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ABSTRACT The advancement of wearable ultra-wideband (UWB) antennas for wireless power transmis-
sion (WPT) requires a compact antenna design with high gain and wide bandwidth capability. A wearable
UWB antenna is fabricated that is intended for wireless power transfer applications. A comparative analysis
is presented with respect to the fabricated antenna’s gain, bandwidth, and power transfer capability with
the antenna in the air and when placed on the human skeletal muscle tissue phantom. The fabricated
UWB antenna has a resonating frequency of 3.11 GHz. The designed UWB antenna has realized a gain of
6.35 dBi with fractional bandwidth (FBW) of 69.93%. The measured nearfield S21 parameter portrayed a
maximum power transfer efficiency (PTE) efficiency of 66.3% for a 0.3λ transfer distance along with the
estimated specific absorption rate (SAR) value of 0.794 W/kg when averaged over 10 g tissue and 1.02
W/kg when averaged over 1 g tissue portrays that the proposed design is safe and suitable for wearable
applications.

INDEX TERMS Wearable antenna, High gain, Ultra-wideband (UWB), Flexible antenna, Human tissue
phantom, Wireless power transfer (WPT), Phantom fabrication.

I. Introduction

AT the end of the 19th century, wireless energy trans-
mission became a more and more intriguing research

topic when Nikola Tesla made the discovery. [1]–[5]. In order
to develop reliable wireless communication or WPT, the
design approach of the antenna is a crucial part. An antenna
with at least 0.5 GHz or with bandwidth more than 20%
with respect to center frequency can be considered an ultra-
wideband antenna (UWB) antenna. The creation of efficient
ultra-wideband antennas is necessary owing to the rapid
advancement of wireless technologies. Numerous sensors are
now directly affixed to or even implanted within the human
body [6]–[8]. With the use of wearable technology, prac-
titioners can remotely monitor patients, diagnose illnesses,
and treat patients remotely. The antenna must have good gain
and relatively wide bandwidth while also being flexible, safe
for the human body, and compact. Most literature studies
indicate that microstrip patch antennas are suitable for these
WPT applications due to their compact and inexpensive
fabrication [9]–[18].

Recent prior works have contributed the design ap-
proaches for wearable and conformal antennas, but very

FIGURE 1. The proposed UWB antenna (a) Trimetric view portraying the
individual design layers. The fabricated antenna (b) Front view (c) Back
view.

few of those have focused on the antenna’s ultra-wideband
(UWB) operability, high gain, PTE enhancement, flexibility,
and compactness [19]–[26]. Zhou et al. [19] introduced
a compact broadband planar viaed double-spiral resonator,
which significantly enhances the bandwidth (over 15%)
while maintaining power transfer efficiency, addressing the
inefficiencies commonly encountered in strongly coupled
magnetic resonance (SCMR) systems due to high-dielectric
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interference. This approach highlights the potential of de-
sign innovations in mitigating environmental factors that
typically degrade performance. In another study, Hammoodi
and Ali [20] investigated the bending effects on a UWB
pentagonal antenna, confirming that its design maintains a
robust bandwidth of 111.6% and consistent gain despite
mechanical deformations, which is essential for wearable
applications. Kanagasabai et al. [21] proposed a miniatur-
ized circularly polarized antenna that leverages a textile
substrate to achieve flexibility and integration with cloth-
ing, making it suitable for body-centric communications.
This design further capitalizes on circular polarization’s
advantages, such as multipath immunity, to improve con-
nectivity in wearable networks. Moreover, Gayen et al. [22]
conducted a comprehensive review of planar miniaturized
antennas for wireless capsule endoscopy, underscoring the
need for optimization techniques and material compatibility
in biomedical applications. Sharma et al. [23] presented
a compact printed UWB monopole antenna with a high
rejection capability across multiple bands, illustrating its
potential for multifunctional wireless applications in space-
constrained environments. Fadehan et al. [24] explored elec-
tromagnetic band gap (EBG) structures to achieve dual band-
notch functionalities in UWB antennas, which could serve to
avoid narrow-band interferences effectively. Lastly, Wagih et
al. [25] developed a broadband, substrate-independent textile
antenna capable of simultaneous near- and far-field wire-
less power transmission, demonstrating significant efficiency
and compactness, thereby addressing both power harvest-
ing and operational flexibility for wearable technologies.
Collectively, these studies represent significant strides in
advancing antenna technologies that cater to the multifaceted
requirements of modern wearable applications.

