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ABSTRACT This article presents a low-cost 2 × 2 metasurface-based rectenna array operating at the
2.45 GHz industrial, scientific, and medical (ISM) band, designed to power low-power wearable medical
sensors (WMS). The proposed antenna is a novel textile-based metasurface interlayer patch (meta-patch)
antenna fabricated on a felt fabric substrate, which replaces the conventional ground plane with a grounded
metasurface consisting of a 3 × 3 unit cell array. A single excitation port is used for both the patch antenna
and the metasurface to improve gain, efficiency, and bandwidth. The meta-patch antenna achieved a high
gain of 7 dB, an efficiency of 77%, and an enhanced bandwidth of 120 MHz. The rectifier employs a seven-
stage Cockcroft-Walton Voltage Multiplier (CWVM) topology, fabricated on a rigid substrate. To evaluate
the performance of the meta-patch rectenna array and the effect of adding more elements, the proposed meta-
patch rectenna was tested in single-element, 2 × 1 array, and 2 × 2 array configurations under continuous
RF power. The single-element, 2 × 1 rectenna array, and 2 × 2 rectenna array achieved power conversion
efficiencies (PCE) of 52%, 53%, and 56%, with DC output powers of 414 µW, 429 µW, and 450 µW,
respectively, at an input power of -1 dBm. The results demonstrate the potential of the proposed rectenna
arrays for efficiently energizing low-power WMS.

INDEX TERMS Cockcroft-Walton rectifier, meta-patch rectenna array, meta-patch textile antenna,
metasurface-based antenna, RF energy harvesting, seven-stage rectifier, textile rectenna array, wearable
rectenna array, wearable medical sensors.

I. INTRODUCTION
Wearable Medical Sensors (WMS) have garnered significant
attention in recent years for their potential to revolutionize
healthcare by enabling continuous monitoring and real-time
data collection. These sensors play an important role in

The associate editor coordinating the review of this manuscript and

approving it for publication was Photos Vryonides .

detecting physiological changes, biochemical variations, and
motion, with a wide range of clinical applications [1]. They
offer a promising alternative to current techniques for mon-
itoring therapeutic drugs, which can be utilized in the man-
agement of chronic diseases. Additionally, these sensors are
integral to the Industrial Internet of Medical Things (IoMT),
supporting emerging biomedical applications by enhancing
connectivity and providing data-driven insights [2].
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The current power source for WMS primarily relies on
typical batteries, which may require frequent recharging
or replacement. Despite recent advancements in battery
technology resulting in the development of compact and
high-capacity batteries, their operational lifespan remains
relatively short [3]. Additionally, batteries may contain harm-
ful or poisonous chemicals. In specific applications, such
as implantable drug delivery systems, cardiac pacemakers,
and microsensors reliant on batteries, patients may undergo
additional and undesirable procedures, such as surgery, for
sensor recharging [4], [5]. Consequently, to address these
challenges, RF Energy Harvesting (RFEH) technology has
emerged as an alternative power source for WMS. RFEH
technology can effectively meet the power requirements
of these sensors, which typically range from picowatts to
microwatts [6].

Numerous textile RFEH rectennas and rectenna arrays
have been developed to enable wearable RFEH systems.
These systems utilize textile materials such as felt, jeans,
cotton, organza fabric, Cordura fabric, and polyester as
substrates for wearable antennas and rectifier circuits, thus
forming fully textile rectennas and arrays [6], [7], [8],
[9], [10]. For instance, Vital et al. [6] presented a 2 × 2
and 2 × 3 textile rectenna array operating at 2.45 GHz
and embroidered on organza with conductive wires. The
2 × 3 rectenna array achieves a DC output power of
600 µW at 10 cm away from the RF source. Another fully
textile rectenna array was introduced by Estrada et al. [7]
consisting of 16 and 81 elements printed on a cotton T-shirt,
operating at 2-5 GHz and achieving a DC output power of
32 µW at an incident power density of 4 µW/cm2, with a
power conversion efficiency (PCE) of 32% at 100 µW/cm2.
However, the PCE dropped to 17% at 14 µW/cm2 power
density at 2.9 GHz. Lopez et al. [8] developed a 2 × 2
pure textile rectenna array operating at 2.4-2.48 GHz,
achieving a DC output power of 1.1 mW with a PCE of
31% at 12 dBm input power. Conversely, other studies have
proposed combining textile antennas with PCB rectifiers for
wearable RFEH systems [5], [11], [12], [13]. For instance,
Adami et al. [13] presented a 2 × 1 wristband rectenna array
based on a textile antenna fabricated on woven polyester and
polyester felt substrate with a PCB rectifier fabricated on
RT/duroid5880, achieving a maximum end-to-end efficiency
of 28.7% at −7 dBm.
Moreover, several studies have utilized metasurfaces in

