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This study presents a compact, flexible U-shaped wearable antenna with a defected ground structure (DGS) for biomedical
applications. Fabricated on a 1 mm polydimethylsiloxane (PDMS) substrate using conductive adhesive tape, the antenna achieves
a wide bandwidth of 1.52-5.38 GHz, covering key ISM bands. The DGS enhances impedance matching and stability, while
curvature adaptation to a 46 mm arm diameter ensures practical wearability. Simulations in CST and COMSOL demonstrate
robust performance near a multilayer human arm phantom, with specific absorption rate (SAR) values compliant with safety
standards (< 2 W/kg). Experimental validation confirms the design’s reliability, making it a promising solution for wireless body
area networks (WBANSs) and next-generation biomedical wearables.
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1. Introduction

Defected ground structure (DGS) has been widely used due
to its simple structural design to enhance various charac-
teristics of microstrip antennas. These enhancements in-
clude improved bandwidth, gain, suppression of higher-
order harmonics, reduced mutual coupling between adja-
cent elements, and decreased cross-polarization, thereby
improving radiation performance. DGS is typically in-
tegrated into the ground plane of planar transmission lines
such as microstrip lines, coplanar waveguides (CPWs), and
conductor-backed CPWs [1, 2].

DGS is realized by etching specific shapes into the
ground plane. Depending on the shape and dimensions of
the defect, the shielded current distribution is disturbed,
which results in controlled excitation and propagation of
electromagnetic (EM) waves through the substrate. When
a defect is etched into the ground plane beneath a microstrip

line, it alters the line’s effective capacitance and inductance
by introducing slot resistance, capacitance, and inductance.
The defect’s shape can vary from simple to complex ge-
ometries to achieve better performance.

DGS has been employed in various applications, in-
cluding microwave filters [3-5], power amplifiers [6], power
dividers [7], transmission lines [8], and microstrip antennas
[9, 10]. A novel DGS design used as an electromagnetic band
gap (EBG) structure for printed antenna and circuit ap-
plications was introduced in [11]. This design features
concentric annular rings with equal widths and spacings. It
was designed for operation at 10 GHz and fabricated on
a Taconic PTFE substrate (dielectric constant of 2.33 and
thickness of 1.575 mm).

A split-ring resonator-based DGS with an integrated
lumped-element capacitor was presented in [12] for a wide
bandpass microstrip filter operating from 1 to 2.4 GHz.
Another DGS design, consisting of two rectangular areas
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connected by a slot, was introduced in [13, 14]. The effect of
a dumbbell-shaped DGS on reducing the size of a microstrip
patch antenna was also investigated in [13].

A modified ultra-wideband (UWB) patch antenna with
a defected ground plane was proposed in [15]. The antenna,
with dimensions of 22 x 30 x 1.62 mm?, is printed on an FR-
4 substrate and operates over a wide bandwidth from 4 to
13 GHz. The structure is fed by a CPW feed line designed on
a Taconic substrate. A defected ground plane structure was
also introduced in [16] for UWB applications. This antenna,
with dimensions of 20 x 25 x 1.5 mm?”, is likewise printed on
an FR-4 substrate. The inclusion of the defected ground
plane led to enhanced antenna characteristics, achieving
a gain of 51dB and an efficiency of 89%. The imple-
mentation of the DGS resulted in an impedance bandwidth
of 95%, covering the frequency range from 3.4 to 9.66 GHz.
In [17], a miniaturized metamaterial-based microstrip an-
tenna, printed on silver nanoparticle ink on a 20 x 10 mm?
polymer substrate, was presented. The proposed design
effectively reduces back radiation toward the human body,
making it a good candidate for biomedical wireless devices.
In [18], two types of dual-band wearable planar dipole
antennas were proposed: one printed on a conventional
ground plane and the other on an EBG structure. The
wearable antenna with the EBG structure reduced specific
absorption rate (SAR) on the human body and improved the
antenna gain by 4.45 dBi. The SAR in [19] was reduced by
designing a 2.4 GHz wearable planar patch antenna with
EBG ground plane. ‘The antenna, measuring
113 x 96.4 x 3mm’, was constructed using Zelt as the con-
ductive material and wash cotton as the substrate. The
2.45GHz coplanar wearable antenna presented in [20]
utilized a 30 x 30 mm” EBG structure to reduce the SAR. At
the 2.45 GHz frequency band, the SAR value achieved was
0.0344 W/kg. Metamaterial-based wearable antennas pro-
posed in [21-24] were aimed to reduce SAR values and
enhance antenna gain. In [25], a compact two-element
textile MIMO antenna was designed with improved iso-
lation of more than 21.1 dB, achieved by introducing open-
ended slots and shorting pins into the ground plane. An
eight-port MIMO antenna with a defected ground plane for
improved impedance matching was proposed in [26].

