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This study proposed a novel Microstrip Patch Antenna designed on a flexible textile substrate for

wearable applications. The compact antenna, measuring 0.2840 x 0.2840, achieved triple-band operation at
3.5 GHz, 8.52 GHz, and 10.9 GHz. The first band, the S-band, supports wireless body area networks
(WBANS) for real-time health monitoring. The second band, in the X-band, enables high-resolution imaging
and sensing for non-invasive diagnostics. The third band, in the upper X-band, supports medical and space
research, offering precise movement detection for rehabilitation monitoring. The antenna's small size, wide
impedance bandwidth, and multi-band operation ensure reliable data transmission and body-conformal
compatibility. It adheres to the IEEE 802.15.6 standard for WBANSs and supports applications like WLAN,
WiMAX, and short-range communications. The design features a groove-shaped slot for improved impedance
matching and bandwidth, along with truncated edges and a partially grounded plane for performance
optimization. With a peak gain of 10.1 dBi, it provides efficient radiation in wearable scenarios. Constructed
on a flexible Bakhram substrate, the antenna conforms to the human body, addressing challenges like signal
attenuation and deformation. Its low specific absorption rate (SAR) ensures safety, making it suitable for
healthcare monitoring, fitness tracking, and wearable communication systems.
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1. INTRODUCTION

Textile antennas are known for their lightweight,
flexible, and conformal nature, making them suitable for
wearable applications like healthcare monitoring, fitness
tracking, and military systems. Their ability to function
under bending, stretching, and skin contact ensures their
effectiveness for on-body communication. However,
challenges such as performance stability, low SAR, and
environmental durability remain, necessitating further
advancements in this domain. Recent studies have
focused on innovative materials and designs to improve
their reliability and efficiency. Jeans cotton textile
materials are widely utilized due to their flexibility,
durability, and suitability for wearable applications [1].
A wideband, low-profile antenna was developed for
wearable biomedical devices, exhibiting compactness
and enhanced performance [2]. A textile-based meta-
patch antenna with a seven-stage CWVM (Cockeroft-
Walton Voltage Multiplier) rectifier improved gain,
bandwidth, and efficiency for energy harvesting. A 2 x 2
rectenna array was fabricated on felt material and tested
under free space, on-body, and Wi-Fi conditions,
ensuring consistent performance for IoT and healthcare
applications [3]. A circular patch antenna, featuring star
and arc-shaped slots on semi-flexible Rogers RT/duroid
5870 with a partial ground, achieved omnidirectional
radiation [4]. Research has explored various substrate
materials for wearable antennas, including jeans,
Polydimethylsiloxane (PDMS), denim, cotton, felt, and
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foam, due to their flexibility and suitability for wearable
systems [5, 6]. Walsh-Hadamard coding techniques
were found to be efficient and robust in ensuring
orthogonality [7].

A low-profile antenna, fabricated on a thin Rogers
3003 Compact antennas with radiators featuring
square and hexagonal rings allowed dual-band
operation and frequency tunability, making them
versatile for multiple applications [8]. Substrate,
demonstrated stable performance in both flat and bent
configurations, showcasing its practicality for wearable
devices [9]. An advanced hexa-band metamaterial using
tunable  split-ring  resonators  exhibited high
performance across the S, C, X, and Ku bands. This
design utilized tunable metal strips for precise
frequency customization, highlighting its potential for
wireless communication and sensing applications [10].
A dual-band portable antenna fabricated on poly-cotton
textile incorporated slot-loading techniques to excite
higher-order = modes, offering flexibility and
conformability for wearable devices [11]. Antennas with
square slotted structures and horizontal/vertical lines
further enhanced their adaptability for wearable
communication [12]. A compact triple-band antenna
using hexagonal ring patches interconnected by a
modified plus-shaped feedline resonated at 2.4 GHz, 3.5
GHz, and 5.5 GHz, supporting Bluetooth, WLAN,
WiMAX, and 5G applications [13]. A four-port triband
MIMO antenna, incorporating a G-shaped loop
radiating patch with trimmed edges, achieved high gain
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and isolation for 5G mmWave systems [14]. A Y-shaped
monopole antenna with an open-ring resonator provided
efficient operation [15]. A transparent, flexible X-band
antenna employed a dumbbell-shaped metasurface
arranged in a checkerboard pattern for -effective
polarization conversion [16]. The dielectric constant of
the jeans material (used as a textile substrate) was
measured using the ring resonator method.

