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ABSTRACT: This study introduces a compact, low-profile ultra-wideband (UWB) wearable antenna designed for wireless body area
network (WBAN) applications. The antenna incorporates a rectangular patch on a flexible jeans substrate, incorporating one patch slot,
four identical edge slots, and a defected ground structure (DGS) with compact dimensions of 23 mm X 30 mm x 1.5 mm. These slots and
the DGS enable UWB operation with an excellent bandwidth while maintaining a good balance among the key performance parameters
such as efficiency, gain, and SAR, which is the main contribution of this study. The antenna performance was analyzed using a four-layer
human body phantom model that includes skin, fat, muscle, and bone layers. It operates across the frequency range of 2.82—11.25 GHz,
covering the UWB range for wearable devices, and achieves a peak gain of 3.79 dBi, an average gain of 2.36 dBi, a peak efficiency
of 63.36%, and an average efficiency of 52.88%. In addition, the obtained SAR values are 0.549 W/kg and 0.391 W/kg at 5 GHz, and
0.0727 W/kg and 1.97 W/kg at 9 GHz for 1 g and 10 g tissue standards, respectively, complying with SAR regulatory standards. Moreover,
bending analysis validated its stable performance under various angles and deformation conditions. The fabrication and on-body testing
of the proposed antenna exhibited a bandwidth of 1.38-12 GHz, demonstrating compliance with simulations. Finally, a human body
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temperature monitoring prototype was developed, which validates its suitability for wearable WBAN applications.

1. INTRODUCTION

dvances in consumer electronics and wireless technology

have driven wearable medical devices and physiological
monitoring systems toward greater integration, higher data
rates, and reduced energy consumption [1]. The inclusion of
smart sensors and machine learning further demands high data
rates and reliable real-time communication in Wireless Body
Area Networks (WBANSs) [2]. WBANSs allow wearable devices
to measure vital signs such as heart rate, body temperature, glu-
cose level, blood pressure, and body weight [3—6]. They also
facilitate fast communication in entertainment devices such
as virtual reality, augmented reality, smart glasses, and head-
sets [7-9]. WBAN:Ss offer secured tracking and communication
in the military field using devices such as smartwatches and
helmets [10, 11]. Ultra-wideband (UWB) technology has be-
come a promising solution for WBAN applications because of
its low power consumption, low cost, and high data-rate trans-
mission [12]. After the Federal Communications Commission
(FCC) allocated the unlicensed 3.1-10.6 GHz band in 2002,
UWB technology has been significantly considered for wear-
able communication systems. Antennas, especially UWB an-
tennas, are key components in wearable healthcare systems be-
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cause they provide reliable, high-speed, and low-interference
communication [13].

Recent studies on WBAN wearable antennas have uti-
lized circular and elliptical patch structures together with
different resonant elements to achieve wide-bandwidth
performance [14-17]. For example, a coplanar waveguide
(CPW)-fed antenna with circular and elliptical stubs achieved
operation across the 3.1-10.6 GHz range [18], while a circu-
larly polarized antenna with an umbrella-shaped patch and a
modified elliptical radiator was proposed in [19]. Moreover,
slotted structure designs on the patch and ground plane
enhanced the bandwidth to 3.1-13.4 GHz and 7.5-12.5 GHz,
respectively [20,21]. Although these antennas achieved good
impedance bandwidth performance, many designs still have
disadvantages, such as structural complexity, large size, rigid
geometry, and limited suitability for medical applications.

Again, wearable antennas must be flexible, so they can adapt
to different shapes and deformations. As a result, a substan-
tial amount of research has focused on flexible UWB anten-
nas for WBAN applications [22,23]. Examples include a flex-
ible UWB antenna for breast cancer detection operating at
4-6 GHz [24] and a low-profile denim-based microstrip an-
tenna for wideband communication [25]. In addition, a flexible
UWB metasurface antenna has been developed to provide high

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERC26052801

Progress In Electromagnetics Research C, Vol. 172, 126—-134, 2026

PIER C

(a)

Rectangular
Edge Slot

'«— Defected Ground Plane

Rectangular Edge Slot
Substrate (Jeans)

Rectangular Patch Slot

23 mm

(®)

