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ABSTRACT:A compact wideband antenna suitable for RF energy harvesting applications is presented in this paper. The proposed antenna
consists of a slotted rectangular radiating patch excited by a coplanar waveguide (CPW) feed and implemented on an FR4 substrate
with overall dimensions of 40 × 40 × 1.6mm3. A wide impedance bandwidth is achieved through the combined use of a hybrid
hexagonal defective ground structure (DGS) and multi-slot loading of the radiating patch, where the patch is embedded within the slotted
ground plane to achieve size reduction and enhanced impedance matching. The antenna exhibits a measured impedance bandwidth
of 3.61GHz (|S11| ≤ −10 dB) ranging from 2.18GHz to 5.79GHz, covering the Wi-Fi and sub-6GHz 5G frequency bands. Stable
radiation characteristics are observed across the operating band, with a figure-of-eight radiation pattern, a peak gain of 3.67 dB at 3GHz,
and a minimum gain of 2.73 dB at 5GHz. The antenna exhibits radiation efficiency greater than 95% throughout the operating band,
with a maximum value approaching 98%. The antenna is designed and optimized using ANSYS HFSS and experimentally validated
through Vector Network Analyzer and anechoic chamber measurements, showing good agreement between simulated and measured
results. Owing to its wide bandwidth, compact size, and stable radiation performance, the proposed antenna is well-suited for wideband
RF energy harvesting, with future integration into a rectenna system.

1. INTRODUCTION

The increasing proliferation of wireless communication sys-
tems operating acrossmultiple frequency bands has resulted

in a dense ambient electromagnetic environment. Frequency
bands such as Wi-Fi (2.4/5GHz) and sub-6GHz 5G are con-
tinuously occupied, making them attractive sources for ambi-
ent RF energy harvesting to power low-energy electronic de-
vices, wireless sensor nodes, and Internet of Things (IoT) ap-
plications. In such systems, the antenna plays a critical role, as
it must simultaneously offer wide impedance bandwidth, com-
pact size, stable radiation characteristics, and high radiation ef-
ficiency.
Conventional narrowband antennas are inadequate for radio-

frequency (RF) energy harvesting, as they can capture energy
only from limited frequency ranges. Consequently, wideband
and multiband antennas have attracted significant research in-
terest. Among various feeding techniques, coplanar waveguide
(CPW) feeding has emerged as a preferred choice due to its
low radiation loss, ease of fabrication, reduced parasitic effects,
and seamless integration with rectifying circuits. Furthermore,
CPW-fed antennas allow for flexible ground-plane modifica-
tions, which can be effectively exploited to enhance impedance
bandwidth.
Various bandwidth enhancement techniques have been

reported in the literature, including slot loading of radiating
patches, defective ground structures (DGSs), and ground plane
perturbations [1–5]. Slotting the radiating element alters the
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surface current distribution, introduces additional resonant
modes [6], and increases the effective electrical length without
enlarging the antenna’s physical size [7]. Similarly, defective
ground structures modify the current flow in the ground
plane [8], leading to improved impedance matching and
bandwidth enhancement. However, many reported designs
either occupy large physical areas, exhibit limited bandwidth,
or suffer from reduced radiation efficiency when implemented
on low-cost substrates such as FR4.
In recent years, several CPW-fed slot and DGS-based anten-

nas have been proposed for wideband applications [9]. Never-
theless, achieving simultaneous wide bandwidth, compact size,
and stable radiation patterns remains a challenging task, partic-
ularly for RF energy harvesting systems that require consistent
performance across a broad frequency range [10]. Additionally,
many designs do not adequately address size reduction while
maintaining high efficiency, which is essential for practical de-
ployment [11–15].
In addition to conventional receiving antennas, recent

research has increasingly explored metasurface-assisted RF
energy-harvesting techniques to improve electromagnetic
energy capture and wireless power transfer efficiency. Trans-
parent rectifying metasurfaces have been investigated for
simultaneous dual-band RF energy harvesting while pre-
serving optical transparency [16]. Reconfigurable intelligent
metasurfaces have also been proposed to dynamically enhance
wireless power transfer and communication performance
through adaptive electromagnetic wave manipulation [17].
Furthermore, spin-selective metasurfaces capable of achieving
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nearly perfect electromagnetic wavefront manipulation have
demonstrated the significant potential of advanced metasurface
technologies for future wireless systems [18]. Although these
approaches provide attractive functionalities, they generally
involve considerably higher structural complexity and fab-
rication requirements than conventional planar antennas. In
contrast, the present work focuses on the development of a
compact, low-cost, and experimentally validated wideband
receiving antenna that can serve as the front-end element of
future broadband RF energy-harvesting systems.
Although numerous CPW-fed slot antennas and defective