This on-body communication system, operating at 5.3
GHz, is ideal for Wi-Fi and medical applications [18],
self-isolation MIMO (Multiple Input and Multiple
output) method used for UWB(Ultra-Wide Band) [19].
While these advancements are noteworthy, several
research gaps persist. Most wearable antennas face
challenges related to environmental and mechanical
conditions, including moisture, temperature
fluctuations, and repeated deformations. Achieving a
balance between compact size, wideband operation, and
low SAR levels remains difficult.

Additionally, scalable and cost-effective fabrication
methods are essential for industrial production but are
not yet fully developed. Addressing these gaps requires
ongoing 1Innovation in materials, designs, and
manufacturing approaches. This study introduces an
antenna design operating at 2.5 GHz, making it suitable
for Wi-Fi and medical applications. Its low-profile,
wideband structure includes slots to improve operational
bandwidth, achieving a reflection coefficient (S11) of —
30.4 dB. This antenna is versatile for various wireless
applications, particularly in healthcare. Moreover, the
study underscores the importance of cost-effective and
scalable manufacturing techniques to enable large-scale
production, ensuring the practicality and industrial
viability of wearable antennas.

2. PROPOSED ANTENNA DESIGN

Figure 1 illustrates the geometry and dimensional
specifications of the proposed compact wideband
wearable antenna. The antenna's overall physical
volume is 0.2840 x 0.2840 mm3, where Ao represents the
free space wavelength. Fabricated on Bakhram substrate
with a dielectric constant (g) of 1.96. The antenna
consists of a patch with a small rectangular extension
and two additional rectangular slots. The proposed
antenna is designed and simulated using Ansys 2021 R2
HFSS software. The optimized antenna design
parameters are tabulated in Table 1.

Table 1 — Principal parameters of different layers used
for the simulation

Parameter |Value (mm) | Parameter |Value (mm)
Ws 35 r2 1.5
Ls 35 rs 3.5
Wy 3 r4 2.5
Lr 18 a 4.5
We 12.5 b 11
Le 35 c 75
ri 1.5 d 15
L, 18 Wo 27

The design evolution of the proposed compact Groove
shaped slot Textile wearable antenna is depicted in
Fig. 1. Initially, a solid rectangular patch with a
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U-shaped slot full ground plane for basic resonance is
designed, as depicted in Fig. 1(a) (considered as
reference antenna). To match the impedance of 50
ohms, U-slot is further extended in the patch. Further,
the full ground plane of the proposed design is altered
as partial ground plane as shown in Fig. 1(b), to
enhance the reflection coefficient.

My | Sy =) )

Antenna 1 Antenna 2 Antenna 3 Antenna 4
Antenna 5
(@ () © (G (e)
Proposed Antenna >

®

Fig. 1 — Design evolution of all steps(a-e), whereas the
proposed structure (f) is proposed Textile wearable design.

As depicted in Fig. 1(c), incorporated symmetrical
circular corner truncations having dimensions r1 = 1.5
mm and r2 = 1.5 mm to improve radiation performance.
And two triangular slots engraved on the patch to
enhance the impedance bandwidth as depicted in Figs.
1(d). The final design adds circular slots on the ground
plane and fine-tunes the geometry, ensuring
compactness and optimal performance under wearable
conditions. The progression demonstrates systematic
improvements in bandwidth, efficiency, and overall
stability 1(e). Whereas Fig. 1(f) partial ground plane to
improve antenna performance. Further modified
partial ground plane to full ground plane with two
unsymmetrical semicircular slots on ground The
progression demonstrates systematic improvements in
bandwidth, efficiency, and overall stability illustrates
in Fig. 1(f) is proposed antenna. The full ground plane
design offers several advantages for wearable antennas.
It provides better isolation from the human body,
reducing SAR, improving radiation efficiency, and
ensuring stable resonance even under bending
conditions. Additionally, it directs radiation away from
the body, enhancing safety and overall performance
[17]. The proposed antenna achieved results, and the
comparative analysis of all design steps is further
discussed in Fig 2.

