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ABSTRACT: A low-profile, flexible and wearable microstrip patch antenna is presented for Wireless Body Area Networks (WBANs)
applications. Wearability is one of the latest developments in electronic devices leading to real-time monitoring of human vital signs
like blood pressure, body temperature, and pulse rates using WBAN technology. A monopole antenna with a planar rectangular and six
stacked T-shaped elements is positioned on the top side of the radiating patch. A partial ground structure is incorporated at the bottom of
the patch to generate triple band characteristics. The antenna is maintained with compact dimensions which are 65× 65× 0.1mm3. The
antenna operates at tri-band frequencies, such as 2.7GHz, 2.5GHz, and 3.5GHz, to support 5G applications. At 2.45GHz, the directivity
is 1.56 dBi; the VSWR is 1.13; the gain is 15.38; and the reflection coefficient (S11) of −26.91 dB. The specific absorption rate (SAR)
value of 0.160W/kg satisfies IEEE safety requirements for biomedical applications and is much below the allowed maximum of 1.6W/kg
for 1 gram of tissue. This guarantees safe and effective operation in wearable and medical applications. The antenna has a thickness
of 0.1mm, a relative permittivity of 3.5 and provides flexibility and durability. The presentation includes the comparative analysis and
the step-by-step design of the triple-band flexible antenna. Testing on a three-layer human phantom model made up of skin (2mm), fat
(8mm), and muscle (23mm) demonstrated the antenna’s performance in terms of gain, radiation patterns, VSWR, reflection coefficient
(S11), and SAR. The parametric analysis, performance evaluation, simulation results, and iterative process of the antenna design are all
presented in detail. Along with conclusions, comparisons to other designs, and useful estimations, the results and finalized antenna are
presented. The accurate difference between measured and simulated performances indicates the antenna’s reliability and efficiency, and
its compact size increases flexibility in wide range of environments. The antenna was simulated using HFSS software, fabricated, and
validated in an anechoic chamber and using a network analyzer.

1. INTRODUCTION

AWireless Body Area Network (WBAN) is a network of
wearable devices that wirelessly monitor and transmit