ground structure (DGS)-based antennas have been reported
for wideband wireless applications, simultaneously achiev-
ing compact size, wide impedance bandwidth, stable radiation
characteristics, and simple low-cost implementation remains a
significant challenge. Most reported designs employ slot load-
ing, ground-plane modification, or feed optimization individ-
ually to improve impedance matching. However, relatively
few studies have exploited the combined interaction among
asymmetric CPW excitation, radiator perturbation, and defec-
tive ground engineering to realize multiple closely spaced res-
onant modes over a broad operating bandwidth while main-
taining a compact footprint. Furthermore, the development of
compact broadband receiving antennas suitable for future RF
energy harvesting systems has received comparatively less at-
tention than complete rectenna implementations, thereby moti-
vating the present work.
The proposed antenna employs an embedded slotted rect-

angular radiator, asymmetric CPW excitation, dual-slot load-
ing, and a hybrid hexagonal defective ground structure to si-
multaneously improve impedance matching, enhance electro-
magnetic coupling, and excite multiple closely spaced resonant
modes while maintaining a compact footprint. The term “hy-
brid” refers to the combined bandwidth enhancement achieved
through the interaction of these complementary design features
rather than the ground slot geometry alone. This integrated de-
sign approach enables wideband operation while maintaining
compact dimensions and stable radiation characteristics using
a simple single-layer FR4 substrate.
The present work focuses on the design, optimization, fab-

rication, and experimental validation of the receiving antenna,
which constitutes the first stage of a broadband RF energy har-
vesting (rectenna) system. The primary objective is to develop
a compact wideband antenna capable of efficiently capturing
ambient RF signals acrossmultiple communication bandswhile
maintaining stable radiation characteristics and high radiation
efficiency. The integration of the proposed antenna with a
broadband rectifier and the evaluation of RF-to-DC conversion
efficiency are beyond the scope of the present study and will be
investigated in future work.
In this work, a compact CPW-fed slotted rectangular patch

antenna incorporating a hybrid hexagonal defective ground
structure with linear polarization is proposed for wideband RF
energy harvesting applications. The proposed antenna employs
an embedded slotted radiator, asymmetric CPW excitation, and
dual-slot loading to excite multiple closely spaced resonant
modes while maintaining a compact footprint. As a result,

the antenna achieves a measured impedance bandwidth from
2.18GHz to 5.79GHz (90.6% fractional bandwidth), covering
2.4/5GHz WLAN bands and sub-6GHz 5G spectrum. The
antenna is fabricated on a low-cost FR4 substrate and experi-
mentally validated via reflection coefficient, gain, radiation pat-
tern, and radiation efficiency. Owing to its compact size, wide
impedance bandwidth, stable radiation characteristics, and high
radiation efficiency, the proposed antenna is well-suited as the
receiving element of future broadband RF energy harvesting
(rectenna) systems as well as wideband wireless communica-
tion applications.

2. ANTENNAGEOMETRY AND DESIGN PARAMETERS
The geometry of the proposed CPW-fed wideband antenna is
shown in Fig. 1, with all critical dimensions annotated. The
antenna is fabricated on an FR4 substrate of thickness h =
1.6mm, relative permittivity εr = 4.4, and loss tangent tanδ =
0.02, with an overall footprint of 40× 40mm2.

FIGURE 1. Proposed wideband antenna.

The radiating element is a rectangular patch of dimensions
17.75×14.4mm2, positioned inside a hybrid hexagonal slotted
ground plane to achieve compactness and wideband impedance
matching. The hexagonal slot etched in the ground plane has
an edge length of 18mm, forming a defective ground struc-
ture (DGS) that modifies the surface current distribution and
contributes to bandwidth enhancement. A coplanar waveg-
uide (CPW) feed is employed, with a feed-line dimension of
5.25× 3.08mm2 and a CPW gap of 0.46mm, ensuring a char-
acteristic impedance of approximately 50Ω. The characteristic
impedance of the CPW feed can be expressed as [19, 20]

Z0 =
30π√
εeff

K(k′)

K(k)
(1)

whereK is the complete elliptic integral of the first kind,

k =
Wf

Wf + 2g
(2)

k′ =
√
1− k2 (3)

with Wf being the feed width and g the CPW gap. The feed
dimensions are optimized to ensure proper impedancematching
over the operating frequency band.
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FIGURE 2. Design evolution of the proposed antenna.

