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Ahmed Kabeel' Abstract: The design and construction of radio frequency energy
harvesting system (RF-EH) with of a 2.45 GHz specifically for Wi-Fi
spectrum applications is presented in this paper. The proposed RF-EH
system integrates three primary components: a circular-shaped microstrip
antenna array, an equal-power combiner, and an FR-4 based RF-to-DC

Keywords ] . . . . .
rectifier circuit. the antenna array was specifically built to improve signal
Radio Frequency reception, attained a measured gain of 15.8 dB, while the rectifier offered
Energy Harvesting effective RF-to-DC conversion with a peak power conversion efficiency of
(RF-EH), power 24.03% at an input power of 1.3 dBm. These elements work together to
divider, Microstrip efficiently capture ambient Wi-Fi signals and make it evident that low-
Antenna Array, RF-to- power wireless sensor and Internet of Things devices can be powered by
DC Conversion such systems. This energy harvesting system (RF-EH) has the potential to
Efficiency, Wi-Fi be a viable and useful alternative energy source for next-generation
Band Energy wireless communication applications because of its small size, reliance on

the inexpensive FR-4 substrate, and smooth integration of antenna and
rectifier design.

1. Introduction

The domain of Radio Frequency-Energy Harvesting (RF-EH) has gathered major
consideration in this era of widespread wireless technology usage. Due to its significance in
providing easy, cost-free energy for critical and hard-to-reach applications, it has become
one of the most extensively studied topics globally, in general energy harvesting comprises
capturing energy from numerous sources such as solar, light, thermal, wind, and kinetic
energy, in the radio frequency (RF) spectrum, electromagnetic radiation can be converted
into electrical energy, a process known as RF-EH [1].