Advancements in wearable antenna design have signif-
icantly improved the performance of antennas for Wire-
less body area networks (WBAN) applications. For exam-
ple, Yimdjo Poffelie et al. introduced an all-textile ultra-
wideband (UWB) antenna with a full-ground plane that
minimizes backward radiation while ensuring high on-body
fidelity, making it highly suitable for body-worn UWB com-
munication systems [27]. Similarly, Samal et al. developed
a textile-based multiband antenna using capacitive coupling
techniques, which supports UWB and WLAN bands and
performs robustly under on-body and bending conditions
[28]. Furthermore, Chen et al. achieved substantial band-
width improvements with a low-profile, circularly polarized
patch antenna by employing Characteristic mode analysis
(CMA), offering a compact and cost-effective solution with
enhanced performance [29]. These contributions provide
critical insights into addressing key challenges in wearable
antenna systems, especially in terms of radiation perfor-
mance, bandwidth enhancement, and flexibility.

Fernández et al. developed a 2.4 GHz fully woven textile-
integrated circularly polarized antenna using a rectangu-
lar patch with chamfered corners and a T-match feeding

network, achieving 45% efficiency under practical condi-
tions and demonstrating excellent integration with textiles,
though adapting this approach for diverse environmental
conditions could unlock further potential [30]. Gopika et
al. proposed a dual-port quasi-self-complementary antenna
integrated with a Yagi element, achieving a 3 dB gain
enhancement in the 1.8–2.3 GHz range and providing a
compact and efficient solution for end-fire radiation, while
future work could explore bandwidth enhancements for
broader applicability [31]. Yang et al. achieved substantial
bandwidth improvements of 120% by employing dispersive
materials in wideband dielectric resonator antennas, ensuring
stable radiation patterns for wireless power transfer systems,
though exploring cost-effective production methods for these
specialized materials could enhance practical adoption [32].
Ma et al. demonstrated a receiving antenna combining a
magnetoelectric (ME) heterostructure and an inductive coil,
enhancing magnetic field coupling at 54 kHz, which is
highly effective for deeply implanted biomedical devices,
while scaling the design for broader applications could
further its impact [33]. Alemaryeen et al. optimized a 915
MHz implanted dipole antenna for biomedical applications,
focusing on effective electromagnetic and thermal design to
minimize tissue heating while maintaining efficient energy
transfer, with opportunities to extend this approach to varied
biological conditions for wider use [34].

The prior works presented the power transfer efficiency
of the wearable antennas but did not show the specific
absorption ratio (SAR) analysis averaged over 1 g and 10 g
of tissue for the entire operational bandwidth of the antenna.
Also, only a few prior works showed the performance of
the antenna with and without the presence of the phantom,
which is needed for more practical performance analysis.
This paper extends the simulated model introduced in [6] by
fabricating the antenna design and providing comprehensive
measurement results, which are compared to the simulated
data for validation. While the fundamental design remains
consistent with [6], our work focuses on the practical imple-
mentation and performance evaluation of the antenna. The
discussion on the fabrication process and testing method-
ologies has been expanded to highlight the innovation and
practical relevance of the design.

Compared to traditional antenna designs, such as standard
rectangular microstrip patches and bowtie antennas, the pro-
posed antenna offers distinct advantages for wireless power
transfer (WPT) applications through its wide bandwidth and
compact form factor. The integration of a loop strip in the
feed path significantly improves impedance matching and
mitigates anti-phase currents, resulting in broader bandwidth
coverage, which is crucial for efficient power transfer across
a wide frequency range. Traditional microstrip patch anten-
nas, while compact, typically exhibit limited bandwidth, and
bowtie antennas, although offering wider bandwidth, often
require larger physical sizes. In contrast, the proposed design
maintains a compact size while achieving ultra-wideband

2 VOLUME ,

This article has been accepted for publication in IEEE Open Journal of Antennas and Propagation. This is the author's version which has not been fully edited and 
content may change prior to final publication. Citation information: DOI 10.1109/OJAP.2024.3520069

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



performance, making it highly suitable for WPT applications
where both space efficiency and wide frequency coverage are
critical.