health-related data. Establishing reliable and efficient remote
monitoring environments is made more difficult by the usage
of wireless technologies for health monitoring. The use of
antennas for monitoring purposes with compact and easily in-
tegrated structures has received a lot of attention in recent years
due to the increased demand for multifunctionality and multi-
frequency demands. This paper presents a compact, wearable,
dual-band antenna that operates at 2.4GHz and 5.8GHz for
WBAN applications. Its semi-flexible Rogers Duroid RO3003
substrate allows for slot and partial ground adjustments to
improve bandwidth and gain. Because of its high efficiency
(91.4%–92.3%), steady performance under bending, and ac-
cordance to SAR safety regulations, the antenna is suitable for
wearable biomedical and communication applications [1]. A
dual-band flexible antenna with a self-grounding semi-circular
gap is designed on a 44 × 40 × 0.2mm polyimide substrate
(εr = 3.5). It covers ISM, 4G, 5G, Bluetooth, and WLAN
applications and operates between 2.38 and 2.81GHz and 4.28
and 5.10GHz. The structure improves efficiency, gain, and
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bandwidth, which makes it appropriate for wearable electronic
devices in military, medical, and sports applications [2]. A
wearable, high-efficiency antenna is made for wireless body
area networks that use a bandwidth of 320MHz and operate at
2.40GHz. With the use of slot architectures and a semi-flexible
RO5880 substrate, it achieves 94% efficiency and 3.67 dBi
gain, maintaining performance during bending and reducing
SAR for wearable biomedical applications [3]. A coplanar
waveguide (CPW)-fed, ultra-miniaturized ultra-wideband
(UWB) wearable patch antenna that covers WiMAX, WLAN,
ISM, and X-band applications operates between 3.15 and
10.55GHz. L-shaped stubs and a shorter ground plane are
included into the 98.2% compact design to improve impedance
bandwidth. For e-health monitoring, its 4.2 dBi peak gain
and strong performance under bending, SAR evaluation,
and circuit integration make it optimal [4]. For long range
(LoRa) applications, a dual-band wearable textile eighth-mode
substrate integrated waveguide (SIW) antenna covering
863–870MHz (Europe) and 902–928MHz (North America)
has been developed. Utilizing SIW cavity symmetry, the
compacted construction guarantees resilience against body
closeness, low cost, and compactness. Strong agreement with
simulations and good isolation are confirmed by fabricated
prototypes [5]. Wearable waveguide surfaces are used in this
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small dual-branch resonator end-launcher for low-loss WBAN
communications. It operates at 2.4GHz, achieves a 0.3 dB/cm
insertion loss on the human body, and fits into textiles with a
25mm × 25mm safety zone for electronic components. For
smart clothing applications, the design makes wireless com-
munication effective, self-sufficient, and battery-operated [6].
In order to reduce back lobes, a high front to back ratio (FBR)
microstrip patch antenna with a small ground plane utilizes
a resistor-loaded ground slot (RLGS) and coupled branch
(CB) approaches. The concept reduces SAR while preserving
excellent radiation efficiency for wearable applications, with
an FBR over 38 dB. The antenna maintains its durability in
the face of human body contact, ensuring stable operation [7].
Bio-inspired antenna designs, which offer improvements in
bandwidth, miniaturization, and radiation patterns, are mod-
eled after natural structures such as fractals, plant leaves, and
bird feathers. These concepts, which cover frequencies from
microwave to terahertz, show promise for the use in biological
sensing, spectroscopy, and next-generation communication
systems [8]. With the development of conductive materials,
specific substrates, and SAR reduction approaches, wearable
antenna technology for biomedical applications is evolving.
Gain increase, bandwidth optimization, and flexible design
problems for body-worn antennas are presented in this work.
It highlights developments in 5G, industrial, scientific, and
medical (ISM), and IoT applications, highlighting their poten-
tial in the biomedical field [9]. For WBAN and biomedical
monitoring, a flexible, wearable multiple-input multiple-
output (MIMO) antenna array with a meta surface-inspired
design operates in the sub-6GHz ISM band between 5.0 and
6.6GHz. It maintains performance under bending and provides
> 34.8 dB isolation, 10 dBi gain, and 83% efficiency with
an electromagnetic band gap (EBG) decoupling structure. Its
tough, small design makes radio frequency (RF) integration
easy for wearable applications [10]. In WBAN applications,
wearable reconfigurable antennas facilitate multifunctional
operations across different body areas by utilizing switching
devices to enable dynamic changes in frequency, radiation,
and polarization. Lightweight, small, and versatile, these
antennas have been improved to support bending conditions,
SAR regulation, and reconfigurable performance criteria [11].
Using cotton as a flexible substrate, the wearable antenna for
telemedicine applications has a microstrip patch construction
which operates between 4.17 and 4.25GHz. Both on-body
mode and off-body mode are supported for communicating
with sensory devices, remote health monitoring, etc. For
telemedicine mechanisms, copper ensures stable operation by
acting as the conductive material for both the ground and an-
tenna patch [12]. A low-profile Vivaldi MIMO antenna with a
36.44% fractional bandwidth works at 28GHz and 30GHz for
wearable WBAN applications. It reaches SAR levels of 0.397
and 0.267W/kg, diversity gain of> 9.95 dB, and inter-element
isolation of < −20 dB. Its 16 × 20mm2 small size guarantees
stability and conformability on the human body [13]. A
wearable dual-polarized button antenna with pattern diversity
operates at 2.45GHz, 3.8GHz, and 5.85GHz for on-/off-body
WBAN communication. It integrates a crossed-dipole and
annular-ring radiator on flexible and semi-rigid substrates,