Gadgets like sensors, wireless transmitters and receivers, plus a bunch of Internet of Things
devices, totally depend on this tech [2]. The function of radio frequency energy harvesting
(RF-EH) involves the conversion of RF signals into direct current electricity. This extracted
energy can be stored for later utilization in storage solutions such as capacitors or batteries.
Both smaller devices like wearables and medical implants as well as bigger systems like
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those found in smart cities have benefited from the application of this technology. Receiving
antennas, matching circuits, rectification circuits with low-pass filters, and energy storage
mechanisms are the four basic parts of an RF-EH module [3] [4]. The ability of the
harvester process to convert ambient radiofrequency energy into direct current power is
what determines how efficient it is. When it comes to catching radio frequency signals from
a particular frequency range and polarization, the antenna is essential. Radar imaging,
medical imaging, cognitive radio systems, and high-data-rate personal area networks are just
a few of the many uses for microstrip antennas [5]. Achieving high gain-bandwidth
performance and compact size while maintaining cheap costs is the main problem in
antenna design [6]. Numerous broadband antenna designs have been developed as a result
of recent advances [7]. Rectifier circuits are necessary to transform intercepted radio
frequencies into DC power that can be used. This section discusses the several rectifier
topologies that are used in RF EH, including as voltage multiplier circuits, voltage doubler
circuits, and rectifiers based on Schottky diodes. Performance of the entire system is directly
impacted by the rectifier's efficiency. For RF-EH systems to operate dependably and to
maximize the amount of energy captured, efficient power management is essential.
Additionally, this section examines various power management tactics, including load
management strategies, super capacitors, batteries, and maximum power point tracking
(MPPT) algorithms. The antenna of an EH system is essential for absorbing ambient energy
and should ideally have characteristics like small size, insensitivity to polarization, and a
broad reception angle. Metamaterials have shown great promise as a replacement for
traditional antennas recently, with the primary benefit being increased efficiency.
Metamaterials are made up of arrays of tiny electrically resonant components that are
usually arranged in two or three-dimensional structures like complementary split-ring
resonators (CSRR) [8,9], and split-ring resonators (SRR) [10]. Metamaterials can absorb
electromagnetic (EM) radiation at particular frequencies thanks to these resonant features.
By adjusting the effective permittivity and permeability of the material to align with the
input impedance of free space, you can significantly enhance absorption efficiency. This
optimization not only improves performance but also maximizes the material's capabilities
in practical applications. Embrace this approach for superior results. Though they are both
built on the idea of perfect absorption, metamaterial absorbers and energy harvesters differ
greatly from one another. The majority of the energy collected in absorption applications is
dissipated inside the structure as ohmic or dielectric heat [11-14]. On the other hand, a
network is utilized for EH purposes in order to collect the energy that is captured by several
resonators and transfer it to a rectifier circuit [9, 10]. As a result, each unit cell in a
metamaterial harvester design usually has one or more grounded resistors [15, 16]. Current
metamaterial absorber designs disperse the absorbed energy into lumped resistors positioned
in between the resonator's parts. Because these resistors are not grounded, it is difficult to
integrate a power combining network [17-20]. In [8], the idea of employing metamaterial
elements as energy gatherers for RF-EH was presented. It demonstrated how the terminals
of metamaterial harvesters may capture and recycle electromagnetic power by means of
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resistive loads. In addition, a number of metamaterial energy harvester types, including as
wide-band [21,22], multi-polarization [23,24], polarization-insensitive, wide-incident angle
[25,26], and multi-band designs [27-30], have been created to increase their applicability.
The enhancement of electromagnetic (EM) energy harvesting performance is fundamentally
linked to designs capable of capturing EM power regardless of the angle of incoming waves.
Notably, multi-band designs are advantageous as they facilitate the collection of energy
from a wider range of radiation sources. A critical factor to consider in metamaterial-
enabled energy harvesters is the efficiency of power conversion. To optimize this efficiency,
a corporate feed network is employed to connect all components of the harvesting array to a
unified load [31-36]. In the given context, four indistinguishable split-ring resonators
(SRRs) were strategically situated within each segment of a triple-band meta surface
resonator. These SRRs were integrated with resistive loads via quad harvesting ports, also
known as vias. This configuration allows for an expansive reception angle, as evidenced by
the research presented in reference [37,38]. Under normal conditions, the device exhibited
energy harvesting efficiencies around 30% at a frequency of 1.75 GHz, 90% at 3.8 GHz,
and 74% at 5.4 GHz. Nonetheless, in practical applications of harvesting systems, the
combining network tends to experience reduced efficiency and increased complexity. This
is mainly due to the distribution of power from each cell across multiple loads. In addition, a
range of closed ring resonators in the shape of butterflies was used to create a metasurface
for wide-ranging-angle, triple-band EM EH [39,40]. Harvesting efficiencies of 90%, 83%,
and 81% were recorded at frequencies of 0.9 GHz, 2.6 GHz, and 5.7 GHz, respectively.
Notably, the input impedances of the microwave power combining networks in these
systems exhibit significant variation from the approximately 3 kQ load resistance that is
optimal for achieving such high efficiencies[41]. This discrepancy limits their applicability
in practical energy harvesting scenarios. Recent developments in resonator design include
the implementation of a ring resonator featuring dual resistive loads, as well as a symmetric
electric-inductive capacitive (ELC) resonator that incorporates dual edge capacitances.
These innovations contribute to the design of a dual-band metasurface resonator. [42,43]. to
enhance harvesting efficiency, the metasurface underwent a process of pixilation,
accompanied by the implementation of a binary optimization technique. There have been
reports of 90% efficiency at 2.45 GHz and 6 GHz. It is important to keep in mind,
nevertheless, that the majority of multi-band metamaterial harvesters have many harvesting
ports (vias) for capturing electromagnetic energy and sending it to a load. This adds to the
complexity, expense, and challenge of fabricating a corporate feed network. Figure 1 shows
the design of an RF-EH system for little-power applications in this paper.

This planned EH system offers a reliable source of renewable electrical power for various
applications. In this study, the antenna array is designed at 2.45 GHz using CST Microwave
Studio software and implemented on an FR-4 substrate with er = 4.3 and 42 = 1.6 mm.
Simulations showed that the planned circular antenna array organization exhibits great
performance, delivering a gain of approximately 15.8 dBi, excessive efficiency, and the
capability to gather RF power from all directions thanks to its omnidirectional radiation
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pattern. An equal power combiner, an RF rectifier circuit, and a microstrip patch antenna
array with a circular ground plane and rectangular patch antenna elements make up the
system's three primary parts. The suggested antenna array runs at 2.45 GHz and is tailored
for Wi-Fi applications. The simulated realized gain reaches 4.055 dBi at this frequency.
Offering a wide bandwidth, an omnidirectional radiation pattern, and a respectable realized
gain, the suggested array is a strong contender for EH. A circular sector equal power
combiner operating at the same frequency of 2.45 GHz has been constructed to combine the
RF energy from the antenna array. So as to guarantee impedance matching among the
rectifier circuit and the power combiner, a matching circuit was also designed and built. The
power combiner's captured RF energy is transformed into DC power by the rectifier circuit.
With a load resistance of 200 Q and a DC output voltage of 250 mV, the planned system's
measured maximum RF-to-DC conversion efficiency is roughly 24.03%. The developed
framework links to three goals of the United Nations Sustainable Development Goals
(SDGs). First of all, it contributes to SDG 7: Ensure Access to Affordable, Reliable,
Sustainable and Modern Energy for all by enabling the harvesting of renewable energy from
ambient radio frequency sources. This kind of system also addresses SDG 9: Build Resilient
Infrastructure, Promote Inclusive and Sustainable Industrialization and Foster Innovation as
an innovative design of a reliable, self-sufficient wireless power transmission system, which
has a potential benefit to society. Overall, the RF-EH system contributes to the advancement
of clean forms of energy and of industries, responsible consumption and production