The novelty of the work presented lies in its compact de-
sign with an incorporated loop strip within the feed structure
that achieved wide operational bandwidth performance and
high gain along with significant maximum PTE. This work
bridges the gap to analyze the performance of the proposed
antenna in the air and on a human phantom. The other
contributions of this work are as follows: (1) Analysis of both
near-field and far-field S21 parameters for PTE estimation,
(2) Simulation for antenna structure deformation analysis, (3)
Measured and simulated PTE analysis of antenna in air and
on phantom cases, (4) SAR analysis over the operational
bandwidth for both cases where SAR is averaged over
1 g and 10 g respectively, and (5) Estimation of power
transfer efficiency of the proposed antenna when placed on a
human skeletal tissue phantom both in near-field and far-field
regions.

The remaining of the paper is structured as mentioned:
Section II presents the antenna design methodology, and the
human tissue phantom preparation procedure is discussed in
Section A. Section B presents the fabrication procedure of
the antenna. Section IV presents the antenna measurements
and simulation procedures. In Section V, the measured and
simulation results are discussed. Section VI comprises the
concluding remarks and future works.

II. Antenna Design Methodology
The computer simulation technology (CST) suite is utilized
in order to design the antenna. Polyimide with 0.1 mm
thickness is the material of choice for the substrate of
the proposed antenna due to its flexible and biocompatible
nature. The polyimide substrate’s tangent loss and dielectric
constant are 0.0002 and 3.5, respectively. Silver (Ag) is
selected as the patch and ground material. The proposed
antenna has dimensions of 30 × 33.7 × 0.1004 mm3. The
trimetric view portraying the individual design layers is
presented in Fig. 1(a), as depicted, an edge coaxial SMA feed
technique is utilized to feed the antenna. The space between
the SMA legs and the ground layer of the antenna is filled
with a piece of styrofoam. The SMA legs are in contact
with the ground layer via the solder paste. The other two
SMA legs which are in contact with the top metal layer are
responsible for bridging between the top and bottom layers.
When such an antenna is placed on the phantom, the contact
between both is established via the bottom ground layer. The
front view of the fabricated antenna is depicted in Fig. 1(b),
and the back view is presented in Fig. 1(c). The proposed
antenna design is inspired by bow-tie antenna architecture,
featuring flared elements that enhance gain by improving the
aperture area for radiation. The optimized feed structure min-
imizes reflection losses and improves impedance matching,
resulting in broader bandwidth. While the design underwent
several iterations to refine key performance metrics, the final

TABLE 1. The optimum antenna design variables

Variable Value (mm) Variable Value (mm)
Wa 4.4 Lt 12.5
Wb 12 Lc 8.6
La 5.5 Ls 5.2
Wc 2 L 33.7
W 30 θ (in degrees) 60◦

FIGURE 2. Design evolution of the proposed antenna, 1 → 2 → 3, with
final labeled version.

configuration emerged as an optimal solution, balancing size,
bandwidth, and gain.

The design evolution of the proposed antenna is presented
in Fig. 2. The waveguide edge port, which connects the top
patch and ground, is utilized to feed the antenna structures
for the initial 2 steps of design evolution. Step 3 incorporates
the ground-source-ground (GSG) pads, which were edge-
fed with a 50Ω matched port to test the S11 parameters.
The proposed microstrip antenna design is inspired by a
conventional bowtie antenna where its design is modified
to smooth bell curve shapes identically on both the left and
right sides. A trapezoidal structure has been added to the top
to improve gain in radiation direction. The proposed antenna
design includes a full ground plane at the bottom, which
confirms that it is a microstrip antenna rather than a bowtie
antenna. The full ground plane provides an effective ground
reference that improves the radiation pattern and impedance
matching of the antenna. The loop strip incorporated into the
feed path of the antenna plays a key role in achieving ultra-
wideband performance. It mitigates anti-phase mirror current
issues that can impact the performance of the antenna,
leading to improved bandwidth and stable performance of
S11 and gain. Moreover, the use of the loop strip allows
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TABLE 2. Material properties of phantom layers

Layer Permittivity (ϵr) Conductivity (S/m) Density (kg/m3)

Skin 36 5.01 1100
Fat 9.04 0.12 1100

Skeletal muscle 50 1.8 1060

for a more compact design, which is beneficial for practical
applications. The antenna’s ultra-wideband performance is
achieved through careful design considerations and optimiza-
tion of the loop-strip dimensions. The use of a full ground
plane and loop strip in the antenna design ensures stable and
efficient operation over a broad frequency range along with
high gain across the operational band. The design variables
and corresponding values are presented in Table I.

