient power density,
necessitating highly efficient rectifiers to effectively convert available power into usable
electrical energy. For instance, a three-stage Dickson rectifier proposed for RFEH operating
at 915 MHz achieved a modest PCE of 25% despite efforts to boost the output voltage to
4V [25]. Similarly, a seven-stage full-wave rectifier intended for RFEH applications at
2400 MHz exhibited a measured PCE of 18.6%, coupled with a maximum output voltage
of 2 V [20]. Xiaogiang et al. [8] successfully increased the PCE to 52.5% by employing a
multi-stage full-wave rectifier, yielding a maximum output voltage of 4.8 V while operating
at a resonance frequency of 2437 MHz. In this work, the PCE was notably improved by
implementing appropriate LC-based impedance matching and employing a two-stage
Cockcroft rectifier. This enhanced configuration achieved a remarkable PCE of 64%, which
presents an optimal solution for effectively utilizing the harvested voltage to power low-
power devices.

4. Conclusions

In this paper, we developed a novel RF energy harvesting (RFEH) system, incorporat-
ing a microstrip patch antenna designed for the 2400-2450 MHz frequency band, an LC
impedance-matching network, and an efficient two-stage voltage doubler for low-power
device operation. The RFEH was fabricated on an FR-4 substrate through PCB fabrication.
The system’s performance was thoroughly assessed using simulations and experimental
tests. Our analysis demonstrated consistent and stable energy harvesting performance,
featuring a high-gain antenna at 7.31 dBi, which exhibited stability and resonance, along
with a notable impedance bandwidth within the specified frequency range.

The developed rectifier circuit showcased a robust power conversion efficiency of
64% at 0 dBm, yielding an output voltage of 1.3 V across various load resistances ranging
from 1.5 kQ) to 126 MQ). The rectifier’s capacity to boost low voltage levels was evident,
exemplified by the successful rectification of a minimum input AC signal of 50 mV into a
DC voltage of 180 mV. Moreover, with a load resistance optimized at 470 k2, the system
achieved a power output of 4.60 x 10~® W when supplied with an input AC signal of 1.5 V.

The obtained results and the successful demonstration underscore the significant
potential of the developed RFEH system for powering low-power sensors and appliances.
In our future work, we plan to develop an RFEH system with a multi-band receiving
antenna to capture signals from diverse sources simultaneously. This will necessitate
the implementation of a complex impedance network and rectifier circuit for different
frequency bands. The focus will be on reducing the overall system size and optimizing the
PCE of the rectifier, intended for its applications for various biomedical sensors.
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