patterns.
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Figure 1. The intended RF EH system's block diagram.

2. Methods / Experimental

A four-sided microstrip patch antenna situated on a concentric circular FR4 substrate with a
dielectric constant of er = 4.4, a thickness of h = 1.6 mm, and a loss tangent of 6 = 0.0009
constitutes the single element that forms the basis of the concentric antenna array design.
While Figures 2(b) and 2(c) show the top and rear views of the antenna element, Figure 2(a)
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clearly displays the dimensions of the rectangular-shaped patch antenna. The following
equations can be used to compute the patch antenna's length (L) and width (W).

8
w = o 3x10 , 2 (1)
ZfT er+1 2x2.45><109 4.4+1
— 24L 2
ZfT greff ( )

(ereff+0.3)(%+0.264)

AL = 0.412(h) (ereff—o.zss) Yy 3)
r+1
Eryyy = o+ T [1 41272 (4)

2.1 Simulation Results

Figure 3(a) displays the simulation outcomes for the single antenna element's return loss
(S11). The return loss at 2.45 GHz is set up to be -47.51 dB, which is less than -10 dB,
making it appropriate for EH from a variety of common wireless systems. Figure 3(b)
displays the simulation results for the single antenna element's Voltage Standing Wave
Ratio (VSWR), showing that the VSWR value at 2.45 GHz is equal to one.
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Figure 2. Planned Antenna Structure (a) Dimensions of the planned single element antenna. (b)Top side (c) Bottom side
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The detailed simulated radiation pattern at a frequency of 2.45 GHz is presented in an
impressive three-dimensional view in Figure 4(a), showcasing various aspects and features.
The antenna achieves a gain of 3.89 dBi and maximum directivity of 6.94 dBi, displaying an
effective omnidirectional pattern. Simulated radiation patterns in the xz-plane (¢ = 0°) and
yz-plane (¢ = 90°) are shown in Figures 4(b) and 4(c). Peak radiation occurs at 6 = 0° in the
yz-plane at 2.45 GHz, highlighting its functionality and reliability for diverse applications.
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Figure 3. (a) Simulated Return Loss of the Single Antenna Element. (b) Simulated VSWR
of the Single Antenna Element.

3. Planned Antenna Array Design

This section plans a microstrip circular antenna array for Electromagnetic Harvesting (EH)
applications, using rectangular patch antenna elements arranged on a circular substrate.
Figure 5(a) illustrates the front perspective of the antenna array and its dimensions, while
Figure 5(b) shows the rear view, enhancing understanding of its design. The optimization of
antenna parameters was conducted using CST Microwave Studio, software known for
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effective antenna design. Table 1 documents the final measurements of the elements. The
main goal was to match the antenna's input impedance to a standard 50 Q at 2.45 GHz for
efficient operation. This design features M=4 rectangular patch elements, each operating at
2.45 GHz, with a gain of 4.05 dBi, all placed on a circular FR4 substrate with a relative
permittivity of er = 4.4 and a thickness of h = 1.6 mm.
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Figure 4. (a) 3-D Radiation Pattern of the Single Antenna Element. (b) E-Plane and (c) H-
Plane Radiation Pattern of the Single Antenna Element
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Table 1. Antenna dimensions in mm.

Parameter X Y \%% L N M R
Dimension (mm) 1.306 9.238 45.618 27.59 60.0304 14.41 97.25
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(a) (b)
Figure S. the intended antenna array arranged using the CST microwave studio software.
Front side (a) and rear side (b).