3. RESULTS AND DISCUSSION

The performance of the proposed antenna was
evaluated based on its reflection coefficient, radiation
pattern, and gain, demonstrating its suitability for
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wearable biomedical applications. Initially, the solid
rectangular patch with a U-shaped slot and a full ground
plane, as shown in Fig. 1(a). resonated at 3.3 GHz.
Replacing the full ground plane with a partial ground, as
depicted in Fig. 1(b). improved the return loss to 22.8 dB
but resulted in a narrow bandwidth of 0.13 GHz. Adding
symmetrical circular cuts with a radius of 0.5 mm at the
patch corners, as shown in Fig. 1(c). shifted the resonant
frequency from 3.14 GHz to 4.3 GHz. Further
modifications, such as engraving groove-shaped slots on
the patch, as shown in Fig. 1(d). enabled dual-band
operation at 3.63 GHz with a bandwidth of 0.91 GHz
(3.08-3.99 GHz) and 6.1 GHz with a bandwidth of 1.16
GHz (5.75-6.91 GHz).

Incorporating symmetrical circular slots with a
radius of 3.1 mm on the ground plane, as shown in
Fig. 1(e). achieved triple-band operation at 2.82 GHz,
8.52 GHz, and 10.9 GHz, with impedance bandwidths of
0.74 GHz, 1.55 GHz, and 1.00 GHz, respectively. The
first band, centered at 2.82 GHz in the S-band, is suitable
for WBANs and low-power communication systems,
enabling real-time health monitoring in wearable
biomedical devices. The second band, centered at 8.52
GHz in the X-band, supports high-resolution imaging
and sensing for non-invasive diagnostics and health
monitoring. The third band, centered at 10.9 GHz in the
upper X-band, is ideal for advanced medical and space
research, offering precise movement detection and
tracking, particularly for rehabilitation monitoring.

Frequency{(GHz)

Fig. 2 — Reflection co-efficient (S11) at different design evolution
steps

—— S, (dB) With Full Ground
————— S,, (dB) With Partial Ground

2 4 6 8 10 12
A

Fig. 3 — Reflection co-efficient (S11) at partial ground and full
ground design evolution steps

The final antenna design, shown in Fig. 1(f).
includes a full ground plane with two unsymmetrical
semicircular slots of radii r3 = 3.5 mm and r4= 2.5 m.
This  modification  enhances the antenna’s
performance for wearable applications, enabling
efficient operation at multiple frequencies: 3.5 GHz,
6.29 GHz, 8.5 GHz, 10.9 GHz, 15.57 GHz, 18.47 GHz,
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20.07 GHz, and 23.11 GHz, as shown in Fig. 3. In
comparison, a partial ground plane offers
compactness and  flexibility but increases
electromagnetic coupling with the body, leading to
higher SAR, detuning, and reduced radiation
efficiency, which makes it less suitable for wearable
applications. The adoption of a full ground plane
addresses these challenges, ensuring reliable,
efficient performance across multiple frequency
bands, making the design ideal for wearable
biomedical applications.

According to the data observed, the antenna design
has achieved Peak gain is 10.1 dBi at a frequency of
2.5 GHz, as shown in Fig. 3. In Fig. 5. Illustrates 2D far
field radiation pattern at resonating frequency of Show
in Fig 8. The fabricated prototype antenna, using a
bakharam textile substrate, demonstrated effective
performance at 3.5 GHz, confirming its suitability for
Wi-Fi and medical applications. 2.5GHz for ¢ = 0° and

@ = 180° orientations. The proposed antenna
demonstrates maximum radiation power in the
broadside direction.
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Fig. 4 — Peak Gain at 3.5 GHz
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Fig. 5 — 2D far field radiation pattern (a) at 3.5 GHz,(b) at
8.52 GHz (c) at 10.9 GHz and (d) 2D far field at Full ground
plane

Furthermore, the directional radiation pattern
ensures effective signal transmission, making it
suitable for wearable biomedical applications. Figure 6
shows the surface current distribution of the proposed
antenna at 3.5 GHz. Strong current density is observed
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around the Grooved — shaped slot and feedline, ensuring
effective resonance. The symmetrical circular slots on the
ground improve current flow, enhancing the antenna's
overall performance.
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Fig. 6 — Surface current distribution with partial ground at
3.5 GHz

The proposed antenna was tested in both bending
Fig. 7 and flat Fig. 2 conditions for wearable biomedical
use. The conformal design worked well under bending,
with bands at 2.82 GHz for health monitoring, 8.52 GHz
for diagnostics, and 10.9 GHz for motion tracking. The
flat design gave better results in static conditions but
could not adapt to body movements. The conformal
antenna's flexibility makes it ideal for wearable
healthcare systems. Bending analysis at 3.5 GHz,
6.29 GHz, 8.5 GHz, and 10.9 GHz Fig. 7 showed stable
performance with minimal changes in reflection and
radiation, confirming the full ground plane design's
reliability for wearable applications.