30 mm

Feed line

23 mm L
© [T () *}
A 1
e
g
g
& W

FIGURE 1. (a) Perspective view, (b) front view, (c) back view, and (e) side view of the proposed antenna design.

gain, wide bandwidth, and low SAR, enabling reliable contin-
uous health monitoring and supporting both on-body and off-
body transmission [26]. More notable designs include textile-
based UWB antennas for telemedicine and mobile health, en-
suring reliable on-body performance [27], ultra-miniaturized
UWB patch antennas for low-interference e-health monitor-
ing [28], four-port footwear-integrated antennas covering 2—
14 GHz [29], metamaterial-enhanced textile antennas improv-
ing bandwidth and radiation efficiency [30], and miniaturized
circularly polarized UWB antennas offering dual-band, body-
centric communication for smart wearable devices [31]. Ad-
ditionally, graphene-based flexible antennas offer high con-
ductivity (= 40 x 107 S/m) and gain (> 10dBi) due to their
excellent mechanical flexibility and nanocomposite enhance-
ment [32, 33]. However, performance is limited by graphene’s
zero bandgap and fabrication complexity with strong trade-offs
among size, gain, and bandwidth [34,35]. Although existing
studies have made significant improvements in wearable an-
tenna performance, achieving low-profile, flexible, compact
designs with sufficient gain, wide bandwidth, and low specific
absorption rate (SAR) for reliable WBAN applications remains
challenging.

This paper presents a flexible UWB wearable antenna for
WBAN application. It consists of a slotted rectangular patch on
a flexible jeans substrate with dimensions of 23 mm x 30 mm x
1.5 mm. The design includes a rectangular slot close to the feed
line, four identical edge slots, and a defected ground structure
for wideband operation while maintaining a simplified geome-
try. The antenna offers a peak gain of 3.79 dBi, average gain of
2.36 dBi, peak efficiency of 63.36%, and average efficiency of
52.88%. Moreover, the antenna complies with the permissible
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SAR standards and exhibits stable performance under bending
conditions.

2. ANTENNA DESIGN METHODOLOGY

2.1. Geometry of the Proposed Antenna

The structure of the proposed antenna is shown in Fig. 1, and its
optimized geometrical parameters are listed in Table 1. It is de-
signed as a rectangular patch structure on a flexible jeans fabric
substrate of 1.5 mm thickness and a dielectric constant of 1.7.
Copper is used for the radiating patch and ground plane layer,
with an electrical conductivity of 5.8 x 107 S/m and a thick-
ness of 0.05 mm. The overall dimensions of the antenna were
23 x 30 x 1.5 mm?. Since the antenna has a very small thickness
compared to the operating wavelength, it exhibits low-profile
characteristics, making it suitable for wearable applications.
To achieve ultra-wideband operation, a slotted radiating
patch and defected ground structure were incorporated into the
antenna design. Furthermore, an inset-fed excitation technique

TABLE 1. Optimized geometrical parameters.

Parameter | Value (mm) | Parameter | Value (mm)
a 18.00 g 2.00
b 18.00 h 1.57
c 4.00 i 5.00
d 3.50 j 1.00
e 8.00 k 1.50
f 5.00 l 0.035
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FIGURE 2. (a) Evolution steps and (b) corresponding reflection coefficient (S11) results of the proposed antenna design.

was used to enhance impedance matching and optimize power
transfer. The antenna design was developed and evaluated us-
ing Computer Simulation Technology (CST) Microwave Stu-
dio software to obtain the desired ultra-wideband performance.

2.2. Mathematical Modelling of the Proposed Antenna

The patch width (W) and length (L) of the proposed antenna
were calculated using the following equations [36].

1 2
W = 1
2fr\/Hoco V & +1 O
o+ 0.3) (X 4 0.264

B 2f7"\/5ei_ff\/ﬂ050 e

where the effective dielectric constant

e+l g —1 12n7 /2
ef = + 3 {l-i-]

(e — 0.258) (¥ +0.8)

w

fr =resonant frequency, up = permeability of free space, ¢y =
permittivity of free space, ¢, = dielectric constant of the sub-
strate, h = height (thickness) of the substrate.