The simulation results for the return losses S11, S22, S33, and S44 of the four elements in
the antenna array are made known in Figure 6(a), where it is observed that the return losses
are below -26.859 dB at 2.45 GHz. This makes it suitable for EH from various standard
wireless systems. The simulation results for the Voltage Standing Wave Ratio (VSWR) of
the antenna array are presented in Figure 6(b), indicating that the VSWR values at 2.45 GHz
are approximately 1.09 for each element of the array. Figure 6(c) illustrates good impedance
matching of the antenna elements to a 50 Q load at the operating frequency f, = 2.45 GHz.
Figure 6(d) shows the simulation results for the total efficiency of the antenna elements,
which is around -3.6 dB at f, = 2.45 GHz. The gain of the individual antenna element is
calculated over the frequency range from 2 GHz to 3 GHz, providing a gain of 7.63 dBi at f,
= 2.45 GHz. Figures 7(a), 7(b), and 7(c) show the E-plane and H-plane radiation patterns of
the proposed antenna array as well as the 3D radiation pattern. The overall gain of the array
is approximately 15.8 dBi, and it can be detected that the array's radiation pattern at the
operating frequency f = 2.45 GHz exhibits omnidirectional characteristics. Lastly, the
simulation results for the surface current distribution of the antenna array are shown in
Figure 8.
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Figure 6. (a) Simulated return losses of the antenna array. (b) Simulated VSWREs of the antenna array. (c)
Simulated impedance curves of the antenna array. (d) Total efficiency of the planned antenna array.
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Figure 8. Simulated surface current distribution of the antenna array.
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3.1 Fabrication Design and Results

The fabricated front and back of the antenna array are presented in Figures 9(a) and 9(b).
The reflection coefficients of the antenna array were measured using a Vector Network
Analyzer (VNA), as shown in Figure 9(c).

(a) (b)

Figure 9. Fabricated Antenna Array. (a) Front side , (b) Back side and (c) Measurement of
Reflection Coefficients of Antenna Array by VNA.

Figure 10(a) presents the measured scattering parameters of the constructed antenna array,
revealing that the return loss is below -10 dB when compared to the results obtained from
CST simulations. The results from the CST simulation exhibit a favorable correlation with
the experimental measurements gathered through the VNA. Nonetheless, a discrepancy of
0.04 GHz has been noted between the simulated resonance frequency (fs) and the
experimentally determined resonance frequency (fm), which can be attributed to fabrication
inaccuracies. At the measured resonance frequency (fm), the reflection coefficient is -22 dB,
which is near to the simulated value of -25 dB. Figures 10(b) and 10(c) illustrate the 2D E-
plane and H-plane radiation patterns of the antenna array. An observed discrepancy of
roughly 0.04 GHz was noted between the resonance frequency obtained from simulations
and that determined through measurements of the antenna array. This discrepancy is mainly
due to fabrication tolerances, manual soldering, and variations in the dielectric constant of
the FR-4 substrate, which are common in practical RF prototyping.
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Figure 10. Measured and simulated Parameters of the Antenna Array. (a) scattering
parameters, (b) E-plane radiation pattern and (c) H-plane radiation pattern

4. Equal Power Combiner Design

Power dividers (or combiners) are extensively operated in numerous microwave/RF circuits,
including antenna array systems. The use of a circular sector multi-port power combiner can
be attributed to its beneficial characteristics. A novel quad-port for this sector power
combiner is announced as the combining circuit for the antenna array. Stub and inset
matching methods are employed to adjust both the amplitude and phase of the signals that
enter each branch. This adjustment plays a crucial role in ensuring that the impedances of
the branches align effectively with the desired power distribution ratio. Figures 11(a) and

11(b) illustrate the planned antenna array system featuring the circular sector power

combiner, which comprises two main components:

1. The antenna array: This is a homogeneously spaced array containing of quad
rectangular patch antenna elements.

2. The combining network: The circuit in question serves as a multi-port power combiner,
facilitating the aggregation of power derived from various receiving elements. The
operational framework for the circular sector power combiner is articulated in the
equation presented below.
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f = [A.R®)]. ¢, (¢+D/B) (5)
Where:
A= (182 + 60.6h + 374h? — 174h3) (6)
B =(—0.952 —0.432h + 0.159h% — 0.00544h3) (7)
C =(—0.508 + 0.101 h — 0.121h% + 0.0383h3) (8)
D =(0.21 — 256 h + 0.778h* — 0.138h3) 9)