the design of receiver antennas to enhance the overall
performance of rectenna systems [14], [15], [16], [17], [18],
[19]. Metasurfaces are artificial materials comprising unit
cell array structures capable of manipulating electromagnetic
waves at subwavelength propagation distances, enabling
complex applications such as polarization transformation,
generalized refraction, and signal multiplexing [20], [21].
The integration of metasurfaces in wearable antenna design
enhances various antenna parameters, including gain [22],
radiation characteristics [23], and bandwidth [24]. These
unique properties render metasurfaces highly suitable for

wearable RFEH systems, as they can significantly improve
antenna performance. However, a common drawback in
some related works that employed metasurfaces in wearable
antenna design is the bulky size of the metasurface, which
increases overall antenna dimensions [25].
The related literature highlights the pressing need for

further enhancement in the design of wearable rectenna array
systems. Many existing wearable rectenna arrays suffer from
low PCE and low DC output power, making it impractical to
supply sufficient power for certain WMS. Moreover, some
studies have reported high DC output power at high input
power levels, which is unrealistic, particularly in indoor
environments with predictably low input power levels. Addi-
tionally, the utilization of lossy textile feedlines, antenna-
to-rectifier interconnectors, and shorting vias contributes to
additional power loss and increases fabrication complexity
in rectenna systems. Therefore, ensuring the reliability and
performance stability of rectenna systems is crucial for
enabling more efficient wearable RFEH applications.

In this article, a textile-based metasurface interlayer
patch (meta-patch) antenna integrated with a seven-stage
Cockcroft-Walton Voltage Multiplier (CWVM) rectifier is
proposed to form a meta-patch rectenna array system. The
novel configuration of the proposed meta-patch antenna
involves positioning the metasurface layer below the patch
antenna substrate and above the ground plane, with both
the patch antenna and the metasurface layer excited by a
single excitation port. This configuration enhances the gain,
efficiency, and bandwidth of the antenna, addressing the
narrow bandwidth issue usually associated with traditional
patch antennas. The proposed metasurface is designed to
match the size of the patch antenna, overcoming the larger
metasurface size issue found in some related works. On the
rectifier side, a PCB seven-stage CWVMrectifier is presented
to achieve high DC output power at low input power ranges.
Although a rectifier with a rigid substrate is not ideal for
wearable rectennas, the PCB rectifier provides reliable and
stable performance at a low cost. After designing the antenna
and rectifier circuit, 2 × 2 meta-patch rectenna arrays were
fabricated and measured. To ensure flexibility, comfort, and
avoid direct contact with the skin, the rectenna arrays are
attached to a 2 mm thick surface of felt fabric within
the clothing and organized to occupy minimal space. The
proposed rectenna arrays have been tested in free space, on-
body, and under realistic Wi-Fi conditions.

To the best of our knowledge and based on the literature
conducted, this is the first article to present metasurface-
based wearable rectenna arrays. The contributions of this
work are as follows:

1) The design of a novel meta-patch antenna with high
gain and efficiency, thereby improving the overall
efficiency of rectenna arrays system.

2) Low-cost meta-patch rectenna arrays with high DC
output power and efficiency compared to existing
wearable rectenna arrays, particularly at low input
power ranges.
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Design, simulation, fabrication, and measurement results
are presented in Sections II through IV.

II. META-PATCH ANTENNA DESIGN AND PRINCIPLES
A. METASURFACE DESIGN
To design the unit cell array of the metasurface, a felt
fabric substrate with a thickness of 2 mm, a dielectric
constant of 1.215, and a loss tangent of 0.016 at 2.45 GHz
was used. These parameters were based on measurements
conducted using an Agilent 85070EDielectric Probe Kit. The
choice of the substrate is due to its flexibility, comfort [26],
durability, ease of fabrication [27], compatibility for wearable
applications and cost-effectiveness. In this work, the primary
goal of utilizing the metasurface unit cell is to achieve
precise directional control of radiation by reflecting energy
away from unintended paths. This approach aims to enhance
radiation efficiency in the desired direction while minimizing
the energy that penetrates the metasurface and interacts with
surrounding tissues. Fig. 1 demonstrates the geometry of the
proposedmeta-patch antenna. Fig 1(c) shows themetasurface
unit cell, which consists of a Split Ring Resonator (SRR)
structure.

FIGURE 1. Geometry of the proposed meta-patch antenna: (a) side and
3D view of the proposed design (b) top view of the proposed antenna;
(c) top view of the metasurface design with 3 × 3 unit cell array.

To determine the dimensions of the metasurface unit cell,
the free space wavelength λo is calculated as follows [28]:

λo =
c
f

(1)

where c represents the speed of light, f signifies the operating
frequency. Subsequently, the effective wavelength (λeff) is
calculated as follows:

λeff =
λo

√
ϵr

(2)

TABLE 1. Optimized dimensions of the meta-patch antenna.