2.3. Evolution of the Antenna Structure

The evolution of the proposed antenna design is illustrated in
Fig. 2. Firstly, a simple rectangular patch antenna was designed
using Equations (1) and (2), which exhibited narrowband op-
eration, resonating at 6 GHz. Next, a defected ground struc-
ture (DGS) was incorporated, which reduced the operating fre-
quency to 3.75 GHz and increased the impedance bandwidth.
To achieve the entire ultra-wideband range (3.1-10.6 GHz),
four identical rectangular edge slots were etched into the ra-
diating patch. Finally, a rectangular slot was introduced near
the feed line to improve the reflection coefficient, resulting in
the antenna’s desired wideband performance.

2.4. Parametric Investigation of the Proposed Antenna

A detailed parametric analysis was performed to optimize per-
formance parameters of the proposed antenna design. The ef-
fect of the patch slot length (¢) on the reflection coefficient
(S11) is shown in Fig. 3(a). It is observed that variation in the
patch slot length does not significantly affect the resonant fre-
quencies, but rather mainly influences the magnitude of Si;.
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The optimum response was obtained at e = 8mm. Fig. 3(b)
shows that increasing the ground width (¢) lowers the high-
band frequencies. A ground width of 5 mm provided the best
overall performance. In addition, the dimensions of the rect-
angular edge slot (¢ x d) significantly affect the impedance
bandwidth, as shown in Fig. 3(c). As the slot dimensions
increase, the bandwidth narrows. The desired response was
achieved for ¢ x d = 4 x 3.5mm?. Hence, good impedance
matching is achieved with a patch slot length of 8§ mm, ground
width of 5 mm, and a dimension of the rectangular edge slot of
4 x 3.5mm?. The optimized dimensions, along with all other
geometrical parameters, are listed in Table 1.

3. RESULTS AND DISCUSSION

3.1. Numerical Analysis of the Proposed Antenna

Antennas designed for WBAN applications must exhibit stable
performance of various parameters in the body-surface environ-
ment. Thus, a rectangular human body phantom model with di-
mensions of 80 x 80 mm? was designed in CST Studio software,
where the antenna was placed above the phantom model with
a 3 mm air gap, as illustrated in Fig. 4. The human tissue prop-
erties used in the phantom model are presented in Table 2 [27].
Again, open (add space) boundary conditions were used to sim-
ulate free-space radiation, along with a hexahedral mesh having
a —40 dB accuracy setting to ensure numerical precision.

TABLE 2. Properties of different layers of human body tissue.

Property Skin Fat | Muscle | Bone
Permittivity, e, (F/m) | 3593 | 4.90 | 48.49 18.49
Density (kg/m®) 1100 | 910 1040 1008
Conductivity ({dm) 3.72 | 0.15 4.96 0.82
Thickness (mm) 2 5 20 13

Figure 5 shows the simulated reflection coefficient (S11)
with respect to frequency. The results show that the proposed
antenna achieves adequate impedance matching over the entire
UWB range of 2.82 GHz to 11.25 GHz. The antenna achieves a
wide operating bandwidth of 8.43 GHz with a fractional band-
width of 149.67%. The average efficiency obtained across the
entire operating band was 52.88%, with a peak efficiency of
63.36%, as shown in Fig. 6. This moderate efficiency is mainly
attributed to dielectric losses in the jeans substrate and ohmic
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FIGURE 3. Effect of (a) patch slot length (e), (b) ground width (i), and (c) rectangular edge slot dimension on the S;.

FIGURE 4. Perspective view of the proposed antenna in a human body
phantom environment.

TABLE 3. Radiation pattern parameters.

losses due to the finite conductivity of copper and slotting in
the patch and defected ground structure. Moreover, proxim-
ity to the human body results in electromagnetic absorption
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and body-loading effects, further reducing radiation efficiency.
Nevertheless, the antenna maintains acceptable efficiency over
the entire band for WBAN applications.

In addition, Fig. 7 illustrates simulated radiation character-

T ﬁiﬁile istics of the proposed antenna at 5GHz and 9 GHz, and the
 Fat corresponding parameters are outlined in Table 3. Moreover,
—— Skin the variation of gain with respect to frequency is depicted in
— Antenna Fig. 8. The antenna achieved an average gain of 2.36 dBi and

a peak gain of 3.79 dBi, demonstrating adequate gain perfor-
mance over the operating band.