The proposed antenna outperforms a standard patch an-
tenna by offering broader bandwidth, higher gain, and more
compact size, while also being better suited for wearable
applications. Unlike conventional patch antennas, which are
typically limited in bandwidth, the proposed design achieves
a fractional bandwidth of 69.93%, making it highly efficient
for multi-frequency power transfer. Its compact dimensions
allow for easy integration into space-constrained wearable
devices without sacrificing performance. Additionally, the
proposed antenna delivers a gain of 6.35 dBi, ensuring
efficient power transfer even when placed on the human
body, where standard rectangular microstrip antennas of-
ten experience performance degradation. The flexible and
biocompatible nature of the antenna, along with its SAR
compliance, ensures its suitability and safety for wearable
applications.

III. Fabrication Procedure
A. Phantom preparation recipe
A simplified phantom recipe is utilized to replicate the
average permittivity of human skeletal muscle tissue. A
straightforward and uniform solution is created following the
preparation guidelines outlined by the National Institute of
Health (NIH) [35]. The recipe used for phantom fabrication
comprises NaCl, oil, agar, benzoic acid (C6H5COOH),
glycerine, and distilled water. A standard petri dish with a 96
mm diameter and 15 mm thickness is utilized as a container
to hold the phantom mixture. As reported in [36], Gelatin,
a thickening agent is used to solidify the prepared tissue-
mimicking solution. The three layers considered for phantom
simulation are chosen such that the average permittivity of
the 3 layers (skin, fat, and human skeletal muscle) combined
is nearly matched to the permittivity of the fabricated phan-
tom. The fabricated phantom’s permittivity is 30.6 and the
average permittivity for 3 layers of the simulated phantom
is 31.6. The aperture diameter of the phantom considered is
96 mm with an overall thickness of 15 mm. The material
properties of the layers considered for the simulated model
are presented in Table 2.

B. Antenna Fabrication Procedure
The proposed antenna is fabricated in the clean room utiliz-
ing the procedure involved in the Electron-beam physical va-
por deposition (EBPVD) procedure, photo-lithography, and
reactive-ion etching methodologies. The polyimide substrate
is first coated with silver with a 200 nm thickness utiliz-
ing the Electron-beam physical vapor deposition (EBPVD)
procedure. The EBPVD-based coated sample underwent a
SU8-photoresist development procedure via a spin coating
process. The sample then underwent UV light exposure by
placing the fabricated photomask on top of it. The exposed
oxide is then etched using reactive-ion etching, wherein the
regions of the polyimide substrate’s uppermost layer where
there is no photoresist protection are removed. Then the
sample is finally dipped into a photoresist stripper solution
to remove the remaining photoresist.

IV. Antenna measurement and simulation
The proposed antenna’s radiative near-field (RNF) and far-
field (FF) regions are estimated using (1) and (2). As the
antenna is placed on a phantom, the dimensions of the
antenna and phantom are taken into account. The diameter
of the phantom is 96 mm. The center frequency of 3.11
GHz is considered and the wavelength corresponding to it
is calculated, which is 96.36 mm. The length of the horn
antenna is 68 mm and the operating frequency of interest
considered is 3.11 GHz, so the far-field range of the horn
antenna is estimated to be any distance greater than half of
84 mm. The overall dimension of the antenna and phantom
together is greater than half the wavelength. The radiative
near field is estimated to be in the range of 20 mm to 42 mm.
The power transfer efficiency of the antenna is estimated
for near-field distances between the proposed antenna and
reference horn antenna, which are 0.21λ, 0.31 λ, and 0.41
λ respectively. The far-field region is estimated to be any
distance greater than 42 mm.

0.62×
√

D3

λ
≤ RNF ≤ 2D2

λ
(1)

2D2

λ
< FF (2)

The S21 can be calculated as shown in (3). Where the
output power is the power received at the receiver side and
the input power is the power transmitted by the transmitter
antenna.