The dimensions of the metasurface unit cell are typically
a fraction of the effective wavelength. The metasurface unit
cell size is determined to be approximately λeff/10 to ensure
that the metasurface behaves as a homogeneous medium
and efficiently interacts with the electromagnetic waves
[29], [30], [31]. The initial dimensions served as starting
points for further optimization through the Ansys HFSS
simulator [30]. The SRR structure parameters, such as outer
length (S1), outer width (S2), inner length (D1), inner width
(D2), ring width (W), and gap width (G) were iteratively
optimized to achieve the desired performance at the targeted
resonant frequency [31], [32]. The optimized dimensions of
the metasurface unit cell and the antenna are listed in Table 1.
The defining ports and boundary conditions of the

metasurface unit cell are shown in Fig. 2(a). Waveguide
ports excite the unit cell with an electromagnetic wave
and measure transmitted and reflected signals along the
Y-direction. Periodic boundary conditions are implemented
by applying a Perfect Electric Conductor (PEC) boundary
along the X-direction and a Perfect Magnetic Conductor
(PMC) boundary along the Z-direction [33].

Generally, the absorption rate of the material A(ω) will
be determined using the reflection rate R(ω) = |S11|2 and
transmission rate T (ω) = |S21|2 as follow [34]:

A(ω) = 1 − R(ω) − T (ω) (3)

Fig. 2(a) illustrates the transmission and reflection coeffi-
cients of the proposed metasurface unit cell. The results
indicate that the metasurface exhibits strong reflective
properties, making it well-suited for integration with the
proposed antenna, which operates at 2.45 GHz.

The functioning of the metasurface can be determined
by calculating its effective permittivity (ϵ) and effective
permeability (µ) as given in 4 and 5 [35]:

ε(ω) = Re(ε) + jIm(ε) (4)

µ(ω) = Re(µ) + jIm(µ) (5)

In this case, the negative refractive index of the material
is identified in real terms, while the material losses are
represented by the imaginary parts. The effective parameters
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FIGURE 2. Performance analysis of the metasurface unit cell; (a) reflection coefficient (S11) and transmission
coefficient (S21) of the metasurface unit cell; (b) the real and imaginary parts of the refractive index (n); (c) the real
and imaginary parts of the impedance (z); (d) the real and imaginary parts of the effective permittivity (ϵeff); (f) the
real and imaginary part of the effective permeability (µeff).

were obtained utilizing the S-parameters retrieval method.
The refractive index (n), impedance (z), along with effective
permittivity (ϵeff), and permeability (µeff) are derived using
MATLAB according to [33].

Fig. 2(b) shows the refractive index (n) of the metasurface
unit cell. In the frequency range of 2.0 - 3.0 GHz, the real
part of the refractive index is negative, indicating that the
proposed metasurface unit cell achieves a negative refractive
index within this range, including the desired frequency band.
This negative refractive index is a characteristic property of
the metasurface, which manipulates electromagnetic waves
in a manner that reflects the energy in the opposite direction.

Fig. 2(c) depicts the impedance (z) of the metasurface
unit cell. From this figure, it can be observed that the real

part of the impedance is positive at the desired frequency
band, indicating that it exhibits balanced resistance to
wave propagation, which ensures effective interaction with
incident waves. This balance is vital for the metasurface
to efficiently reflect waves. Moreover, the imaginary part
of the impedance is negative, indicating the capacitive
behavior of the metasurface. This capacitive behavior assists
in phase shifting and achieving the desired reflection
properties.

Fig. 2(d) shows the effective permittivity (ϵeff) of the meta-
surface unit cell. At the desired frequency band of 2.45 GHz,
the real part of the effective permittivity is negative,
demonstrating the capability of the proposed metasurface to
reflect rather than transmit or absorb electromagnetic waves.
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The imaginary part of the permittivity remains close to zero,
indicating minimal loss within the material.

Fig. 2(e) presents the effective permeability (µeff) of the
metasurface unit cell. The real part of the permeability is
near zero at the 2.45 GHz frequency band, indicating resonant
behavior. Additionally, the imaginary part of the permeability
is around zero at this frequency, indicating minimal loss.
These characteristics emphasize the effectiveness of the
metasurface in redirecting incoming energy and minimizing
absorption by the human body.

B. DESIGN AND FABRICATION OF THE META-PATCH
TEXTILE ANTENNA
Due to their small size, low profile, and ease of integration,
rectangular patch antennas find widespread application in
various wearable devices, including wearable RF energy
harvesters. However, these antennas often encounter chal-
lenges such as high losses, limited control over radiation
patterns, and restricted communication ranges [36]. This
work introduces an innovative technique to enhance the
performance of rectangular patch antennas by replacing the
conventional ground plane with a grounded metasurface and
utilizing a single excitation port for both the patch antenna
and the metasurface. The proposed configuration aims to
increase gain, enable precise control over the radiation pattern
for enhanced directivity, and improve bandwidth. The single
excitation port simplifies the system’s design, resulting in
a more compact configuration suitable for wearable energy
harvesting applications.