3.2. SAR Analysis of the Proposed Antenna

To evaluate the radiation effect of the proposed UWB antenna
on the human body for WBAN applications, SAR was calcu-
lated. The SAR analysis was performed by placing the an-
tenna on the human body surface model with an input power of

Parameter 5GHz 9GHz 100 mW (20 dBm) under both 1 gand 10 g tissue standards. The
E-Plane | H-Plane | E-Plane | H-Plane analysis was conducted at 3 GHz, 5 GHz, 7 GHz, and 9 GHz,
Main Lobe 243 186 359 17 and corresponding results are illustrated in Fig. 9 and summa-
Mag. (dBi) rized in Table 4. According to the results, the SAR values are
Main Lobe 149 196 139 500 within the acceptable standard safety limits of 1.6 W/kg (1 g of
Direction (Deg.) tissue) and 2 W/kg (10 g of tissue).
Angular Width |5, ¢ 383 48.7 39.1
(Deg.) 3.3. Bending Analysis of the Proposed Antenna
Side Lobe -39 -5 ~13 —14 The proposed antenna was evaluated under different bending
Level (dBi) conditions to verify its suitability for wearable applications.

The results in Fig. 10 show that bending along the X Z-axis
does not impact the performance; however, bending along
the Y Z-axis slightly shifts the lower-band resonances toward
lower frequencies. Despite these slight variations, the antenna

WWwWw.jpier.org
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TABLE 4. SAR values for 100 mW power in human body model.

Maximum
Frequency (GHz) SAR (W/kg)
3 1.2170
0.5490
0.3110
0.0727
0.1740
0.3910
1.1810
1.9700

Tissue Resonant

Weight (gm)

10

O Q|| W|O|A|wn

maintained stable wideband performance under all bending
conditions with acceptable impedance matching. Therefore, it
can be said that the proposed antenna is suitable for flexible
WBAN applications.

3.4. Fabrication and Testing of the Proposed Antenna

The proposed UWB wearable antenna was fabricated using
jeans fabric as the substrate, and a copper strip was used as
a conductive layer. An SMA female connector was soldered
to the feed line to provide excitation. The reflection coefficient
S11 of the antenna was evaluated using a ZNL20 vector network
analyzer (VNA) with a frequency range of 5 kHz to 20 GHz. A
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FIGURE 12. Experimental setup for S1; measurement.

3.5 mm male coaxial connector was used to connect the fabri-
cated antenna to the VNA. Fig. 11 presents the fabricated an-
tenna structure, and Fig. 12 illustrates the experimental setup
used for Sp; characterization.

According to the measured results and their comparison with
the simulated data, as shown in Fig. 13, the antenna operated
over a frequency range of 2.62 GHz to 12.07 GHz. This demon-
strates a slight deviation from the simulated bandwidth, which
ranges from 2.82 GHz to 11.25GHz. This variation can be
attributed to minor fabrication inaccuracies, potential changes
in the dielectric properties of the jeans substrate, effects from
connectors and soldering, and external factors during the mea-
surement process. Moreover, the measured results were ob-
tained for various bending conditions, as shown in Fig. 14,
demonstrating compliance with the simulated bending results.
Nonetheless, the measured results closely matched the simu-
lated performance, confirming the validity of the proposed an-
tenna design for wearable UWB applications.

3.5. Implementation of the Antenna in a WBAN System

To evaluate the proposed antenna’s performance in terms of
communication reliability for WBAN applications, a proto-
type human body temperature monitoring system was devel-
oped. The system consisted of a DHT22 temperature sensor
integrated with an ESP32 microcontroller (NodeMCU ESP32S
WiFi module).

Www.jpier.org
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TABLE 5. Comparative analysis of the proposed antenna model with the existing antenna models.