This paper proposes a wideband U-shaped wearable
antenna for medical applications, featuring unique prop-
erties that distinguish it from previously reported designs.
The antenna has a low-profile structure and is fabricated on
a flexible substrate, allowing it to conform easily to the
curvature of various parts of the human body. Its simple
design facilitates easy and cost-effective fabrication. The
antenna operates over a wide bandwidth within the In-
dustrial, Scientific, and Medical (ISM) frequency band,
providing flexibility in selecting an appropriate operating
frequency. The radiating element is integrated with a DGS to
ensure stable performance when worn on the human body
and to meet safety compliance requirements.

This paper is organized as follows. The Introduction
discusses the advantages of employing DGSs in antenna
design and highlights their practical applications. Section 2
describes the methodology for designing a wideband U-
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shaped wearable antenna incorporating DGS, including the
design evolution stages and corresponding S-parameter
results. Section 3 analyzes the effect of varying the dis-
tance between the antenna and a human arm model on the
antenna’s performance. It also presents the 1 and 10 g SAR
distributions on the arm model at 2.45 GHz and 5GHz.
Section 4 validates the proposed antenna design by com-
paring simulation results obtained from CST and COMSOL.

2. Methodology

The wideband U-shaped wearable antenna developed in this
study is an evolution of a previously reported U-shaped
patch fabric antenna [27], enhanced through the integration
of a DGS. This configuration is depicted in Figures 1(a) and
1(b). The antenna’s performance was assessed using CST
Microwave Studio, revealing wideband operation spanning
from 1.52 to 5.38 GHz. Designed on a polydimethylsiloxane
(PDMS) substrate, the antenna benefits from the material’s
flexibility and favorable dielectric properties, including
a thickness of 1 mm, a relative permittivity of 2.75, and
negligible conductivity. The antenna’s compact dimensions
measure 50 x 28 mm?, as illustrated in Figure 1. A copper
tape with a conductivity of 5.8 x10” S/m serves as the ra-
diating material. To enhance impedance matching and
broaden the operational bandwidth, a rectangular slot was
introduced at the center of the ground plane. This modi-
fication results in a U-shaped ground plane, forming the
DGS configuration shown in Figure 1(b). The DGS effec-
tively alters the current distribution, improving the anten-
na’s return loss across the targeted frequency range. This
design approach aligns with contemporary trends in
wearable antenna development, where flexible substrates like
PDMS and conductive adhesive tape are employed to
achieve compact, efficient, and broadband performance
suitable for integration into wearable devices.

2.1. Simulation Environment. Wearable antennas necessitate
specialized simulation conditions due to their interaction with
complex biological tissues, distinguishing them from anten-
nas operating in free space. In this study, simulations were
conducted by positioning the antenna on a multilayer
phantom model designed to replicate the human arm, as
depicted in Figure 2(a). This model comprises four
layers—bone, muscle, fat, and skin—illustrated in Figure 2(b).
Table 1 provides detailed information on the conductivity,
density, permittivity, and thickness of each layer.

To accurately simulate the real-life positioning of the
antenna on the arm, the bending process was carried out in
CST Microwave Studio by curving the proposed design to
match the arm model’s diameter (d = 46 mm). This approach
ensures that the antenna conforms to the curvature of the
arm, allowing for a realistic assessment of its performance in
wearable applications.

Such detailed modeling is crucial for evaluating key
performance metrics, including impedance matching, ra-
diation patterns, and SAR, which are directly influenced by
the antenna’s proximity to human tissues. Accurate
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FIGURE 1: The geometry for the proposed wideband U-shaped wearable antenna with DGS: (a) front view [27] and (b) back view.
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FIGURE 2: (a) Simulation setup and (b) the four layers of the arm model.

TaBLE 1: Material properties of the human arm model [21, 28].

Layer Thickness radius (mm) Relative permittivity (e,) Conductivity ¢ (S/m) Density (kg/ms)
1. Skin 2 38 1.46 1001
2. Fat 3 5.28 0.1 900
3. Muscle 8 52.72 1.73 1006
4. Bone 10 18.54 0.8 1008

simulations help predict potential detuning effects and ef-
ficiency losses, ensuring the antenna’s reliability and safety
in practical wearable scenarios.