To excite multiple resonant modes and improve impedance
matching, the feed is intentionally placed off-center toward the
left-hand side of the patch, rather than at the geometric center.
This asymmetry perturbs the current distribution and assists in
exciting higher-order resonant modes. Two rectangular slots
are etched on the radiating patch to generate additional reso-
nances. The first slot of size 3.5 × 4mm2 is etched near the
top-left corner of the patch, positioned 1mm away from the
patch edge, while the second slot of size 3.5× 3mm2 is etched
at the center of the top edge. The separation between the two
slots is maintained at 1.4mm, ensuring controlled coupling be-
tween resonant modes.
The patch is vertically offset by 0.84mm above the ground

plane on the bottom side, which modifies the electromagnetic
coupling between the patch and the ground plane and further al-
ters the effective current path, assisting in wideband impedance
matching. All optimized design parameters are summarized in
Table 1.

TABLE 1. Optimized design parameters.

Parameter a b c d e f g

Dimension (mm) 40 18 14.25 8.86 5 3.5 4
Parameter h i j k l m n

Dimension (mm) 3 1 1.4 9 4.4 3.08 23

The initial dimensions of the radiating patch were estimated
using the conventional microstrip antenna design methodology
corresponding to the desired center frequency. Subsequently,
the CPW feed dimensions were determined to realize a char-
acteristic impedance of 50Ω using (1)–(3). Owing to the intro-
duction of an asymmetric CPW feed, a hybrid hexagonal defec-
tive ground structure, an embedded radiator configuration, and
dual-slot loading, the analytical design equations provide only
the initial design estimates. Therefore, all geometry param-
eters were further optimized using the full-wave electromag-
netic simulator ANSYS High-Frequency Structure Simulator
(HFSS) to obtain wide impedance bandwidth while maintain-
ing compact dimensions and stable radiation characteristics.

FIGURE 3. Simulated reflection coefficient during the antenna design
evolution.

3. ANTENNA DESIGN EVOLUTION
The design evolution of the proposed antenna is illustrated in
Fig. 2, and the corresponding simulated S11 responses are pre-
sented in Fig. 3. Initially, a rectangular strip line excited via
CPW feeding and placed within a hexagonal slotted ground
plane produced a single resonance around 5.8GHz, thoughwith
poor impedance matching. Subsequently, the ground plane
width was increased by 4.6mm, which altered the electro-
magnetic coupling around the hexagonal slot, resulting in im-
proved impedance matching at the resonant frequency. Replac-
ing the strip line with a rectangular patch radiator extended the
impedance bandwidth to approximately 3–5.5GHz, indicating
the excitation of multiple resonant modes.
To further enhance bandwidth, a 3.5×4mm2 slot was etched

near the top-left corner of the patch. This perturbation increased
the effective electrical length of the surface current path, lead-
ing to improved matching at lower frequencies. Finally, an ad-
ditional 3.5 × 3mm2 slot etched at the center of the top edge
of the patch introduced another resonant mode, resulting in a
continuous wideband impedance response from 2.18GHz to
5.79GHz, corresponding to a total bandwidth of 3.61GHz for
|S11| ≤ −10 dB.
The observed bandwidth enhancement is attributed to the

progressive excitation and coupling of multiple resonant modes
introduced by each design modification. The asymmetric CPW
feed improves impedance matching bymodifying the input cur-
rent distribution, while the hybrid hexagonal defective ground
structure alters the ground current path and enhances electro-
magnetic coupling between the radiator and the ground plane.
The dual rectangular slots further perturb the surface cur-
rent distribution, producing additional closely spaced resonant
modes that merge to realize the measured wideband response.

4. PARAMETRIC ANALYSIS
To study the sensitivity of the proposed antenna to key geomet-
rical parameters and to identify the dominant factors govern-
ing wideband operation, a parametric analysis was carried out
using ANSYS HFSS. The effects of the first rectangular slot
width, second rectangular slot width, and ground plane length

176 www.jpier.org



Progress In Electromagnetics Research C, Vol. 172, 174–182, 2026

FIGURE 4. Simulated reflection coefficient for different values of the
first rectangular slot width.