Where €, is the substrate dielectric constant, h is the substrate thickness in millimetres, and
R is the sector radius in millimetres. The envisioned equal four-port power combiner with
50 Q, SMA connectors is depicted from the front and back in Figure 18. The operation
frequency is determined by the sector radius. The power combiner is made using a Rogers
RO3010 substrate, which has a height of 1.27 mm and a dielectric constant of £,=10.2. Ata
frequency of f =2.45 GHz, the sector radius obtained by applying the scheme formulation
from Eq. (5) is found to be R=24 mm. As shown in Figure 11(c), the power combiner's
modified dimensions in millimeters, as determined by the CST Microwave Studio software

program, are shown in Table 2.

(a) (b)

(©)
Figure 11. Planned Circular Equal Power Combiner Structure (a) Top View and (b) Bottom
View. (¢) Parameters of Circular Eqial Power Combiner.
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4.1 Fabrication Design and Results

Figures 12(a) and 12(b) illustrate the fabrication prototype of a circular equal power
combiner. The S-Parameters of the circular equal power combiner were measured using a
VNA, as depicted in Figure 12(c). The simulation results for the return loss S11 and
transmission coefficients S12, S13, S14, and S15 of the four elements of the circular equal
power combiner are presented in Figure 13(a). It can be observed that the return loss S11 is
below -10 dB at 2.45 GHz, measuring -32.77 dB, while S12=—7.08, S13=-5.53, S14=-5.53,
and S15=-7.08. The simulation results for the impedance of the circular equal power
combiner are shown in Figure 13(b), indicating that its value at 2.45 GHz is nearly 49 Q for
each element of the power combiner. The scattering parameters of the fabricated circular
equal power combiner, compared to the results from CST simulations, are presented in
Figure 13(c). The data reveals a strong correlation between the CST simulation outcomes
and the experimental measurements derived from the Vector Network Analyzer (VNA).
Nevertheless, a discrepancy of 0.1 GHz is observed between the simulated resonance
frequency (fs) and the measured resonance frequency (fm), which can be attributed to
inaccuracies in the fabrication process.

Table 2: circular equal power combiner parameters in (mm)

Parameter Value (mm) Description
R 24.6 Sector Radius
0 90° Sector Apex Angle
Wsp 1.46 Input and Output Branches Width
Ly 20.51 Input Branches Length
Lout 10.03 Outer Branch Length
L 2.00 Stub Length
P 18.02 Stub Distance from Top
V4 1.03 Stub Distance from Bottom
W 1.46 Stub Width
D 8.16 Distance b/w Input Branches
d 4.09 Distance b/w Outer Branches and Sector Beginning
Lsub X Wsub 80 mm x 65 mm Substrate Dimensions

A frequency shift of roughly 0.1 GHz was noted between the measured and simulated
results for the circular equal power combiner. The same fabrication and material variables
are responsible for this shift, which can be reduced in subsequent iterations by
implementing improved assembly methods and stricter manufacturing tolerances.
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©
Figure 12. Implementation of Circular Equal Power Combiner Structure (a) Top side, (b)
Bottom side and (c¢) The Fabricated Circular Equal Power Combiner measuring.

5. Design and Implementation of Rectifiers

The third essential part of the RF EH system is the rectifier circuit, which transforms AC
voltage into DC voltage. The antenna, matching circuit, and voltage rectifier make up the
rectenna circuit, which can capture radio frequency energy. The ratio of the input RF power
(Pin).to the output DC power (Pout).is the measure of the efficiency of RF to DC power
conversion.

__ DCOutput Power __ VZ,/RL
Incident RF Power Pin

« 100% (10)

Nec

Where

n. 1s the total efficiency, P;, is the incident power (w), R, is the Load impedance, and
Voue Output Voltage (V).