The metasurface is designed to match the size of the patch
antenna, comprising a 3 × 3 metasurface unit cell array with
an SRR structure. The proposed antenna is designed with
overall dimensions of 59 × 59 × 4.09 mm3 as shown in
Fig. 1(a) and Fig. 1(b), operating at ISM band of 2.45 GHz.
The patch is constructed from copper with a thickness of
0.03 mm, and its dimensions (length Lp and width Wp) are
specified. The substrate for the patch antenna is the same
as that of the metasurface unit cell array, with an identical
thickness. For optimal impedance matching, the feedline
width (Wf), slot length (Ls), and slot width (Ws) are carefully
evaluated.

A 3 × 3 metasurface unit cell array with an SRR structure,
made of copper with a thickness of 0.03mm, is attached to the
felt fabric substrate using glue. The amount of glue has been
carefully controlled to minimize its impact on the proposed
antenna’s performance. The fabrication of the metasurface
unit cell involves the use of photolithography technique.
While the photolithography process is well-known, we aim
to elaborate on how we utilized this technique to manually
attach a metasurface unit cell with an SRR structure to a
textile substrate, which presents some challenges. The steps
for fabricating the proposed metasurface unit cell array are
illustrated in Fig. 3 and are outlined as follows:

1) Cleaning: The copper sheet was cleaned with acetone
and isopropanol, then affixed to the Pressure-Sensitive

FIGURE 3. Fabrication steps of the metasurface unit cell array using
Photolithography technique.

Adhesive (PSA) layer to support the copper, ensuring
that no bubbles were present.

2) Applying Photosensitive Dry Film: The Photosen-
sitive Dry Film (PDF) was cut to the same size as
the copper layer. The first protective layer was then
removed, and the film was carefully attached to the
(copper + PSA) layers.

3) Lamination: Dry film lamination was performed 2-3
times using an office paper laminator.

4) Exposure: The sample, with the photomask attached
to a fully transparent film, was placed in the ultra-
violet (UV) exposure unit for 60 seconds and then
removed.

5) Heating Oven: The second protective layer of the
photoresist was removed, and the printed sample was
placed in a heating oven for approximately 5 minutes.

6) Developing: A PCB developer solution was diluted
with water in a 1:3 ratio. The sample was then
immersed in the solution for 30-40 seconds to remove
the photoresist.

7) Etching: The sample was submerged in a ferric
chloride etching solution for approximately 30 minutes
to remove the copper.

8) Stripping: The printed sample was immersed in
sodium hydroxide (NaOH) to remove the remaining
photoresist on the copper. Subsequently, the second
adhesive layer of PSA was removed from the sample,
and it was attached to the felt fabric substrate with a
small amount of glue.

The fabricated prototype of the proposed meta-patch
antenna is depicted in Fig. 4.

C. PERFORMANCE ANALYSIS OF THE META-PATCH
ANTENNA
1) ANALYSIS OF THE REFLECTION COEFFICIENT
The overall effect of using the metasurface in the
design of the proposed antenna is illustrated in Table. 2.
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FIGURE 4. Fabricated prototypes of the meta-patch antenna; (a) front
view; (b) back view; (c) its flexibility; (d) the metasurface plane.

TABLE 2. Performance comparison for the proposed antenna with and
without metasurface.

Fig. 5 demonstrates the simulated and measured reflection
coefficient (S11) results for the meta-patch antenna in
different environments: free space and a body phantommodel
compared with the reference patch antenna in free space.
The proposed antenna is designed primarily for use on the
back of the body, where it is expected to encounter minimal
bending or twisting. Therefore, the evaluation did not include
testing on curved surfaces. Measurements were conducted
using a Rohde & Schwarz ZVB4 Vector Network Analyzer
(VNA). The results show that the proposed meta-patch
antenna exhibits a better reflection coefficient and a slight
shift in frequency toward the desired frequency band. This
shift is attributed to the presence of the metasurface, which
introduces new electromagnetic properties, significantly
enhancing the bandwidth from 38.1 MHz to 120 MHz
compared to the reference patch antenna. The measured
results demonstrated good agreement with the simulated
results, both on and off the body, indicating the excellent
performance of the proposed meta-patch antenna in different
environments.

2) ANALYSIS OF THE GAIN AND RADIATION PATTERN
Fig. 6 illustrates the measurement setup for the proposed
meta-patch antenna in an anechoic chamber. In Fig. 6(a),
the actual front and back views of the antenna tested in this
environment are depicted. Fig. 6(b) presents a comparison of
the measured gain and efficiency against the frequency of the

FIGURE 5. Simulated and measured reflection coefficient of the
meta-patch antenna in free space and on the body with the reference
patch antenna in free space.

FIGURE 6. Measurement setup for the proposed meta-patch antenna in
an anechoic chamber; (a) actual setup of the antenna undergoing
measurements; (b) measured gain and efficiency versus frequency for the
meta-patch antenna.

meta-patch antenna, showing high gain (7 dB) and efficiency
(77%) achieved by the antenna.