FIGURE 5. Simulated reflection coefficient for different values of the
second rectangular slot width.

on the impedance characteristics are investigated while keeping
all other parameters unchanged. The corresponding simulated
reflection coefficients are shown in Figs. 4–6.

4.1. Effect of First Rectangular Slot Width
The effect of varying the width of the first rectangular slot, lo-
cated near the top-left corner of the patch, on the reflection coef-
ficient is shown in Fig. 4. The slot width is varied from 0.8mm
to 4mm in steps of 0.8mm.
Although variations in the width of the first rectangular slot

produce only minor changes in the overall impedance band-
width, the slot plays an important role in modifying the sur-
face current distribution and improving impedance matching
within the lower andmiddle portions of the operating band. The
first slot perturbs the dominant current path, thereby enhancing
electromagnetic coupling between the radiator and the hybrid
hexagonal defective ground structure. Consequently, the first
slot contributes primarily to impedance stabilization and mode
tuning rather than bandwidth expansion.

4.2. Effect of Second Rectangular Slot Width
Figure 5 illustrates the effect of varying the width of the sec-
ond rectangular slot, etched at the center of the patch’s top
edge. The slot width is varied from 0.5mm to 3mm in steps
of 0.5mm.
Similar to the first slot, the second rectangular slot has only a

limited influence on the overall impedance bandwidth when its
width is varied. However, its primary function is to facilitate
coupling between adjacent resonant modes generated by the ra-
diator and the defective ground structure. This controlled mode
interaction results in a smoother impedance transition over the
operating band, thereby improving impedance matching with-
out significantly altering the overall bandwidth. Therefore, the
second slot acts mainly as a mode-coupling element that con-
tributes to the stable wideband response of the proposed an-
tenna.

4.3. Effect of Ground Plane Length
The influence of ground plane length on impedance character-
istics is shown in Fig. 6. The ground plane length is varied from
9mm to 5mm in steps of 1mm.
In contrast to the slot parameters, the ground plane length

exhibits a significant impact on both impedance bandwidth and
resonant frequency location. A pronounced increase in band-
width is observed as the ground plane length is reduced. Ad-
ditionally, a clear shift of the operating frequency band toward
lower frequencies is evident.
The parametric investigation demonstrates that the ground-

plane length is a dominant parameter governing the operating
bandwidth, while the two rectangular slots primarily optimize
impedance matching and control the interaction among multi-
ple resonant modes. Consequently, the proposed wideband per-
formance is achieved through the combined action of the hybrid
hexagonal defective ground structure, asymmetric CPW excita-
tion, and slot loading rather than the influence of any individual
parameter alone.

5. SIMULATED AND MEASURED RESULTS
The electromagnetic performance of the proposed wideband
antenna is analysed using ANSYS HFSS and experimentally
validated via measurements carried out using a Vector Network
Analyzer (VNA) and an anechoic chamber. The simulated and
measured results are presented and discussed in terms of reflec-
tion coefficient, gain, radiation efficiency, and radiation pat-
terns, demonstrating good agreement and validating the effec-
tiveness of the proposed design.

5.1. Reflection Coefficient (S11) Analysis
The simulated and measured reflection coefficients of the pro-
posed antenna are shown in Fig. 7. A good correlation between
the simulated and measured results is observed across the entire
operating band. The antenna exhibits a measured impedance
bandwidth of 3.61GHz, extending from 2.18GHz to 5.79GHz
for the criterion |S11| ≤ −10 dB. This wideband response ef-

177 www.jpier.org



Vijetha, Sudharshan, and Kumar

FIGURE 6. Simulated reflection coefficient for different ground-plane
lengths.

FIGURE 7. Simulated and measured S11.

FIGURE 8. Simulated and measured gains. FIGURE 9. Simulated and measured radiation efficiencies.

fectively covers the 2.4GHz Wi-Fi band as well as the sub-
6GHz 5G frequency range, making the antenna suitable for
wideband wireless and RF energy harvesting applications.
Minor discrepancies between the simulated andmeasured re-

sults, particularly at higher frequencies, can be attributed to fab-
rication tolerances, SMA connector losses, soldering effects,
and dielectric constant variations of the FR4 substrate. Nev-
ertheless, the overall agreement confirms the reliability of the
design methodology and optimization process.