After connecting the planned rectifier to the antenna array with the circular equal power combiner,
the output voltage is measured 250 mV when the antenna array receives 1.30 mW from Wi-Fi. Thus,
the values can be entered into equation (10) to determine the overall efficiency. After performing the
calculation, the efficiency was found to be 24.03% for a load resistance of 200 2
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5.1 Determine input impedance using circuit simulation

The modeling and analysis depicted in Figure 14 can be conducted through simulations to
approximate the results expected from the real implementation of the rectifier. A simulation
tool such as Advanced Design Systems (ADS) or similar software can be utilized. ADS
allows for SPICE simulations comparable to LT Spice and other SPICE software and offers
the capability to create custom component libraries in addition to using predefined
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components. The circuit performance and load resistance can be assessed using ADS
through Harmonic Balance simulation, a frequency domain analysis technique for
simulating distortion in nonlinear circuits and systems, which is applicable for analog RF
and microwave circuits. This simulation method provides frequency domain voltages and
currents, enabling direct calculation of the steady-state spectral content of these voltages or
currents within the circuit. Another approach to simulate the circuit and ascertain the input
impedance of the diode is through S-Parameters simulation, which computes the S-
Parameter properties necessary for calculating the reflection coefficient and subsequently
the input impedance of the diode, treated as a load in this context. To ascertain the input
impedance via circuit simulation, the selected diode must be incorporated into the ADS
library, which can be done using the sub-circuit feature. The diode package 1SS351 from
ON Semiconductor was chosen due to its close matching to the diode HSMS2852 used in
the research reviewed papers; however, it is worth noting that the latter is now an obsolete
component.

By utilizing the data provided by the manufacturer, as illustrated in Figures 15(a) and 15(b),
the diode model is constructed in ADS to simulate its behavior and compute the input
impedance, which is essential for creating the matching circuit. Figure 15(b) demonstrates
the implementation of the diode in ADS. Once the diode is incorporated into ADS, simple
circuits have been designed and perform an S-Parameter simulation to obtain the reflection
coefficient (S11). From this reflection coefficient, the load impedance ZL calculated, knowing that
Z0=50 Q.

Z1,—-Zy
Z1+Z

Siilap = —20log(I'), T'= (11)
Figures 16(a) and 16(b) illustrate the circuit and its simulation results, respectively. The
normalized input and output reflection coefficients are given as Zi normalizea=0.215—j0.451 Q
and  Zo normalized=0.620—1.504 Q. Knowing that Z¢=50Q, the input impedance is
Zin=10.75—22.55 Q. This impedance value needs to be matched using any suitable method.
The results provided pertain to an unmatched diode, which can function as a half-wave
rectifier.
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Figure 14. 1SS351 Diode SOT-23 Package Equivalent Circuit.
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Figure 16. (a) S-Parameter Results for Unmatched Diode. (b) S-Parameter for Matched
Half-Wave Rectifier using Microstrip Lines

6. Rectifier Matching

6.1 Half-Wave Rectifier Matching

In this section, matching techniques for half-wave and full-wave rectifiers utilizing Smith
charts, lumped elements, and microstrip lines will be explored. The objective of the
matching process is to set the real part of Zin to 50 Q while adjusting the imaginary part
accordingly. Figure 17(a) illustrates the matched half-wave rectifier using microstrip lines,
and Figure 17(b) presents the S-parameter results for the matched half-wave rectifier with
these microstrip lines.

6.2 Full-Wave Rectifier Matching

In order to accomplish Full wave Rectifier matching, it is essential to ascertain the input
impedance, employing the same method as before. The matching process for the full-wave
rectifier is categorized into two parts: the results for the unmatched full-wave rectifier and
those for the matched full-wave rectifier.

A. Unmatched Full-Wave Results

Figure 18(a) illustrates the circuit for the unmatched full-wave rectifier. As exposed in
Figure 18(b), the normalized input and output reflection coefficients are Z; normatized =0.037-
70.835 Q. Given that Z,=50 €, the resulting input impedance is Zix=1.85-j41.75Q. It is
significant to observe that the use of a full bridge meaningfully raises the imaginary
component of the impedance due to the characteristics of the RF model for diodes, which
considerably increases the imaginary part. Consequently, it may be more practical to utilize
a half-wave rectifier instead of a full-wave rectifier, as the increase in the non-real
component could negatively impact overall efficiency without proper matching.
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Figure 17. (a) Matched Half-Wave Rectifier using Microstrip Lines. (b) S-Parameter for
Matched Half-Wave Rectifier using Microstrip Lines.

B. Matching Full-Wave Results

B.1 Matching Using Lumped Elements

Figure 19(a) depicts the matching circuit for the full-wave rectifier using lumped elements.
Figure 19(b) presents the planned results; however, this design is impractical due to the
requirement for components valued at 53 Q and 2.7 nH, both of which are difficult to source off
the shelf. Consequently, the realization of this design is not feasible.