VOLUME 12, 2024 121575



H. Y. Alkhalaf et al.: Flexible Meta-Patch Rectenna Array for Energizing Low-Power WMS

FIGURE 7. Simulated and measured radiation patterns of the proposed antenna; (a) Simulated
radiation patterns for the meta-patch antenna and conventional patch antenna in free space and on
the body at E-field and H-field; (b) Measured radiation pattern for the meta-patch antenna using an
anechoic chamber.

Fig. 7 demonstrates the simulated and measured radiation
patterns of the proposed antenna. Fig. 7(a) displays the
simulated radiation patterns of the proposed meta-patch
antenna and a reference patch antenna in free space and
on the body, in both the E-field and H-field. The meta-
patch antenna achieved high gains of 8.7 dB and 6.4 dB
in free space and on-body, respectively, at 2.45 GHz, while
the reference patch antenna exhibited lower gains of 5.6 dB
and 5.7 dB in similar conditions. Furthermore, Fig. 7(b)
depicts the measurement of the radiation pattern utilizing
an anechoic chamber. The simulated and measured radiation
pattern results of the proposed meta-patch antenna are shown
to be in good agreement.

The outcomes indicate that the proposed meta-patch
antenna is well-suited for RFEH applications, and capable
of efficiently capturing energy from RF signals in its
anticipated direction. Its directional characteristics help
in blocking unwanted signals, thereby improving signal
quality. This aligns with the usage patterns of wear-
able applications, enabling them to capture more power
from identified RF sources such as Wi-Fi networks.
Furthermore, the high gain and concentrated reception
of the proposed antenna reduces interference, ensuring a

stable and reliable power supply, making it suitable for
efficient RFEH.

3) ANALYSIS OF THE SPECIFIC ABSORPTION RATE
Specific Absorption Rate (SAR) measures the average
power absorbed by the body or tissue when exposed to an
RF electromagnetic field, expressed in watts per kilogram
(W/kg) [37]. The SAR value is calculated using the following
equation:

SAR =
σ |E|

2

ρ
(6)

where σ represents the conductivity of the tissue in siemens
per meter (S/m), ρ signifies the tissue’s mass density in
kilograms per cubic meter (Kg/m3), and E is defined as
the Root Mean Square (RMS) of the electric field strength
measured in volts per meter (V/m). According to the
guidelines set by the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) and the American
National Standards Institute (ANSI), the SAR value should
not exceed 1.6 W/kg absorbed per 1 g of tissue or 2 W/kg
absorbed per 10 g of tissue, respectively [38].
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TABLE 3. Thickness and electrical properties of body phantom layers [40].

Flexible patch antennas, due to their close proximity to
the human body and reduced front-to-back ratio, may exhibit
elevated SAR values compared to rigid counterparts. This
is attributed to increased emission of undesirable radiation
towards the body [39]. In this work, the metasurface plays
a crucial role in mitigating this issue by redirecting energy
away from the body, thus reducing the amount of energy
absorbed. To evaluate the SAR value, the meta-patch antenna
was positioned on a human body phantom composed of skin,
fat, muscle, and bone layers, each separated by a 5 mm gap.
The thickness and electrical properties of these layers are
detailed in Table 3. Fig. 8 illustrates the simulated SAR value
of the proposed meta-patch antenna. The meta-patch antenna
demonstrated a low SAR value of 0.5202 W/kg, well below
the standard limit of 1.6 W/Kg. This adherence to safety
standards highlights the suitability of the meta-patch antenna
for wearable applications, ensuring electromagnetic radiation
exposure remains within acceptable limits when in proximity
to the human body.

FIGURE 8. Measurement of SAR for the proposed meta-patch antenna;
(a) schematic representation of the meta-patch antenna placed on the
body phantom with a 5 mm gap; (b) simulated SAR of the meta-patch
antenna.

4) COMPARISON OF PRIOR WORKS ON
METAMATERIAL-BASED ANTENNAS
A performance comparison between the proposed meta-
patch antenna and other state-of-the-art metamaterial-based
(MTM) flexible antennas from the literature is presented

in Table 4. The comparative analysis highlights the notable
advantages exhibited by the meta-patch antenna. The pro-
posed meta-patch antenna outperforms most flexible MTM-
based antennas in terms of both gain and efficiency, despite
its compact size. Although the work in [41] reports higher
gain and efficiency, it is important to note that these results
are associated with larger antenna dimensions.

III. DESIGN OF SEVEN-STAGE CWVM RECTIFIER
The ambient RF energy in the indoor environments is usually
available in low power density, which range from−60 dBm to
−20 dBm, therefore designing a rectifier circuit able to obtain
a high output power from low input power range is essential
to provide sufficient power for energizing the differentWMS.
In this work, a seven stage CWVM has been designed to
achieve this purpose. The decision to use seven stages in
the voltage multiplier circuit was primarily influenced by the
escalating parasitic effects of each capacitor stage, resulting
in cumulative losses that ultimately reduce the voltage
gain [47], [48], [49]. The role of diodes is fundamental in
designing the rectifier circuit as the sensitivity of the rectifier
depends directly on the diode used. According to [50] the
SMS7630 Schottky diode from Skyworks is the best to be
used for rectification and impedance in RFEH systems. This
diode provides several advantages for use in RFEH, such
as low forward voltage drops, fast switching speed, high-
frequency operation, cost effectiveness, surface-mountability,
low capacitance, and small series resistance [51]. Hence,
we have selected the SMS 7630 Schottky diode for this
design.