S21 = 10× log(
Outputpower

Inputpower
) (3)

The power transfer efficiency (PTE) can be represented in
terms of S21 as shown in (4). While we recognize that Eq. 4
defines the power transfer efficiency (PTE) in a manner that
extends beyond the proposed antenna alone. To clarify, the
PTE formula utilized offers a comprehensive assessment of
power transfer between the proposed antenna and the receiv-
ing system. Although the measured S21 parameter, defined
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FIGURE 3. Relative permittivity measurement setup of the tissue
mimicking solution.

as the scattering parameter representing power transmission
from the proposed to the receiving antenna, includes con-
tributions from both antennas, our methodology normalizes
these measured values to focus on the performance of the
proposed antenna. Specifically, Eq. 4 is formulated to reflect
the PTE relative to the proposed antenna’s characteristics,
while accounting for the influence of the receiving antenna.
This approach ensures that the calculated efficiency accu-
rately represents the proposed antenna’s performance within
its operational context. We provide a detailed analysis and
comparison to show that the performance metrics derived
from S21 are correctly interpreted and relevant to the pro-
posed design’s evaluation. Additionally, we discuss how the
formula integrates with our experimental setup to isolate
and emphasize the proposed antenna’s performance, thereby
addressing concerns related to the receiving antenna’s gain
and efficiency. The percentage of PTE is calculated using
(4) with measured S21 values.

PTE(%) = 10
|S21|
10 × 100% (4)

The tissue mimicking solution’s dielectric properties are
measured utilizing the N1500A Keysight’s Material Mea-
surement Suite, which is connected with Keysight’s E8361C
PNA Microwave Network Analyzer and N1500A dielectric
probe kit as shown in Fig. 3. The S21 parameters are
simulated by placing the aforementioned transmitter antenna
(horn antenna) and the receiver antenna (UWB antenna) in
the near-field region as shown in the Fig. 4. The far-field
measurement setup for S21 measurements is presented in Fig.
5. The horn antenna utilized has an operational bandwidth
from 2 to 40 GHz with a gain ranging from 8 to 16 dBi
within the operational bandwidth. The gain of horn at the
center frequency of the UWB antenna is observed as 7.5
dBi. The feed port of the horn antenna is 50Ω matched. The
beam width of the horn antenna at 3.11 GHz is noted as 65◦

with cross-port isolation of -35 dB.

FIGURE 4. Simulation setup for extraction of S21 parameters (a) antenna
in air (b) antenna placed on phantom.

FIGURE 5. Farfield measurement (a) setup in an anechoic chamber (b)
antenna on phantom (c) phantom with dimensions.

V. Results and Discussion
A. S-parameter results
The step-wise design evolution of the antenna design is con-
sidered and the corresponding S11 parameters are presented
in Fig. 6. The step-1 result portrayed the narrow operational
bandwidth, the step-2 in which a loop strip is incorporated
into the feed line has shown in bandwidth improvement
and the final step resulted in -55 dB magnitude at the
resonating frequency. The fractional bandwidth (Fb) can
be calculated using the (5). The S-parameter performance
results of considered bend test scenarios as a part of material
deformation analysis are presented in Fig. 7. It is observed
that the resonant frequency of S11 parameter shifted slightly
towards the right due to material deformation. It is to be
noted that the antenna is still working within the operational
bandwidth and has less bandwidth in the bent cases when
compared to the non-bent case. It is observed that in the
case of the antenna in air, there is less loss when compared
to the case where the antenna is tested on the phantom.
This shows that the dielectric properties of the phantom
would affect the overall antenna’s performance when in
contact. The measured and simulated S11 parameters for
the aforementioned two case scenarios are presented in
Fig. 8. The realized bandwidth with placing an antenna on
the phantom is 2.43 GHz (fractional bandwidth (FBW) of
60.52%) with the achieved magnitude value of -25.17 dB
at 3.11 GHz. The measured bandwidth without placing the
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FIGURE 6. Simulated S11 parameters for design evolution steps of the
antenna.

antenna on the phantom is 2.85 GHz ( FBW of 69.93%).
The better resonance of the UWB antenna at 3.11 GHz is
observed for the cases with no phantom involved. This is due
to the fact that the dielectric properties would change for the
scenario of antenna placement on the fabricated human tissue
phantom. As shown in Fig. 9, the S21 values were analyzed
for the estimated near-field distances, 0.21λ, 0.31 λ, and 0.41
λ are -3.90 dB, -4.67 dB, and -6.55 dB, respectively, with
PTE of 66.3 percent, 58.4 and 47.1 percent correspondingly.
The measured and simulated S21 parameters for the antenna
in air and on phantom scenarios are presented in Fig. 11.
The slight deviation of the simulation results with respect
to measured results is due to the fact that the simulation
process does not account for losses associated with the SMA
connector.