ensuring ultra-wideband (UWB) coverage, high gain, and safe
SAR levels. The design offers directional and omnidirectional
radiation patterns for versatile applications [14]. In order to
reduce frequency detuning during bending, this study suggests
using a 1.575GHz electro-textile global positioning system
(GPS) antenna with a defective ground structure (DGS). By
improving gain, bandwidth, and radiation efficiency, the DGS
guarantees consistent performance. Its efficiency is confirmed
by thorough analysis and bending tests [15]. For biomedical
applications, a small circularly polarized antenna improves
signal transmission for implanted medical equipment. It
achieves a wide impedance bandwidth and an 18% smaller
design by using ring characteristic loading. Strong radiation
properties, biological compatibility, and efficient transmission
up to 11.8 meters are demonstrated by tests conducted in diges-
tive tissue [16]. The tiny UWB bow-tie antenna was designed
for medical microwave imaging (MWI) and operates between
1 and 6GHz. It has a balun circuit for minimal backward
radiation and high radiation efficiency (over 80%). The an-
tenna shows effectiveness for precise multifrequency imaging
in medical diagnostics by successfully reconstructing tissue
visuals using MWI techniques [17]. A wearable reconfigurable
antenna with multi-mode switching that operates in sub-6GHz,
V-band, and D-band is shown in this study. It has a diamond
monopole for high-rate transmissions, dual-loop antennas, and
Vivaldi arrays for beam steering. High-directional radiation
and wideband coverage are presented by the design [18]. For
wearable wireless sensing applications like fitness tracking
and health monitoring, wrist-worn antennas are growing in
popularity. Sub-GHz frequencies provide long-range com-
munication possibilities with the growth of technologies like
Sigfox, NB-IoT, and LoRa WAN. However, the size restric-
tions of wrist-worn devices, which call for compact antennas,
provide difficulties for antenna design at these frequencies.
The limitations and potential developments in this field are
discussed in this paper, along with antenna factors such as
size, impedance bandwidth, and efficiency [19]. For wearable
biomedical devices, this work presents a low-profile dual-port
orthomode antenna that allows for in-band full-duplex com-
munication at 6GHz with good Tx/Rx isolation (> 35 dB).
Because of its excellent front-to-back ratios, stability in
radiation patterns, and resistance to bending, it is suitable for
wearable applications [20]. A flexible 2×2metasurface-based
rectenna array that operates at 2.45GHz is presented in this
study as a wireless power source for low-power wearable
medical sensors. The rectifier demonstrates its potential
for wearable medical applications with up to 56% power
conversion efficiency, while the meta-patch antenna reaches
7 dB gain, 77% efficiency, and 120MHz bandwidth [21].
Fresnel-zone focused antenna arrays have been explored with
a focus on biomedical applications’ safety and health [22]. A
flexible, omnidirectional, dual-band wearable antenna with
a low profile is proposed for Wireless Body Area Network
(WBAN) applications. Built on an RT/duriod 5870 substrate,
it has a small size and an enhanced impedance bandwidth,
operating at 2.45GHz and 5.2GHz. The antenna is perfect for
wearable WBAN devices because it performs well, has good
gain, high efficiency, and behaves robustly under bending
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(a) (b)

FIGURE 1. Proposed antenna. (a) Patch of the antenna. (b) Defected Ground Structure.

and body stress [23]. A stretchable and flexible wearable
antenna for 5G applications operating at 3.5GHz uses poly-
dimethylsiloxane (PDMS) and a specially made silver alloy.
An air gap PDMS substrate is incorporated into the design to
increase bandwidth and gain while preserving performance
up to 20% under bending and stretching. Additionally, the
study evaluates the antenna’s specific absorption rate (SAR) to
ensure that it is safe for human use [24]. A wearable broadband
textile antenna enables both near-field and far-field wireless
power transfer (WPT) at the same time. It maintains compact-
ness and substrate independence by combining a broadband
monopole for ultra-high-frequency (UHF) far-field WPT and
an inductive coil for high-frequency (HF) near-field WPT. The
system effectively feeds a Bluetooth Low Energy node with up
to 80% near-field WPT efficiency and 40% far-field rectenna
efficiency [25]. A CPW-fed wearable antenna with an artificial
magnetic conductor (AMC) array operates at 2.45GHz and
5.5GHz, achieving enhanced gain and decreased SAR, making
it appropriate for WLAN and WBAN applications [26]. By
using bone attenuation analysis, it presents a textile-based
UWB wearable monopole antenna with a neural network
that operates at 4.9–12.6GHz and achieves 87% accuracy in
osteoporosis detection [27].
This paper is structured in the following manner. The an-

tenna design is thoroughly explained in Section 2, which also
includes parametric analysis, performance evaluation, and sim-
ulation results for reflection coefficient (S11), voltage stand-
ing wave ratio (VSWR), gain, directivity, SAR evaluation, and
radiation pattern analysis. An additional discussion of the it-
erative procedure used to arrive at the final antenna design is
provided. Results and discussions of the finished antenna are
presented in Section 3. Finally, Section 4 presents a summary
of the main conclusions, compares the suggested antenna with

other substrates and existing designs, and provides practical
predictions from the study.