The Harmonic Balance (HB) solver in the Advanced
Design System (ADS) simulator software was utilized to
simulate the seven-stage CWVM rectifier, and the nonlinear
SPICE model of the Schottky diode was employed during
the simulation. Additionally, co-simulation was performed
in ADS Momentum to encompass the impact of the
layout on the circuit’s performance. Murata capacitors were
utilized in the co-simulation to accurately emulate realistic
performance.

Fig. 9(a) shows the schematic of the proposed seven-stage
CWVM rectifier, which includes an L-shaped Impedance
Matching Network (IMN) to to ensure matching with 50 �,
a seven-stage voltage multiplier circuit, a filter capacitor,
and a load resistance. The proposed rectifier is optimized
to operate in the same frequency band as the proposed
meta-patch antenna. The optimized design parameters for the
proposed rectifier circuit are outlined in Table 5.

The layout of the seven-stage CWVM rectifier circuit
is shown in Fig. 9(b). The trace length and width were
specifically chosen to optimize the performance of the
rectifier. These trace dimensions ensure minimal resistive
losses and maintain impedance matching. The specific trace
dimensions were determined through iterative simulations
and optimizations using ADS to achieve the best performance
in terms of efficiency and output power under the given
operating conditions.
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TABLE 4. Comparison of prior works on MTM-based flexible antennas.

FIGURE 9. CWVM rectifier design and fabrication; (a) schematic of the seven-stage CWVM
rectifier circuit; (b) layout of the proposed rectifier(dimensions in mm); (c) actual figure of the
fabricated rectifier circuit prototype.

TABLE 5. Lumped component values mounted on the proposed rectifier.

The actual figure of the fabricated prototype of the seven-
stage CWVM rectifier circuit is shown in Fig. 9(c). The
rectifier was fabricated on an FR4 substrate, which has a

dielectric constant of 4.5, a loss tangent of 0.02, and a
thickness of 1.6 mm.

A. PERFORMANCE ANALYSIS OF SEVEN-STAGE CWVM
RECTIFIER
To verify the performance of the proposed rectifier before
incorporating it with the meta-patch antenna, a seven-
stage CWVM rectifier was fabricated and tested indepen-
dently. The simulated and measured results of the proposed
rectifier’s reflection coefficient are illustrated in Fig. 10.
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Visualizing the rectifier’s wideband performance within a
specific frequency band remains quite challenging due to
the significant variation in impedance caused by dependent
variables [48]. The measured result shows that the proposed
rectifier achieved awide bandwidth from 2.2GHz to 2.8GHz,
making it well-suited for RFEH at the desired frequency
band. VNA was used as a signal generator to inject the
proposed rectifier with the RF signal at 2.45 GHz. A digital
oscilloscope was employed to measure the DC output voltage
at the output load resistance.

Fig. 11. presents a comparison between the simulated
and measured DC output voltage as well as output power
across different input power levels for the proposed rectifier.
The proposed rectifier exhibited simulated and measured
DC output voltages of 3.77 V and 3.18 V, respectively,
at an input power of 0 dBm. Correspondingly, the simulated
and measured output powers were 282 µW and 202 µW,
indicating the performance of the rectifier under different
input power environments.

FIGURE 10. Simulated and measured reflection coefficient of the
proposed CWVM rectifier.

In Fig. 12. the simulated and measured PCE of the seven-
stage CWVM rectifier is illustrated. The PCE of the seven-
stage CWVM rectifier is computed as follow:

PCE(%) =
V 2
DC

Pin × RL
× 100 (7)

where VDC represents the measured DC output voltage across
the load resistance, RL refers to the output load resistance,
and Pin is the input RF power supplied to the rectifier
circuit. The proposed rectifier achieved a simulated PCE of
28.45% and a measured PCE of 20.22% at an input power
of 0 dBm with a load resistance of 50 k�. The measured
results of the proposed rectifier may not fully replicate the
conditions under which the rectifier operates in the rectenna
system. Factors such as impedance matching, cable lengths,
and other variables could affect the rectifier’s performance
when attached directly to the VNA. However, the overall PCE

FIGURE 11. Simulated and measured DC output power and voltage of the
CWVM rectifier circuit at various input power levels.

of the system increased significantly when the rectifier was
integrated with the meta-patch antenna, forming the meta-
patch rectenna system, as demonstrated in the subsequent
performance analysis section.

FIGURE 12. Simulated and measured PCE of the proposed seven-stage
CWVM rectifier.