Fb =
fωH

− fωL

fc
(5)

fc =
fωH

+ fωL

2
(6)

where fωH
is the upper frequency bound, fωL

is the lower
frequency bound, and fc is the center frequency which is the
arithmetic mean of lowest and upper frequency bound and
can be calculated using (6).

B. Discussion on far-field and near-field performances
The maximum and minimum S21 values for near-field mea-
surements are presented in Table III. The near-field distance
(dn) is varied within the near-field region to analyze the path
loss, at 0.20 λ the maximum of -3.90 dB and a minimum
of -6.76 dB is observed, whereas at 0.31 λ, a maximum
of -4.67 dB and a minimum of -9.65 dB is observed, and
at 0.41 λ the maximum of -6.55 dB and a minimum of -
11.43 dB is observed. These results were in agreement with
theoretical expectations that the value of S21 should attenuate

FIGURE 7. |S11| results of considered bend test scenarios for material
deformation analysis.

FIGURE 8. Measured and simulated S11 parameter for antenna in air and
on the phantom.

as the distance of operation increases, and vice-versa. The
far-field measured maximum and minimum S21 values are
presented in Table IV. The antenna in-air case has measured
a maximum S21 value of -10.09 dB and a minimum of -22.04
dB, whereas the antenna on the phantom case measured a
maximum S21 value of -19.41 dB and a minimum of -30.58
dB. The measured and simulated S21 parameters for the
antenna in air and on phantom scenarios are presented in Fig.
11. The slight deviation of the simulation results with respect
to measured results is due to the fact that the simulation
process does not account for losses associated with the SMA
connector.

The graphical visualization of the near-field measurement
setup is presented in Fig. 12. The dielectric measurement
with permittivity and loss tangent results are portrayed in
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FIGURE 9. Measured S21 parameters in near-field region.

FIGURE 10. Measured relative permittivity and loss tangent plots of the
tissue-mimicking solution.

Fig. 11 shows the dielectric constant of the prepared tissue
mimicking solution as 30.6 at 3.11 GHz frequency, which
is near to the average dielectric constant value (≈32) of
the three human tissue layers considered. The simulated
results were in good match with the measured results as the
permittivity of the fabricated phantom is nearly the same as
the average permittivity of the 3 layers considered in the
phantom design. Also, the distance between the transmitter
and receiver is considered the same for both simulated and
measured cases.

C. Comparision on far-field and near-field performances
The comparison between the far-field and nearfield results
aligns with theoretical expectations, indicating that as the
distance of operation increases, the S21 value attenuates,
resulting in a higher loss. Comparing the near-field and

FIGURE 11. Measured and simulated S21 parameters for in air and on
phantom cases.

far-field measurements, it can be observed that the far-field
S21 values demonstrate significantly higher attenuation. For
instance, the maximum S21 in the nearfield is -6.55 dB,
whereas in the farfield on the phantom case, it is -19.41 dB,
indicating approximately 2.96 times higher attenuation in the
farfield. Similarly, the minimum S21 in the nearfield is -11.43
dB, whereas in the farfield on the phantom case, it is -30.58
dB, representing approximately 2.68 times higher attenuation
in the farfield. The comparison reveals that the far-field
performance of the UWB antenna shows considerably higher
levels of attenuation compared to the near-field performance.