2. ANTENNA DESIGN

2.1. Antenna Model
The proposed triple-band polyimide-based flexible antenna is
illustrated in Figure 1. To enhance the antenna’s bandwidth,
a defected ground structure (DGS) is applied to three-fourths
of the bottom ground plane. Additionally, six patch stubs are
placed symmetrically on two sides of the top patch: four on
the left and two on the right, each measuring 4mm in length.
A 50Ω coaxial feed supplies power to the antenna. The sub-
strate is a 0.1mm thick with polyimide-based material that of-
fers the required flexibility. The antenna’s radiating element is
excited by a DGS. Standard equations for microstrip patch an-
tennas were used to determine the length and width of the patch
dimensions.
For example, the patch width equation is shown in Equation

(1),

w =
c

2f0

√
ϵr+1
2

(1)

The patch length equation is shown in Equation (2),

L =
c

2f0
√
ϵr

(2)

where ϵeff represents the effective dielectric constant, which is
shown in Equation (3),

ϵeff=
ϵγ+1

2
+
ϵr−1

2

[√
1 + 12

(
h

w

)]
(3)
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TABLE 1. Proposed antenna’s design parameters in Figure 1(a) and 1(b).

Dimensions (unit: mm)
WG = 65 WF = 5.225 Lp2 = 2 Lp4 = 4 Lp6 = 4

LG = 48.75 LF = 35 Wp2 = 23.6125 Wp4 = 20.6375 Wp6 = 20.6375

WS = 65 LP1 = 2 Lp3 = 4 Lp5 = 4 fO = 2.45

h = 0.1LS = 65 WP1 = 23.6125 Wp3 = 20.6375 Wp5 = 20.6375

The suggested triple-band antenna was implemented using a
polyimide material with a dielectric constant of εr = 3.5.
Overall, the antenna measures 65mm by 65mm by 0.1mm.
Analyses and designs were conducted using the ANSYS HFSS
software 2024R2 student version. Table 1 offers an overview
of the precise dimensions of the proposed antenna following
detailed parametric simulations.

2.2. Antenna Performance Evaluation
A human phantom model with three layers is constructed using
square boxes, as illustrated in Figure 2. The antenna is em-
bedded between the layers of fat tissue, and the skin tissue is
placed above it. The muscle tissue is then positioned below the
antenna. Due to its slightly larger dimensions than the antenna,
the model can be used for SAR calculations. Accurately rep-
resenting the human phantom involves modeling the relative
permittivity and conductivity of the skin, muscle, and fat of the
human body. The thickness of muscle is 8 millimeters, fat 2
millimeters, and skin 23 millimeters. On-body antenna place-
ment involves positioning the antenna outside the human body.
The 2.45GHz characteristics of human body tissues are listed
in Table 2. There are noticeable variations in the antenna’s res-
onance frequency because the dielectric constant of human tis-
sues is high.

FIGURE 2. Human phantom model.

TABLE 2. Human phantom model parameters.

Human cell Permittivity (∈r) Conductivity (S/m)
Fat 5.28 0.1
Skin 31.29 5.0138

Muscle 52.79 1.705

2.3. Parametric Analysis
To optimize the antenna’s reflection coefficient (S11), a detailed
parametric analysis was conducted by systematically varying
the dimensions of the patch geometry. The optimal dimensions
obtained from the study are presented in Table 1. In the initial
design (Iteration 1), the antenna featured three patch stubs with
lengths of 1.25mm, 2mm, and 4mm: two on the left and one
on the right. This configuration resulted in a reflection coeffi-
cient (S11) of−15 dB. To enhance performance, the number of
patch stubs was increased to four, with three on the left and one
on the right. This modification significantly reduced the reflec-
tion coefficient (S11) compared to the initial design. In Iteration
3, the number of patch stubs was further increased to six, with
four on the left and two on the right. All left-side patch stubs
maintained uniform width and length, while the dimensions of
the right-side stubs were slightly reduced to further optimize the
reflection coefficient (S11). To improve antenna performance,
a DGS was also added. As a result of these design enhance-
ments, the final antenna achieved a substantial improvement
with a reflection coefficient (S11) of −26.39 dB. Figure 3 dis-
plays the comprehensive parametric analysis. In Iteration 1,
two bands were observed: Band 1 (2.25–2.35GHz) and Band
2 (2.85–2.95GHz). In Iteration 3, three bands were achieved:
Band 1 (2.45–2.58GHz), Band 2 (2.58–2.70GHz), and Band
3 (3.55–3.58GHz). Figure 4 depicts the reflection coefficient
(S11) results for Iteration 1 and Iteration 3.