IV. PERFORMANCE ANALYSIS OF THE META-PATCH
RECTENNA ARRAY
The integration of the proposed meta-patch antennas with
seven-stage CWVM rectifiers formed a 2 × 2 meta-patch
rectenna array, as illustrated in Fig. 13. The antennas were
attached to the rectifiers using male and female SMA
connectors. Although the use of SMA connectors might
affect the wearability of the rectenna array, the choice of
SMA connectors was due to their low-loss characteristics
and reliability. To ensure flexibility and cohesion within
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the rectenna array, the array was attached to a 2 mm thick
felt fabric layer. Each antenna within the 2 × 2 meta-patch
rectenna array is positioned opposite the others, with a gap
distance of 2.5 cm between each rectenna to prevent mutual
coupling effects and impedance mismatch. Additionally, this
configuration minimizes the space occupied by the rectenna
array. The overall dimensions of the proposed 2 × 2 meta-
patch rectenna array measure 15.5 cm× 23.25 cm. The meta-
patch rectenna array is connected in series to achieve a high
DC output voltage.

FIGURE 13. Experimental setup for the proposed meta-patch rectenna
array.

To assess how the performance of the meta-patch rectenna
array is influenced by increasing the number of rectenna
elements, an experiment was conducted involving a single
meta-patch rectenna element, a 2 × 1 meta-patch rectenna
array, and a 2 × 2 meta-patch rectenna array, all subjected to
continuous wave RF power. An examination was carried out
to determine how varying the input power level affected the
DC output voltage and DC output power. The experimental
setup for testing and evaluating the DC output voltage at
the terminals of the output load resistance is depicted in
Fig. 13. A VNA is used to transmit the RF signal through
a horn antenna with an 18 dBi gain at 2.45 GHz. The
meta-patch rectenna array is connected to an oscilloscope
to measure the DC output voltage. To ensure that the
experiment remains within the far-field region of the trans-
mission and receiving antennas, the proposed meta-patch
rectenna array is positioned 2 meters away from the horn
antenna.

Fig. 14 illustrates the DC output power of a single element
rectenna at different input power levels. The proposed
rectenna achieved a DC output power of 414 µW at
−1 dBm input power and a load resistance of 50 k�.
Fig. 15 demonstrates a comparison of the PCE of a single
element, 2 × 1, and 2 × 2 meta-patch rectenna versus
various input power levels. The single-element meta-patch
rectenna achieved a maximum PCE of 52% at −1 dBm and
a load resistance of 50 k�. The results of the single-element
meta-patch rectenna demonstrate a significant improvement
compared to testing the rectifier alone. This enhancement
can be attributed to several factors, such as the integration of
the rectifier with the meta-patch textile antenna, significantly
enhancing the capture of RF energy from the RF source, due
to its high efficiency, gain, and directivity.

Fig. 16 depicts the measurement of DC output power
of the 2 × 1 meta-patch rectenna array at different input
power levels. The proposed 2 × 1 meta-patch rectenna array

FIGURE 14. Performance of a single-element meta-patch rectenna: DC
output voltage and power at various input power levels.

exhibited a DC output power of 429 µW at an input power
of −1 dBm. Thus, we can observe that the DC output power
increased by 15 µW compared to the single rectenna element
at the same input power level. The maximum PCE of the
2× 1 meta-patch rectenna array increased slightly compared
to the single element achieving 53 % at −1 dBm and a load
resistance of 100 k�, as shown in Fig. 15.

FIGURE 15. Comparison of the PCE of single element, 2 × 1, and
2 × 2 meta-patch rectennas.

Subsequently, a 2×2 meta-patch rectenna array is tested at
different power levels. The DC output power of the proposed
2 × 2 meta-patch rectenna array was 450 µW recording an
increment by 21 µW compared to the 2 × 1 meta-patch
rectenna array and 36 µW compared to the single rectenna
element at an input power of −1 dBm, as demonstrated
in Fig. 17. The proposed 2 × 2 meta-patch rectenna array
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FIGURE 16. Performance of 2 × 1 meta-patch rectenna: DC output voltage
and power at various input power levels.

exhibited higher efficiency than single element and 2 × 1
rectenna array achieving a 56% at −1 dBm and a load
resistance of 200 k�., as depicted in Fig. 15. The observed
increase in PCE when progressing from a single element
to a 2 × 2 array can be attributed to several factors: the
2 × 2 array’s higher gain and improved directivity capture
more RF energy, resulting in greater effective input power
for rectification. Additionally, enhanced impedancematching
and reduced reactive losses contribute to more efficient power
transfer.

FIGURE 17. Performance of 2 × 2 meta-patch rectenna: DC output voltage
and power at various input power levels.

The results show that the proposed meta-patch rectenna,
whether as a single element, 2×1 rectennas, or 2×2 rectenna
array, achieved a sufficient amount of power with good PCE
at low input power levels, making it suitable for efficiently
energizing wide range of low-power WMS.