D. PTE variation for antenna in air and on phantom
The S21 parameters were measured for two case scenarios
which are antenna in air and when placed on fabricated
human tissue phantom. The far-field measured S21 values
for the case where the UWB antenna is placed on a human
tissue phantom is -23.17 dB with a corresponding far-field
PTE value of 0.48 %. In the case where the antenna is moved
from human phantom to air, measured S21 value is -15.20
dB, with a far-field PTE value of 3.02 %. Fig. 10 presents
the measured relative permittivity and loss tangent plots
of the tissue-mimicking solution. The observed variation in
S21 values arises from the distinct conditions under which
the simulations were conducted. Fig. 11 shows the overall
S21 performance of the antenna in free space and on the
phantom. The presence of the lossy phantom material causes
a significant reduction of approximately 5 dB, attributed
to increased near-field energy absorption and surface wave
propagation. Although the Friis free space formula accounts
for far-field transmission losses based on gain differences,
it does not fully capture the near-field interactions and ab-
sorption effects introduced by the phantom, especially when
close to the antenna. As a result, the larger S21 difference is
due to cumulative near-field losses. These factors explain the
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FIGURE 12. Graphical visualization of the near-field measurement setup.

variation in S21 reduction while remaining consistent with
electromagnetic theory.

The wireless power transfer (WPT) system analyzed in
this study consists the proposed ultra-wideband (UWB)
antenna and a broadband horn antenna (QRH20) to com-
prehensively assess the WPT performance. A full-system
investigation revealed a maximum power transfer efficiency
(PTE) of 66.3% at a near-field distance of 0.3λ, supported
by corresponding transmission coefficients S21 of -3.90 dB.
These results validate the practicality of the proposed UWB
antenna within a meticulously structured WPT framework.
While this work primarily emphasize the optimization of a
single antenna element, it establishes a robust foundation
for future scalability into N ×N antenna arrays. This scal-
ability holds the potential to significantly enhance system-
level performance, paving the way for innovations in high-
efficiency WPT applications. This initial effort marks a
pivotal step toward addressing the complexities of large-
scale WPT systems, providing critical insights for future
investigations into the scalability, efficiency, and dynamic
adaptability of UWB-based antenna arrays.

E. Gain variation for antenna in air and on phantom
The gain versus theta plots for the aforementioned two case
scenarios of the antenna in air, and on human tissue phantom
were presented in Fig. 13. The cases involved in the phantom
had comparably lower gain values when compared to cases
where there is no phantom involved. This is due to the
fact that the human phantom partially absorbs the radiation
emitted out of the antenna placed on the phantom. Similarly,
the maximum gain versus over the frequency of 2 GHz to
6 GHz is presented in Fig. 13. The simulated and measured
gain values were in good agreement with each other.

The measured co-polarization and cross-polarization plots
with amplitude and phase data corresponding to −25 inch

TABLE 3. Maximum and minimum S21 for near-field measurements at

measured frequency of 3.11 GHz

Near-field distance (dn) Max. value (dB) Min. value (dB)

0.20 λ -3.90 -6.76
0.31 λ -4.67 -9.65
0.41 λ -6.55 -11.43

* dn is the distance considered between AUT and the reference antenna.

TABLE 4. Maximum and minimum S21 for far-field measurements at

measured frequency of 3.11 GHz

Antenna case Far-field distance (df ) Max. value (dB) Min. value (dB)

In air 1.2 λ -10.09 -22.04
On phantom 1.2 λ -19.41 -30.58

to 25 inch scanning plane with respective proposed antenna
are presented in Fig. 14.

It can be observed in Fig. 14 (b), that the transmitted
power is concentrated within −10 inch to 10 inch near-
field scanning plane area, which indicates its good power
transmission efficiency. The performance comparison of this
work with similar prior studies is presented in Table V. Fig.
15 presents the measured and simulated cartesian-gain plots
for in-air and on-phantom cases. The simulated gain plots
for each design evolution step are presented in Fig. 16 which
portray nearly 3 dBi of maximum gain enhancement from
the initial to the final step of the evolution stages. The 3D
radiation patterns for the proposed antenna are presented in
Fig. 17(a) and the antenna with body model is presented
in Fig. 17(b). The antenna alone has portrayed a high gain
of 6.89 dBi and with the body model, the gain is observed
to be 5.46 dBi. It is observed that there is a 1.43 dBi of
gain variation due to the presence of the body model. The

FIGURE 13. Maximum gain versus frequency for 2 cases: the antenna in
air, and the antenna on a phantom.
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TABLE 5. Comparison with state of the art works

Reference Dimension (mm2) Resonating frequency (GHz) Max. Gain (dBi) Max. Fractional-Bandwidth (%) PTE (%)

[12] 80× 67 3.10 4.53 94.28 45
[13] 20× 25 3.11 5.25 91.33 92
[14] 27.5× 19.5 2.45 4.5 60 27
[37] 41× 41 2.45 3.75 45 91.4
[38] 20× 26 3.6 3.86 13.6 NA
[39] 70× 40 3.11 8.50 40 95
This Work 30× 33.7 3.11 6.35 69.93 66.3

FIGURE 14. Measured Co-pol and Cross-pol data at 3.11 GHz, (a)
Co-polarization Phase (b) Co-polarization Amplitude, (c)
Cross-polarization Phase (d) Cross-polarization Magnitude.