2.4. Simulation Results

2.4.1. Reflection Coefficient (S11) Evaluation

Reflection coefficient (S11) measures power loss due to
impedance mismatches in antenna design. The 50Ω input
impedance ensures optimal performance. Simulation results
show a −26.91 dB reflection coefficient (S11) at 2.45GHz, as
illustrated in Figure 5, indicating efficient power radiation.

2.4.2. VSWR Evaluation

The antenna’s low VSWR of 1.13 at 2.45GHz, indicating ex-
cellent matching conditions and minimal reflection loss, as
shown in Figure 6, allows it to be utilized in WBANs and
healthcare applications.

2.4.3. Gain Measurement Evaluation

Radiation efficiency is indicated by antenna gain, as shown in
Figure 7. Due to tissue absorption, wearable biomedical appli-
cations may experience negative gain. The antenna’s 3D gain
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(b)(a) (c)

FIGURE 3. Patch geometry of the antenna across design iterations: (a) Iteration 1 without DGS. (b) Iteration 2. (c) Iteration 3 with DGS.

(a)

(b)

FIGURE 4. Reflection coefficient (S11) graphs for Iteration 1 without DGS and Iteration 3 with DGS.

on a human phantom was 15.38 dB; however, it still performed
well in radiation for WBAN applications, with an omnidirec-
tional pattern that peaks at 0◦.

2.4.4. Directivity Analysis

The antenna’s directivity, which is 1.55 dBi in Figure 8, is ad-
equate for wearable biomedical applications. It has few side-
lobes and transmits signals effectively in the ISM band.

2.4.5. Evaluation of SAR

In accordance with safety regulations for biomedical appli-
cations, the 2.45GHz designed antenna obtained a mass of

one gram of tissue, the Specific Absorption Rate (SAR) was
0.168W/kg, which is far lower than IEEE safety guidelines of
1.6W/kg. The SAR distribution and safe antenna operation in
the human phantom model is presented in Figure 9.
The formula for calculating SAR is shown in Equation (4),

SAR =
σ |E|2

ρ
(4)

2.4.6. Radiation Patterns Evaluation

The antenna’s radiation pattern at 2.45GHz was examined us-
ing HFSS in polar coordinates. Figure 10 illustrates how an-
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FIGURE 5. Reflection coefficient (S11) plot.

FIGURE 6. VSWR plot.

FIGURE 7. Gain plot.

tenna orientation affects performance by evaluating phase an-
gles at 0◦ and 90◦ to analyze the radiation characteristics.
Higher directivity with sidelobes was seen in the red curve
(phi = 90◦), whereas greater coverage and lower directivity
were shown in the green curve (phi = 0◦).

3. RESULTS AND DISCUSSION

The polyimide-based proposed triple-band flexible antenna has
been developed and verified properly in accordance with the
measurements given in Table 1. Figure 11(a) shows the con-
structed antenna prototype, while Figure 11(b) illustrates the
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(a)

(b)

FIGURE 8. Directivity plots of the antenna at 2.45 GHz: (a) 2D Directivity plot, (b) 3D Directivity plot.

TABLE 3. Performance comparison of the proposed antenna using different substrates at 2.45GHz.

Substrate
Operating Frequency

(f0)
Reflection Coefficient

(S11)
VSWR Gain (dBi)

Polyimide 2.45GHz −26.91 1.09 15.38
Teflon 3.8GHz −9.56 1.99 1.1

FR4_epoxy 4.2GHz −31.49 1.05 15.18
Rogers RT/duriod 5880 (tm) 9GHz −6.6 2.7 2.1

FIGURE 9. SAR distribution analysis.

S-parameters measurement configuration within an anechoic
chamber. The model and Figure 12 display a comparison of
measurements using the reflection coefficient S11 and VSWR.
The results indicate that the polyimide antenna exhibits a gain
of 15.38 dBi at a 2.5GHz frequency. Similarly, Figure 13(a)
compares the simulated and measured gains versus frequency
curves, and Figure 13(b) compares the simulated and measured
radiation pattern graphs.
This section presents a comparative analysis of the outcomes

of the simulation and measurement using gain, radiation pat-
tern, VSWR, and reflection coefficient (S11). Figure 12 illus-
trates the S11 and VSWR comparisons, demonstrating good
alignment between simulated and measured data, with minor
deviations due to fabrication errors and connector faults. Both
analyses maintained a VSWR between 1 and 2 within the in-
tended frequency range.
The study examines the impact of skin conditions on an-

tenna performance using HFSS tools and SAR simulations. It
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FIGURE 10. Radiation patterns plot.