2.2. Design Process. The performance of wearable anten-
nas is significantly influenced by their proximity to the
human body, necessitating multiple design iterations to

achieve optimal functionality. Key objectives in this
optimization process include achieving wideband fre-
quency operation and improving impedance matching.
The design evolution of the antenna follows a five-stage
process, as illustrated in Figure 3(a). Each stage in-
troduces specific modifications aimed at enhancing
performance metrics. The reflection coefficient (S;;)
results corresponding to each design stage are compared
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FIGURE 3: (a) Evolution of the wideband flexible U-shaped patch antenna and (b) the reflection coefficient for each design.

in Figure 3(b), providing insights into the impedance
matching improvements achieved through iterative de-
sign refinements.

Such iterative refinements are crucial for wearable an-
tennas, as they must maintain performance despite the
detuning effects caused by the lossy and high-permittivity
nature of human tissues. By systematically adjusting design
parameters, the developed antennas can offer reliable per-
formance in real-world wearable applications.

2.2.1. Design I (Antenna Without Ground). The initial
configuration of the antenna features a U-shaped patch
situated on the top layer, as depicted in Figure 1(a), without
the inclusion of a ground plane on the bottom layer. In this
setup, the antenna remains flat, with no bending applied,
and is positioned 1cm above the arm model. This pre-
liminary design resulted in two mismatched operating
frequencies at 6.12 and 8.28 GHz, indicating suboptimal
impedance matching and limited suitability for the intended
wearable application.

2.2.2. Design II (Antenna With Full Ground). In the second
design iteration, a full ground plane was introduced on the
bottom layer, replacing the absence of a ground plane in
Design I. This modification led to a downward shift in the
previously mismatched operating frequencies, bringing
them to 3.14 and 6.41 GHz. However, a new mismatched
operating frequency emerged at 9.51 GHz.

The antenna’s impedance characteristics reveal distinct
resonant behaviors across its operating frequencies. At the
first resonant frequency, the antenna exhibits characteristics
of a series resonant circuit. Conversely, at the second and
third resonant frequencies, the antenna behaves like a par-
allel resonant circuit.

2.2.3. Design III (Antenna With Partial Ground). In this
design phase, the antenna’s bottom layer incorporates
a partial ground plane, replacing the full ground plane used
in the previous iteration. This alteration introduces a reactive
load that significantly influences the antenna’s performance.
Specifically, the first resonant frequency shifts downward to
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2.14 GHz, the second to 4.52 GHz, and the third to 6.39 GHz.
Additionally, impedance matching is enhanced at these
frequencies, leading to improved return loss characteristics.

2.2.4. Design IV (Antenna With DGS Configuration). In this
design phase, a DGS is incorporated into the antenna’s
bottom layer. The introduction of the DGS adds a matched
resonance frequency between 4 and 5 GHz. This modifica-
tion significantly enhances impedance matching across
a broad frequency range, resulting in wideband operation
spanning from 1.69 to 5.67 GHz.

DGS unit can be analyzed by a parallel R, L, and C
resonant circuit (Figure 4). A resistance R is added to the LC
circuit to model the radiation, conductor, and dielectric
losses. The capacitance C, inductance L, and resistance R can
be calculated as [29]

wC
RRET () M
1
e ®
27,
R(w) = (3)

VUIS1 @) - (22, (C - VwL))? -1

2.2.5. Design V (Curved Antenna With DGS Configuration).
In this design iteration, the antenna is contoured to conform
to the curvature of the arm model with a diameter of 46 mm.
This bending aligns the antenna’s structure with the arm’s
shape, effectively simulating real-world wearable conditions.
As a result of this curvature, the antenna’s broadband fre-
quency response shifts toward lower frequencies, now
covering a range from 1.52 to 5.38 GHz.

3. Equivalent Circuit

Wideband antennas are defined by the presence of multiple
resonant frequencies in close spectral proximity, where the
partial overlap of adjacent resonances produces a continu-
ous and broad operational bandwidth. This overlapping
behavior is intrinsic to wideband operation, supporting
efficient power transfer and stable impedance characteristics
across a wide frequency range. To model the EM response of
individual resonant modes, parallel RLC circuits are com-
monly employed, capturing the localized frequency-
dependent impedance behavior. In the design and model-
ing of wideband antennas, these parallel RLC resonators are
arranged in a series configuration to collectively approxi-
mate the antenna’s broadband impedance profile. This serial
composition effectively accounts for the interaction between
neighboring resonances and facilitates a modular repre-
sentation of the antenna’s frequency response. Each reso-
nator contributes to a distinct segment of the spectrum, and
their combined behavior ensures smooth impedance tran-
sitions and sustained radiation performance across the full
bandwidth.