FIGURE 15. Measured and Simulated gain versus theta for the in-air and
on-phantom cases at 3.11 GHz resonant frequency.

FIGURE 16. Simulated maximum gain versus frequency for antenna
design evolution steps.

FIGURE 17. 3D radiation patterns (a) designed antenna and (b) antenna
with body model.

normalized polar plots with measured and simulated co-pol
and cross-pol patterns at 3.11 GHz, 4 GHz, and 5 GHz are
presented in Fig. 18. Both the measured and simulated data
were observed to be in good correlation with each other.
The close alignment between the measured and simulated
results underscores the accuracy of the measurements and
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FIGURE 18. Normalized 2D polar plots at 3.11 GHz, 4 GHz, and 5 GHz (a)
Cross-pol at 3.11 GHz, (b) Co-pol at 3.11 GHz, (c) Cross-pol at 4 GHz, (d)
Co-pol at 4 GHz, (e) Cross-pol at 5 GHz, (f) Co-pol at 5 GHz.

the reliability of the simulation in depicting the antenna’s
radiation characteristics.

The SAR analysis is carried out for the operational
bandwidth for SAR averaged over 1 g and 10 g of hu-
man skeletal tissue respectively. The safe SAR limits as
suggested by ICNIRP (International Commission on Non-
Ionizing Radiation Protection) are 1.6 W/kg averaged over
1 g of human tissue and 2 W/kg when averaged over 10 g
of human tissue respectively [40]. The maximum SAR value
observed is 0.794 W/kg and 1.02 W/kg when averaged over
10 g tissue and 1 g tissue respectively. Fig. 19(a) presents the
simulated SAR averaged over 10 g and Fig. 19(b) presents
SAR averaged over 1 g. The SAR simulated values over the
frequency band are presented in Fig. 20. The SAR values
analyzed over the operational bandwidth for an input power
of 10 dBm were within the safe limits.

FIGURE 19. SAR simulated results at 3.11 GHz.

FIGURE 20. Simulated SAR over the frequency band.

VI. Conclusion
This work presented a high-gain compact UWB antenna for
wireless power transfer applications. The proposed antenna
is highly suitable for WPT applications due to its UWB per-
formance, compact size, and high gain characteristics. The
antenna achieves a fractional bandwidth (FBW) of 69.93%,
enabling efficient operation across a wide frequency range,
which is critical for optimizing power transfer efficiency
(PTE) across different bands. Unlike conventional microstrip
patch and bowtie antennas, which are often constrained
by limited bandwidth or large physical dimensions, the
proposed design incorporates a loop strip within the feed
structure to improve impedance matching and suppress anti-
phase currents. This results in enhanced bandwidth and
gain without compromising the compact form factor, making
the antenna ideal for space-constrained WPT applications.
Additionally, the antenna’s SAR analysis ensures safety in
wearable scenarios, further enhancing its suitability for WPT
on human tissue phantoms. The power transfer efficiency
of the antenna in air and when placed on the phantom is
analyzed and compared with simulated results. Additionally,
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both near-field and far-field S21 parameters were analyzed.
The simulated SAR values were within the safe limits as
suggested by ICNIRP, which indicates that it is safe to wear
on the human body. The proposed antenna has its measured
results in alignment with the simulation results and portrays
the best performance capability and suitability for wearable
WPT applications. In conclusion, the designed UWB antenna
has demonstrated a gain of 6.35 dBi along with a fractional
bandwidth (FBW) of 69.93%. The nearfield S21 parameter
exhibited a maximum power transfer efficiency (PTE) of
66.3% at a distance of 0.3λ. Additionally, the estimated
specific absorption rate (SAR) values of 0.794 W/kg for a
10 g tissue average and 1.02 W/kg for a 1 g tissue average
affirm the safety and suitability of the proposed design and
its potential for advancing wearable WPT applications.
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