(a) (b)

FIGURE 11. Proposed tri-band polyimide antenna: (a) Prototype; (b) S11 measurement setup in Anechoic chamber.

is found that off-body placement results in excellent impedance
matching and minimal signal reflection, while on-body place-
ment results in reduced VSWR and reflection coefficient (S11);
radiation and antenna gain efficiencies also show changes.
Gain remains stable in off-body cases, but radiation efficiency
declines from 94.32% off-body to 82.57% on-body due to the
energy absorption by bodily tissues.
These findings highlight the influence of skin conditions and

proximity to the human body on the antenna’s overall perfor-
mance. The evaluation of the proposed antenna using differ-
ent substrates is presented in Table 3, where all values of re-
flection coefficient (S11), VSWR, and gain were obtained at
the operating frequency of 2.45GHz to ensure a fair and con-
sistent comparison. This table also illustrates how the inclu-
sion of patch stubs significantly reduces the antenna size while
maintaining effective operational bandwidth. Substrates such

as Teflon, FR4 epoxy, Polyimide, and Rogers RT/Duroid 5880
were included in the analysis.
Among them, the polyimide-based antenna demonstrates su-

perior performance, achieving a VSWR of 1.03 and a reflection
coefficient (S11) of −26.94 dB at 2.45GHz, all within a com-
pact footprint of 65 × 65mm2. These results underscore its
effectiveness in maintaining optimal performance while mini-
mizing antenna dimensions. Table 4 provides a detailed per-
formance comparison between the proposed antenna and other
existing designs from prior studies [6, 12, 14], highlighting the
compactness and superior VSWR of our proposed structure.

3.1. Evaluation of the Fabricated Antenna on the Body

The constructed antenna was positioned on a human body
model to assess its performance in on-body scenarios. As illus-
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(a) (b)

FIGURE 12. Simulation and measurement comparison: (a) S11 vs frequency; (b) VSWR.

(a) (b)

FIGURE 13. Simulation and measurement comparison: (a) Gain vs frequency; (b) Radiation pattern.

TABLE 4. Performance comparison of proposed and existing antennas.

Reference
Operating Frequency

(GHz)
Size in
(mm)

Reflection Coefficient
(S11) (dB)

VSWR

This study 2.45 65× 65 −26.91 1.03
[12] 4.25 90× 100 −22.13 1.1
[6] 2.45 25× 25 −10.52 1.8
[14] 2.45 40× 40 −21.52 1.1

trated in Figure 14, the return loss was assessed and contrasted
with that of the independent (free-space) arrangement. In the
on-body situation, only one resonance peak is apparent because
of the graph’s scaling modification; nonetheless, the return loss
stays mostly stable, with a minor variation. At 2.45GHz, the
return loss on the body is recorded at −20.87 dB, while in the
stand-alone scenario, it is −26.94 dB. This shows a significant
drop in performance, anticipated because of the effect of human
tissue. These results are quantitatively presented in Table 5,
which compares return loss, VSWR, directivity, and radiation

efficiency between free-space and on-body conditions. The
fluctuation shows the usual electromagnetic absorption by body
layers that slightly modifies the antenna’s impedance matching.
An overview of the main performance metrics in both scenarios
is provided below.
These findings verify that although the antenna shows minor

performance decline when being placed on the body— because
of tissue interaction — it still functions well and is appropriate
for wearable WBAN uses.
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(a) (b)

FIGURE 14. Measurement of return loss in (a) on body antenna and (b) off body antenna.

TABLE 5. Comparison of return loss and other parameters for on-body
and off-body antenna configurations.

Parameter
Free Space

(Independent)
On-Body

Reflection Coefficient (S11) −26.94 dB −20.87 dB
VSWR 1.09 1.23

Directivity 15.38 dBi 14.23 dBi
Radiation Efficiency 94.95% 81.94%

4. CONCLUSION
This paper presents a compact wearable antenna with low re-
flection coefficient (S11), good VSWR, and minimal SAR
within safety limits, which operates at 2.45GHz for wireless
and biomedical applications. The design maintains a minimal
dimension of 65×65mm2 while exhibiting respectable perfor-
mance in gain, directivity, and radiation patterns. The safety of
the antenna for use in biomedical applications is confirmed by
tests using human body phantoms. With a 50Ω impedance, the
inset feed approach facilitates feeding and ensures flat struc-
tures. In line with developments in digital healthcare and new
technologies like 5G, future research will focus on increasing
bandwidth and efficiency.
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