B.2 Matching Using Microstrip Lines

Figure 20(a) illustrates the microstrip line matching circuit for the full-wave rectifier. The results
presented in Figure 20(b) are generally lower than those achieved with lumped element matching;
however, this approach is easier to implement, particularly if the manufacturer can produce PCBs with a
precision of 0.001 mm. The fabrication of the employed diode is displayed in Figure 21(a), using an FR4
epoxy substrate.
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Implementation of (RF-EH) system

The implementation of a RF harvesting device involves capturing ambient RF signals to
produce electrical power. Figure 21(b) illustrates the device's implementation, which
naturally covers an antenna, a rectifier, and an energy storage unit. The antenna gathers the
RF signals present in the environment and changes them into alternating current (AC)
signals. Subsequently, the rectifier transforms these AC signals into direct current (DC)
signals, which are better suited for charging batteries or powering electronic devices. The
energy storage unit retains the generated electrical power for future use. This approach
enables the utilization of otherwise wasted energy from various sources, including Wi-Fi
routers, cell phone towers, and television broadcasts. By efficiently capturing and
converting these RF signals into usable electricity, this technology provides a sustainable
and eco-friendly solution for powering little-power electronic devices while decreasing
dependence on traditional power sources. Table 3 presents a comparison of the enhanced
RF-EH system with prior research in the RF-EH domain. The assessment highlights
essential features such as size, resonance frequency, output voltage and power, rectifier
type, and power conversion efficiency (PCE).
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I

(b)
Figure 21 (a) Fabrication of Planned Rectifier. (b) Implementation of RFEH based on
planned Antenna array combined with power combiner

Table 3 comparison of the enhanced RF-EH system with prior research in the RF-EH domain

o
Antel.lna / frequency | Matching | Rectifier P CE (%) @
Rectifier (MHz) network stages Substrate input power
(mm x mm) g (dBm)
53x43.4/ Transmission .
[44] 13.15%8.23 2437 line stubs Multiple PTFE 52.5 @ 7 (Meas.)
[43] 28.5%28 / NA 2400 | OPEmCICUIt | g en FR-4 18.6 @ =50
stub (Meas.)
[46] 27.5%25.90 / Transmission Rogers 477 @ 11
24 T
14x27.5 00 line stubs wo TMMI10 (Meas.)
[47] 89 x 89/ .
55x20 915 N/A Five Polymer 20 @ 0 (Meas.)
[48] 53x43.5/ Transmission . PTFE + FR-
99 07262 2452 line stubs Single 4 33.8 @ 5 (Meas.)
[49] NA 915 LC-based Three CMOS @l
(Meas.)
[50] 110%60 / Short circuit .
1 1 FR-4 2 Meas.
70%50 915 stub Single 5 @ 0 (Meas.)
[51] 54.5x48 /
76.9x38.1 2450 LC-based Two FR-4 64 @ 0 (Meas.)
Rogers
Planned 97.25x97.25/ ) 24.03 @ 1.3 (Sim.
24 LC- 1 RO301
Work 80 x 65 50 C-based | Single +OF318- 40 & Meas.)
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The (RF-EH) system metrics and performance comparison are summarized in Table 3, the
system demonstrates a maximum PCE of 24.03% at Pin = 1.3 dBm, realized using a single-
stage single-diode compact rectifier built on a low-cost hybrid substrate (Rogers RO3010 +
FR-4). Compared with prior studies, the achieved PCE is lower than the maximum PCE of
52.5% reported in [44] and 64% in [51]. This may be primarily because the rectifiers
developed in those studies were multi-stage or more complex structures. On the other hand,
the performance is comparable to or even surpasses other multi-stage rectifiers built on low-
cost substrates, such as 18.6% [45], 20% [47], and 25% [50] that were developed earlier.
Furthermore, the operate in the ambient Wi-F1 band 2.45 GHz, where the available ambient
power level is significantly lower than the high-efficiency rectifiers in the 915 MHz ISM
band. The high PCE of 24.03% is achieved over the realistic input power level for the
ambient Wi-Fi environment. Thus, the RF-EH system demonstrates an acceptable trade-off
among PCE, compactness, and ease of fabrication and assembly, manifesting the feasibility
of the proposed approach. In order to provide a clearer view of the overall system
performance, the Power Conversion Efficiency (PCE) variation with input RF power has
been investigated through simulation on ADS software. The performance data including
input power (Pin), output DC voltage (Vdc), output power (Pout), and PCE are summarized
in Table ¢, while the overall PCE trend is shown in Figure 22.