POrt 1 __________________ | Port 2

FIGURE 4: RLC equivalent circuit for unit DGS.

To enable a more detailed and accurate characterization of
the proposed antenna’s performance, an equivalent circuit
model is constructed using Advanced Design System (ADS),
a widely adopted electronic design automation (EDA) platform
specialized in high-frequency circuit simulation. The model
architecture is based on the degenerated Foster canonical form,
a recognized approach for representing passive networks. This
formulation is particularly effective in capturing the broadband
impedance behavior typical of UWB antennas [30-32].

The modeling process commences with the careful ini-
tialization of circuit component values, including inductance,
capacitance, and resistance. These parameters are iteratively
optimized through simulation to ensure a close match be-
tween the EM response of the antenna and the behavior of the
equivalent circuit. Specifically, alignment of the reflection
coeflicient (S;;) profiles obtained from both full-wave EM
simulations and circuit-level simulations within ADS is used
as the primary criterion for validation. The resulting opti-
mized equivalent circuit model, illustrated in Figure 5, ac-
curately replicates the antenna’s performance across the target
frequency range. To accurately emulate the behavior of the
proposed wideband antenna, four dominant resonant modes
are modeled using a series-connected arrangement of parallel
LC tank circuits. Each tank circuit comprises an inductor and
capacitor in parallel, with an associated resistor representing
the radiation resistance corresponding to that specific reso-
nance. This configuration enables a realistic approximation of
the antenna’s radiation properties and impedance charac-
teristics across the operating bandwidth.

The validity of the equivalent circuit model is confirmed
by comparing its results with those obtained from full-wave
EM simulations. As shown in Figure 6, the reflection co-
efficient (S;;) curves from both approaches exhibit a high
degree of agreement, demonstrating the model’s accuracy in
capturing the essential performance characteristics of the
antenna. Furthermore, the detailed values of all circuit
components—inductors, capacitors, and resistors—are
provided in Table 2, offering a comprehensive reference for
replication and further analytical studies.

4. Simulation Results

4.1. Impacts of Arm Loading. In this design phase, the
wideband U-shaped wearable antenna is tailored to operate
effectively within the 1.52-5.38 GHz frequency range when
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FIGURE 5: Proposed equivalent circuit model for wideband U-
shaped wearable antenna with DGS.
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F1GURE 6: Simulated S;; parameter (CST and ADS).

positioned directly on an arm model, as depicted in the
simulation setup in Figure 2. The simulations involved
placing the antenna in close contact with the arm model,
which comprises multilayer tissues exhibiting high dielectric
properties, as detailed in Table 1. To assess the impact of
proximity on antenna performance, simulations were con-
ducted at varying distances between the antenna and the arm
model. The results, illustrated in Figure 7, reveal that as the
separation distance increases, the antenna’s wideband
characteristics diminish. At a 1 mm distance, the antenna
maintains its broad frequency coverage. However, at 2 mm,
while the wideband behavior persists, the bandwidth nar-
rows. Beyond 3 mm, the wideband characteristic transitions
into a dual-band response. This behavior can be attributed to
the high permittivity and lossy nature of human tissues,
which influence the antenna’s impedance matching and
resonant frequencies. Proximity to the body enhances ca-
pacitive coupling, leading to better impedance matching and
broader bandwidth. As the distance increases, this coupling
weakens, resulting in reduced bandwidth and altered fre-
quency response. Understanding these effects is crucial for
optimizing wearable antenna designs, ensuring reliable
performance across intended frequency bands under various
physical configurations encountered during actual use.

4.2. SAR Evaluation. The SAR measures the amount of RF
energy absorbed by biological tissue when exposed to EM
fields, expressed in watts per kilogram (W/kg). SAR can be
determined either at a particular tissue location or averaged
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across a larger area. It plays a critical role in evaluating the
safety of tissues under EM exposure. Two major standards
govern SAR limits: IEEE C95.1-1999 specifies a maximum of
1.6 W/kg averaged over 1 g of tissue [33], while IEEE C95.1-
2005 permits up to 2 W/kg averaged over 10g [34]. The
Federal Communications Commission (FCC) [35] adopts
the 1g averaging standard, whereas the International
Commission on Non-Ionizing Radiation Protection
(ICNIRP) recommends averaging over 10g [36]. To meet
these regulatory requirements, wearable antennas must
function at low power levels.