5.2. Gain and Radiation Efficiency

The simulated and measured peak gain variations of the pro-
posed antenna across the operating frequency band are illus-
trated in Fig. 8. The antenna achieves a maximum measured
gain of 3.67 dB at 3GHz, while the minimum gain of 2.73 dB
is observed near 5GHz. A relatively stable gain profile is main-
tained throughout the band, which is essential for wideband en-
ergy harvesting and communication systems.
Figure 9 presents the simulated and measured radiation effi-

ciencies of the proposed antenna over the operating frequency
band. A close agreement between the simulated and measured

results is observed, confirming the reliability of the proposed
design. The antenna exhibits radiation efficiency greater than
95% throughout the operating band, with a maximum value
approaching 98%. Although FR4 possesses a relatively high
dielectric loss tangent (tan δ = 0.02), the proposed antenna
maintains high radiation efficiency owing to several design fea-
tures. The CPW-fed configuration minimizes parasitic radia-
tion and provides efficient impedance matching, while the hy-
brid hexagonal defective ground structure and optimized slot
configuration improve electromagnetic coupling and reduce
mismatch losses. Furthermore, the compact radiator geome-
try enables efficient excitation of the dominant resonant modes,
resulting in effective radiation across the entire operating band-
width. The close agreement between simulated and measured
efficiencies further validates the effectiveness of the proposed
antenna configuration.

5.3. Radiation Pattern Characteristics

The simulated and measured radiation patterns of the proposed
antenna in the E-plane (φ = 0◦) and H-plane (φ = 90◦) at
frequencies 2.5, 3, 3.5, 4, 4.5, and 5GHz are shown in Fig. 10.
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(a) (b)

(c) (d)

(e) (f)

FIGURE 10. Simulated and measured radiation patterns (E-plane andH-plane) at different frequencies. (a) at 2.5GHz, (b) at 3GHz, (c) at 3.5GHz,
(d) at 4GHz, (e) at 4.5GHz, and (f) at 5GHz.

Across the operating band, the antenna exhibits a stable
figure-of-eight radiation pattern, which is a characteristic of
CPW-fed planar antennas with defective ground structures. The
patterns remain consistent with minimal distortion, indicating
stable radiation behavior over the wide frequency range. Close
agreement between simulated and measured radiation patterns
is observed at all frequencies, validating the robustness of the
proposed antenna design. Slight asymmetry in the measured

patterns is attributed to measurement uncertainties, connector
effects, and finite ground plane size.
Table 2 summarizes the measured half-power beamwidth

(HPBW) of the proposed antenna in both the E- and H-planes
at selected operating frequencies. The measured HPBW
remains relatively stable throughout the operating band,
demonstrating consistent radiation characteristics despite the
excitation of multiple resonant modes. A slight variation in
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(a) (b)

(c) (d)

(e) (f)

FIGURE 11. Simulated surface current distributions at different operating frequencies. (a) at 2.5GHz, (b) at 3GHz, (c) at 3.5GHz, (d) at 4GHz, (e)
at 4.5GHz, and (f) at 5GHz.

beamwidth is observed with increasing frequency due to the
redistribution of surface currents associated with higher-order
resonant modes. At 5GHz, the H-plane radiation pattern does
not exhibit a distinct single main lobe; therefore, the HPBW
is not reported for this case. Overall, the measured results
confirm that the proposed antenna maintains stable radiation
behavior over the entire operating bandwidth.

5.4. Surface Current Distribution and Electromagnetic Interpre-
tation

To further understand thewideband operatingmechanism of the
proposed antenna, the simulated surface current distributions
at 2.5, 3, 3.5, 4, 4.5, and 5GHz are illustrated in Fig. 11. The
current distributions reveal that different structural elements be-

TABLE 2. Measured half-power beamwidth (HPBW) of the proposed
antenna in theE-plane andH-plane at selected operating frequencies.

Frequency (GHz) E-plane HPBW (◦) H-plane HPBW (◦)
2.5 57.2 41.4
3.0 48.5 45.8
3.5 43.8 47.4
4.0 37.0 55.9
4.5 46.6 48.8
5.0 59.0 N/A

come dominant at different frequencies, thereby confirming the
excitation of multiple closely spaced resonant modes responsi-
ble for the observed wide impedance bandwidth.
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TABLE 3. Comparison with recently reported wideband antennas.