A. META-PATCH RECTENNA ARRAY MEASUREMENTS ON
HUMAN BODY
On-body tests were conducted to assess wearability, com-
fort, and to understand how the dielectric properties and
movement patterns of the body affect the performance of the
2 × 2 meta-patch rectenna array. Fig. 18 illustrates the DC
output voltage and power of the rectenna array placed on the
human body at different input power levels. The proposed
2 × 2 meta-patch rectenna array achieved a maximum DC
output power of 366.3µWat an input power of−1 dBm and a
load resistance of 200 k�. ThemaximumPCE of the rectenna
array was 46% under similar conditions, as demonstrated
in Fig. 19. These results indicate a minor deterioration in
performance compared to the results in free space due to
slight absorption and reflection of RF energy by human
tissues.

FIGURE 18. Performance of the proposed 2 × 2 meta-patch rectenna
array on the human body: Measured DC output power and voltage versus
various input power levels.

FIGURE 19. PCE of the proposed 2 × 2 meta-patch rectenna array on the
human body.

To evaluate the performance of the rectenna array in
realistic indoor environments where Wi-Fi signals are typi-
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TABLE 6. Comparison of related work on wearable rectenna arrays.

cally present, tests were conducted under Wi-Fi conditions.
Fig. 20 shows the DC output power and voltage at varying
distances from the router (ASUS AC3100). The rectenna
array achieved a maximum DC output power of 102.1 µW
at a distance of 10 cm from the router. The results
highlight the impact of human body properties on rectenna
array performance and its behavior under Wi-Fi conditions.
Although a slight decline in performance was observed
compared to free-space conditions, the rectenna array still
demonstrated significant potential for efficient energy har-
vesting, particularly in realistic indoor environments.

Table 6 provides a comparison of the proposed meta-patch
rectenna array with related works on flexible rectenna arrays
for wearable applications. Notably, this study introduces the
first MTM-based wearable rectenna array system. Compared
to existing literature, the proposed rectenna array achieves
high DC output power and PCE at low input power ranges.
It is noteworthy that the measurements in this study were
conducted without the use of a voltage booster attached
to the rectenna, which have been commonly employed in
experiments of many wearable rectenna systems and can
significantly impact measurement results. The measured
results of the proposed rectenna array, both on and off the
body and under continuous RF wave or Wi-Fi conditions,
show promising potential for efficiently powering numerous
low-power WMS.

B. POTENTIAL WEARABLE MEDICAL APPLICATIONS
The power consumption of WMS is a critical factor that
affects their performance and usability. It depends on
several factors, including the type of sensor, data processing
capabilities, communication protocols, and the efficiency
of power management strategies. Some WMS with low
power consumption include temperature sensors (113 pWand
1.4 µW) [52], [53], [54], [55], [56], cardiac activity sensors
(0.3 µW) [57], electrocardiogram (ECG) amplifier sensors
(2.76 µ W) [58], electronic-nose sensors (250 µW) [59],

FIGURE 20. Performance of the 2 × 2 meta-patch rectenna array under
Wi-Fi conditions: DC output power and voltage at varying distances from
the router.

and other low power consumption biosensors with power
requirement ranging from 9.3 nW to 436µW [60], [61], [62].
The proposed meta-patch rectenna array, available in

single-element, 2 × 1, and 2 × 2 configurations, with a DC
output power range of 1 to 450 µW, promises to supply
adequate power for numerous low-powerWMS. Future plans
involve integrating a power management unit (PMU) with
the meta-patch rectenna array to optimize energy conversion
and storage. This integration offers an alternative power
source, enhancing the efficiency of energy harvesting and
management.

The adoption of the meta-patch rectenna array as a power
solution for wearable medical applications could further
improve healthcare technologies, offering reliable and sus-
tainable power generation. By effectively generating power
and integrating PMU functionality, the proposed rectenna
array system has the potential to significantly enhance
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the performance and usability of various WMS, thereby
improving patient care and healthcare system effectiveness.

V. CONCLUSION
The design, development, and evaluation of the metasurface-
based flexible rectenna array system are presented in this
article. The proposed meta-patch antenna, with high gain
and efficiency, enhances the overall performance of the
rectenna array system when integrated with a seven-stage
CWVM rectifier designed for efficient operation in low input
power ranges. The 2 × 2 meta-patch rectenna configuration
achieved a PCE of 56% with a DC output power of 450 µW
at an input power of −1 dBm. The ability of the rectifier to
obtain high DC output power even at low input power levels
is a key feature that enhances the overall effectiveness of
the proposed rectenna system. Additionally, the 2 × 2 meta-
patch rectenna array was tested on the human body to assess
its wearability, achieving a PCE of 46% with a DC output
power of 366.3 µW at −1 dBm input power. Furthermore,
the 2× 2 meta-patch rectenna array was evaluated in realistic
indoor environments under Wi-Fi conditions. At a distance
of 10 cm from the router, the proposed 2 × 2 meta-patch
rectenna array exhibited a DC output power of 102.1 µW.
These findings indicate that the meta-patch rectenna array
system is capable of supplying sufficient power for a wide
range of WMS. Future work involves further optimization of
the proposed rectenna array and its integration with various
WMS.
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