Operating | Fractional Peak Peak SAR (W/Kg) Comparison with the
Ref. Year Size (mm?) Substrate | Frequency | Bandwidth | Efficiency Gain Proposts d A:ivtenna
(GH2) (%) (%) | @B) | 1g | 1og b
Rogers Higher gain and efficiency,
[26] 2025 60 x 60 x 3.85 & 5.12-9.13 58.65 90 9.4 - 0.065 but larger size with smaller
4003C .
bandwidth
Compact size with higher
[27] 2024 16 x 16 x 0.08 | Polyimide | 3.15-10.55 128.36 - 42 1.99 1.56 gain, but with smaller
bandwidth
Higher gain and efficiency,
[28] 2022 25x30x 1.4 Jeans 3.09-11.00 135.67 65 2.68 0.94 - but larger size with smaller
bandwidth
o] | 2022 | 92x92x 15 | Povethy-t 5 o5 1400 | 22678 - 72 | o001 | - | Higher gain and bandwidth,
lene but larger size
[30] | 2021 | 36x39x2 Jeans | 3.00-11.00 | 139.26 - 697 | 029 | . | Highergain, but larger size
’ ’ ’ ’ ’ with lower bandwidth
Higher gain and smaller in
[31] 2020 10 x 10x 0.37 Jeans 3.96-10.6 102.48 - 5.47 - 1.68 size, but smaller bandwidth
with higher SAR
This Compact size with high
2026 23 x30x1.5 Jeans 2.82-11.25 149.67 63.36 3.79 0.621 1.97 bandwidth, adequate gain,
Work -
efficiency and small SAR

In this prototype, the built-in antenna of the ESP32 micro-
controller was replaced with the proposed antenna. The entire
temperature monitoring unit was placed on the subject’s body to
emulate a realistic WBAN deployment in proximity to human
tissue, as illustrated in Fig. 15. During testing, the tempera-
ture sensor continuously recorded the subject’s body tempera-
ture and wirelessly transmitted the data through the proposed
antenna to the ESP32 server without any interruption. The suc-
cessful real-time transmission of physiological data confirms
that the antenna is suitable for WBAN applications, particu-
larly for wearable health monitoring systems that require com-
pact size, efficient operation near the human body, and reliable
wireless communication.
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4. COMPARISON WITH THE EXISTING ANTENNAS

Table 5 presents a comparative analysis of the proposed antenna
and recent designs. This demonstrates that the proposed an-
tenna achieves a significantly wider bandwidth than the others.
Although some existing antennas offer slightly higher gain or
efficiency, they generally require larger dimensions or exhibit a
higher SAR. In contrast, the proposed antenna maintains an ad-
equate peak gain of 3.79 dBi and a satisfactory peak efficiency
of 63.36%, while ensuring significantly lower SAR values of
0.621 and 1.18 W/kg at 5 GHz and 9 GHz frequencies, respec-
tively, with a very high bandwidth of 149.67%. Therefore, the
proposed antenna offers a high bandwidth while maintaining
compactness, radiation performance, and user safety for wear-
able and WBAN applications.
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5. CONCLUSION

This study presents a novel low-profile UWB wearable antenna,
specifically designed for WBAN applications. The antenna is
fabricated on a flexible jeans substrate with integrated patch
slots and a DGS, which successfully demonstrates a wide oper-
ating frequency range of 2.82—11.25 GHz with a compact size
of 23 x 30 x 1.5mm?>. The simulation results indicated sat-
isfactory impedance matching, a peak gain of 3.79 dBi, aver-
age gain of 2.36 dBi, peak efficiency of 63.36%, and average
efficiency of 52.88%, while maintaining SAR values within
standard safety limits for 1 g and 10 g tissues. Bending anal-
yses validated the antenna’s stable performance under various
deformation conditions, supporting its suitability for flexible
and wearable applications. The fabrication and experimen-
tal validation on a human body showed close agreement with
the simulated results, achieving an operational bandwidth of
2.62—12.07 GHz. Furthermore, practical implementation in a
human body temperature monitoring system using a DHT22
sensor and ESP32 microcontroller demonstrated reliable real-
time data transmission, thus validating the antenna’s efficacy in
WBAN deployment.

Compared with existing wearable antennas, the proposed
design achieves a strong balance of wide bandwidth, com-
pact size, adequate gain and efficiency, and low SAR. Over-
all, the proposed antenna represents a significant advancement
in UWB WBAN applications, particularly in health monitoring
and other wearable IoT systems.
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