Ref. No Substrate Dimensions (λ) Bandwidth Peak Gain, dB Efficiency (%)
1 FR4 0.41λ0 × 0.33λ0 × 0.018λ0 3.3GHz to 6GHz 3.54 81
2 jeans 0.63λ0 × 0.56λ0 × 0.014λ0 3.87 GHz to 5.914 GHz 2.98 87
3 FR4 0.30λ0 × 0.30λ0 × 0.014λ0 2.56GHz–4.3GHz 5.7 90
4 FR4 0.18λ0 × 0.28λ0 × 0.019λ0 3.6 to 5.5GHz 6 90

This work FR4 0.29λ0 × 0.29λ0 × 0.012λ0 2.18GHz to 5.79GHz 3.67 97

(a) (b)

(c)

FIGURE 12. Fabricated antenna prototype and experimental measurement setup. (a) Fabricated antenna, (b) S11 measurement setup with VNA, and
(c) antenna measurement setup in an anechoic chamber.

At 2.5GHz, the surface current is predominantly concen-
trated along the outer edges of the rectangular radiator and
around the lower portion of the hybrid hexagonal defective
ground structure. The current follows a relatively long path,
indicating excitation of the fundamental resonant mode respon-
sible for the lower-frequency operation. At 3GHz and 3.5GHz,
the current density increases around the asymmetric CPW-feed
junction and the left rectangular slot. The slot perturbs the dom-
inant current path and improves electromagnetic coupling be-
tween the radiator and the defective ground structure, thereby
enhancing impedance matching across the lower and middle
portions of the operating band.
At 4GHz, strong current concentrations are simultaneously

observed around both rectangular slots and edges of the hexago-
nal ground aperture. This indicates the coexistence of multiple
resonant modes, whose mutual coupling results in a continu-
ous impedance response rather than isolated narrowband res-
onances. At 4.5GHz and 5GHz, the current gradually shifts
toward the upper portion of the radiator and the second rectan-
gular slot, while significant current remains around teh edges
of the defective ground structure. The shorter current paths
excited at these frequencies correspond to higher-order reso-
nant modes that extend the impedance bandwidth toward the
upper end of the operating band. Overall, the observed cur-
rent distributions confirm that the proposed wideband perfor-
mance is not produced by a single resonant structure. Instead,
the hybrid hexagonal defective ground structure, asymmetric
CPW excitation, and dual-slot loading collectively generate
multiple closely spaced resonant modes that merge to produce
the measured continuous wideband response from 2.18GHz to
5.79GHz.

5.5. Measurement Setup
The fabricated antenna prototype together with the experimen-
tal measurement setup is shown in Fig. 12. The reflection co-
efficient (S11) of the fabricated antenna was measured using
a calibrated Vector Network Analyzer (VNA), while the radi-
ation pattern, gain, and radiation efficiency were experimen-
tally characterized in a standard anechoic chamber. The mea-
sured results exhibit good agreement with the corresponding
full-wave electromagnetic simulations, thereby validating the
proposed antenna design. Minor discrepancies between the
simulated and measured characteristics are mainly attributed
to fabrication tolerances, SMA connector effects, cable losses,
measurement uncertainties, and slight variations in the dielec-
tric properties of the FR4 substrate. All measurements were
carried out under identical experimental conditions to ensure
the consistency and repeatability of the measured results.

6. COMPARISON WITH EXISTING WORKS
To evaluate the performance of the proposed antenna, a com-
parison with recently reported wideband antennas is presented
in Table 3. The key metrics considered include substrate type,
antenna dimensions, impedance bandwidth, peak gain, and ra-
diation efficiency, which are critical for wideband wireless and
RF energy harvesting applications.

7. CONCLUSION
A compact CPW-fed wideband antenna with a hybrid hexag-
onal defective ground structure has been presented. The
proposed design achieves a measured impedance bandwidth
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of 3.61GHz, spanning 2.18–5.79GHz, thereby covering the
2.4/5GHz Wi-Fi and sub-6GHz 5G frequency bands. The
antenna exhibits a measured peak gain of 3.67 dB at 3GHz
and a minimum measured gain of 2.73 dB at 5GHz, and a
measured radiation efficiency greater than 95%, with a maxi-
mum value approaching 98% across the operating band. The
wideband performance is achieved through a combination of
off-center CPW feeding, patch slotting, and defective-ground
engineering, as confirmed by parametric studies and surface-
current analysis. Simulated and measured results demonstrate
good agreement, validating the design methodology. The
compact size, wide impedance bandwidth, and high radiation
efficiency make the antenna suitable for RF energy harvesting
and wideband wireless applications. Future work includes
integrating the proposed antenna with a rectenna system for
practical energy-harvesting implementations.
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