Table 4: Simulation data of the proposed RF-EH system showing input power (Pin),
DC output voltage (Vdc), output power (Pout), and PCE values (RL =200 €).

Pin_ PCE_ Vdc_V Pout_mW (simulated) PCE_percent
dBm percent (simulated) (simulated)
-40 0 0 0 0
-30 0 =0 =0 =0
-25 0 =0 =0 =0
-20 0 =0 =0 =0
-15 0 =0 =0 =0
-12 0 =0 =0 =0
-10 =0 =0 =0 =0
-8 0.03 =0 =0 0.03
-6 0.37 0.01 =0 0.37
-4 2.78 0.05 0.01 2.78
-2 10.74 0.12 0.07 10.74
0 21.61 0.21 0.22 21.61
0.5 23.24 0.23 0.26 23.24
1 23.99 0.25 0.3 23.99
1.14 24.03 0.25 0.31 24.03
1.5 23.78 0.26 0.34 23.78
2 22.62 0.27 0.36 22.62
3 18.12 0.27 0.36 18.12
5 7.12 0.21 0.23 7.12
8 0.52 0.08 0.03 0.52
10 0.04 0.03 =0 0.04
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Figure 22. Simulated overall Power Conversion Efficiency (PCE) of the proposed RF-EH
system as a function of input RF power

It can be observed from Table 4 that the system achieves a maximum PCE of 24.03% at an input
power of 1.14 dBm, corresponding to a DC output voltage of approximately 0.25 V and an output
power of 0.31 mW. At very low input powers, the efficiency is limited by the diode threshold
voltage, while at higher powers, nonlinear diode behavior and mismatch effects reduce the PCE.

As shown in Figure 22, the PCE follows the expected trend, increasing with input power
until it reaches a maximum at 1.14 dBm and then decreasing gradually for higher input
powers. This trend is consistent with typical rectifier-based RF energy harvesting systems
and confirms the validity of the proposed design. To further investigate the system
performance, variation of PCE with respect to RL was also studied at Pin = 1.3dBm. Shown
in Fig. 23 is the simulated PCE as a function of RL from 50Q to 1kQ. The optimal matching
load was found to be RL = 2000 that gives the maximum PCE of 24.03%. Deviations from
the optimal matching load lead to worse matching, increasing the reflection and decreasing
the conversion gain of the rectifier. Additional losses due to poor impedance matching are
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also observed leading to only 18% and 22% peak PCE at RL = 50Q and 1kQ respectively.
While the reported peak PCE of 24.03% is lower than that of the above works, it is well-
suited for the requirements of low-power loT and sensor systems, emphasizing application
simplicity, low cost, and comparably low form factors. Furthermore, achieving such an
efficiency for 2.45 GHz is of significance, due to the Wi-Fi band’s relatively small available
ambient power when compared to sub-GHz ISM bands

5. Conclusions

The proposed RF energy harvesting (EH) system is developed for low-power applications
and is composed of three main units: a microstrip patch antenna array with rectangular
patches and a circular ground plane, an equal-power combiner, and a rectifier circuit that is
impedance-matched to the load. The antenna array is designed to operate at 2.45 GHz; a
frequency widely used in Wi-Fi. Simulations at this frequency show a realized gain of 4.055
dB. The radiation patterns obtained at the target frequency exhibit omni-directional
characteristics. The array provides desirable performance in terms of wide bandwidth, omni-
directional radiation, and satisfactory realized gain, making it a promising candidate for
energy harvesting. In addition, a circular equal-power combiner was designed to function at
the same frequency to collect RF signals from the array, while the rectifier circuit converts
the captured energy into DC. A carefully matched network was optimized and fabricated for
the rectifier. System simulations were performed using both MATLAB and CST Microwave
Studio software. Measurements using an HP8719Es VNA demonstrated good agreement
with CST results, confirming the accuracy of the design approach. The fabricated prototype
achieved a maximum RF-to-DC conversion efficiency of about 24.03% with a 200 Q load
and generated an output voltage of 250 mV. The functionality of the system was validated
by powering an LED. Although the current prototype has a relatively large size due to
employing FR-4 and Roger’s substrates for testing, future work will concentrate on
miniaturization and integration to enable use in compact IoT, wearable, and embedded
devices.
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