Figure 8(a) shows the top view of the 1g-SAR distri-
bution on the human arm model when exposed to an EM
field at 2.45 GHz with an accepted power of 15mW. The
highest SAR values (indicated in red) are concentrated at the
center, highlighting the region of maximum energy ab-
sorption. The peak value reaches approximately 1.33 W/kg,
demonstrating that the antenna remains well within safety
limits while ensuring efficient energy usage. Figure 8(e)
provides the corresponding side view, where the maxi-
mum SAR values are observed in the first two layers of the
arm model, gradually decreasing with depth.

Figure 8(b) presents the 1 g-SAR distribution (top view)
at 5 GHz with an accepted power of 10 mW. The maximum
SAR value reaches about 1.55W/kg, remaining compliant
with established safety standards. Figure 8(f) shows the side
view for the same conditions, exhibiting a similar absorption
profile as observed at 2.45 GHz.

Figure 8(c) illustrates the 10g-SAR distribution (top
view) for the arm model at 2.45 GHz with an accepted power
of 50 mW. The peak SAR value reaches approximately 2 W/
kg, confirming compliance with EM exposure regulations.
Figure 8(g) depicts the corresponding side view, showing
that energy absorption begins to diminish starting from the
third layer and continues to decrease toward the deeper
tissues.

Figure 8(d) displays the 10 g-SAR distribution (top view)
at 5 GHz with an accepted power of 40 mW. The maximum
SAR value again approaches 2 W/kg, indicating adherence to
safety standards. Figure 8(h) presents the side view under the
same conditions, revealing a comparable energy absorption
pattern to that observed for the 10g-SAR distribution at
2.45 GHz.

5. Design Validation

5.1. S-Parameter Characteristics. To validate the simulation
results obtained from CST, a comparison was performed
between the CST and COMSOL simulation outcomes.
Figure 9 presents the reflection coefficients obtained from
both software platforms. The results demonstrate good
agreement, confirming the wideband characteristics of the
proposed wearable antenna. Specifically, both simulations
indicate a wide bandwidth of 3.86 GHz, ranging from 1.52 to
5.38 GHz. This consistency between the two different sim-
ulation tools strengthens the reliability and accuracy of the
antenna design. Minor discrepancies observed in the re-
flection coeflicient curves can be attributed to differences in
meshing techniques, solver algorithms, and numerical
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TaBLE 2: The respective values of the electrical components used in the equivalent circuit (units: Q, nH, and pF).
Element R, L, C, R, L, C, R, L; (0N R, L, C,
Value 45.5 0.1 4.06 41.4 1.52 1.07 37.5 1.69 5.2 27.2 0.1 2.54
Frequency (GHz)
—— S=1mm === S=4mm
— = S=2mm —e— S=5mm
S=3mm —+— S=6mm
F1GURE 7: The reflection coeflicient as a function of the distance from the phantom.
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FIGURE 9: Comparison of S;; results between CST and COMSOL.
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FiGgure 10: Simulation of radiation pattern characteristics: (a) E-plane at 2.45 GHz, (b) H-plane at 2.45 GHz, (c) E-plane at 5GHz, and
(d) H-plane at 5 GHz.
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approximations inherent to each software. Nevertheless, the
strong correlation between the CST and COMSOL results
validates the robustness of the proposed design approach
and highlights its suitability for wideband wearable appli-
cations, ensuring stable performance across the targeted
frequency range.

5.2. Radiation Patterns. The performance of wireless devices
is heavily impacted by their radiation patterns. Figure 10
presents the radiation patterns of the proposed wideband
U-shaped wearable antenna at 2.45 and 5 GHz across three
scenarios: the antenna alone, the antenna near a phantom
simulated in CST, and the antenna near a phantom simu-
lated in COMSOL.

Figures 10(a) and 8(b) illustrate the E-plane and H-plane
patterns at 2.45 GHz. When measured alone (blue solid line),
the antenna exhibits an omnidirectional radiation pattern,
typical for wearable applications seeking consistent coverage.
However, when placed near the phantom, simulating on-body
conditions, the pattern becomes more directive due to the
influence of human tissue. High radiation efficiency is difficult
to maintain because biological tissues absorb EM waves, as
modeled by the phantom. The antenna achieves an average
radiation efficiency of approximately —10.31dB (0.093).

Figures 10(c) and 8(d) show the E-plane and H-plane at
5GHz. Again, the standalone antenna (blue solid line)
produces an almost omnidirectional pattern. When placed
near the phantom, both CST (red dashed line) and COM-
SOL (green dotted line) simulations reveal distortions and
multiple lobes, resulting in a more directive pattern with
minor shifts in elevation angle. These changes are due to
dielectric loading and absorption by the phantom. At 5 GHz,
radiation efficiency further drops to around -17.27dB
(0.0187).

Antenna parameters such as gain and efficiency are
summarized in Table 3. The table shows that both gain and
efficiency decrease as the frequency increases. This behavior
can be attributed to the increased absorption of EM waves by
the dielectric load at higher frequencies. As the frequency
rises, the dielectric material tends to exhibit greater losses,
which in turn reduces the radiated power and overall an-
tenna performance. These findings highlight the importance
of carefully optimizing the antenna design to minimize
losses and ensure satisfactory performance across the
intended frequency band.

Despite the distortions, the general shape of the radiation
pattern remains fairly consistent between CST and COM-
SOL results, demonstrating that the antenna maintains
stable directional performance when worn.

6. Fabrication and Measurements of the
Proposed Wideband U-Shaped Wearable
Antenna With DGS

The prototype of the proposed wideband U-shaped wearable
antenna with DGS is shown in Figure 11. It has been fab-
ricated using conductive adhesive tape, which is pasted onto
a PDMS substrate (e, =2.75, tan § =0.025) with a thickness

TABLE 3: Antenna parameters (gain and efficiency) at different
operational frequencies.

Frequency (GHz) Gain (dBi) Efficiency
1.52 -6.37 0.1138
2.00 —-6.31 0.139
2.45 -5.57 0.093
3 -7.29 0.063
3.5 —6.65 0.058
4 -9.54 0.027
4.5 -11.9 0.015
5 -10.5 0.018
5.4 -8.18 0.025

(b)

FIGURE 11: The prototype for the proposed wideband U-shaped
wearable antenna with DGS: (a) front view and (b) back view.

-30 ¢ -
35 L J
—40 1 1 1 1 1
0 1 2 3 4 5 6
Frequency (GHz)
—— CST
— — Measurement

Figure 12: Comparison of S;; results between CST and
measurement.

of 1mm. The dimensions of the antenna, as well as the
radiating material and ground plane, are the same as those
mentioned in Figure 1. A 50 Q short coaxial cable has been
soldered to the antenna to serve as the antenna port. To
measure the reflection coefficient, a vector network analyzer
(VNA) covering frequencies up to 6 GHz has been used to
cover the antenna’s operational range. The antenna was
positioned on the human arm by curving it to match the
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arm’s curvature. Figure 12 shows the S;; results for both the
simulated and measured cases. An acceptable agreement is
observed between the two, with the covered bandwidths
being almost the same. For the simulated case, the wideband
operation spans from 1.52 to 5.38 GHz, whereas for the
measured case, it spans from 1.4 to 5.6 GHz. The difference
in behavior between the simulated and measured results can
be attributed to the uncertainty in the curving angle of the
antenna on the arm. In addition, the thickness of the arm
model layers used in the simulation might differ from that of
the actual arm used in the measurement.

7. Conclusion

The proposed wideband U-shaped wearable antenna with
a DGS successfully addresses the challenges of designing
antennas for biomedical wearable applications. By
leveraging a flexible PDMS substrate and conductive textile,
the antenna achieves a broad operational bandwidth while
maintaining compact dimensions. The integration of DGS
significantly enhances impedance matching and bandwidth,
ensuring stable performance even when bent to conform to
the human arm. Comprehensive simulations validate the
antenna’s compliance with SAR safety limits, demonstrating
its suitability for real-world wearable use. The design’s ro-
bustness is further confirmed through cross-software vali-
dation between CST and COMSOL, with consistent results
across key performance metrics. Experimental measure-
ments further supported the simulation results, demon-
strating the antenna’s practical viability for real-world
wearable applications. While DGS can introduce potential
instability in radiation patterns and gain, in this work, the
DGS geometry and placement were carefully optimized to
ensure stable radiation characteristics suitable for wearable
biomedical applications.
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