(b) © = 45

(©) © =600

Table 2 — Comparative analysis with other conventional antennas
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ig. 7 — Antenna Bending Analysis at different angles and
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Fig. 9 — Simulated vs. Measured S11(dB)

The comparative performance analysis of the
proposed antenna design, as shown in Table II, includes
key parameters such as reflection coefficient, gain, and
bandwidth. The results demonstrate that the proposed
design is compact, provides a wide bandwidth, and
achieves high gain, making it particularly suitable for
wearable applications operating at 3.1 GHz.

Dimensions Band Width Operating Peak Gain Reﬂe?t.lon Confor- SAR
Ref. No | Substrate (mm?) (GHz) Frequency (dBi) Co-efficient 1 (W/Kg)
mm z (GHz) ! (S11) ma g

[1] Rngé"ld 0.4740 x 0.47 20 0.32 2.45 3.69 - 69.1 Yes -

(3] RTg%Old 0.3840 x 0.2540 |  1.2/0.94 2.45/5.2 2.5/4.63 - Yes -

[4] Jeans it x 0.2540 0.25/1.4 2.4/5.8 1.1/3.9 —30 Yes 0.15/0.89

(8] | Rogers 3003 | 1.12/0 x 0.2840|  0.68/0.86 28138 6.11/7.15 ~20.11 0.9, (1);6{01'14’

[12] | FR_4 Epoxy | 0.2940 x 0.31 | 0.23/0.88/0.23 | 2.4/3.5/5.5 | 3.51/4.91/5.23 |— 26/— 46/-48| - —

[15] PDMS | 0.5540 x 0.5540 2.8 15.2 11 —34.5 Yes _
Prv‘;ﬁ‘;ied Bakhram |0.2840 x 0.2840| 0.74/1.55/1 |3.5/8.5/10.5 10.1 ~30.4 Yes -

4. CONCLUSION

The proposed antenna features a compact, conformal
design with triple-band operation at 3.5 GHz, 8.52 GHz,
and 10.9 GHz, providing wide impedance bandwidths of

0.74 GHz, 1.55 GHz, and 1.00 GHz, respectively. These
frequency bands are well-suited for WBANSs, high-
resolution imaging, and advanced medical diagnostics.
With low SAR values, the antenna ensures safe on-body
operation, while its stable performance, flexibility, and
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reliable data transmission make it ideal for wearable
biomedical applications. The measured results of the
fabricated prototype align well with the simulated results.
A comparative performance analysis with traditional
antennas is presented in Table 2.
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IlopraTuBHa aHTE€HAa 3 Ma3daMu TAa IPOPi3aMu AJid MeJUIHUX 3aCTOCYBaHb

Y. Uma Maheswar, Bappadittya Roy

School of Electronics Engineering, VIT- AP, 5622237 Inavolu, India

Y 1mpoMy OCTITIKEHHI 3AIIPOIIOHOBAHO HOBY MIKPOCMY!KKOBY IIaTd-aHTEHY, pPO3pOOJIeHy HaA THYJKIH
TeKCTUJIbHIN IIKJIAIN JJIsT TOpTaTUBHEX prcTpoiB. KommakTua anTena, 3 posamipamu 0,280 x 0,28 40, mpairioe
y Tphox miamazoHax: 3,5 I'Tm, 8,52 I'T ta 10,9 I'Tu. [leprmit miamason, S-mgiamasoH, mATPUMYE 0e3IpOTOBI
mepesxi Ha TLTl (WBAN) 17151 MOHITOPHHTY ITOKA3HUKIB 30pOB’SI B peskuMI peasbHOro vacy. Jpyruit niamasos, y
X-miamasoni, 3abesmedyye OTPUMAHHS 300paskeHb Ta 30HAYBAHHS 3 BHCOKOKI PO3IUIBHOI 3IATHICTIO IS
HElHBA3WBHOI JIarHOCTHKH. TpeTiii niamas3oH, y BepxXxHbOMY X-Jlala3oHi, MATPHMYye MeIWJYHI Ta KOCMIYHI
IOCJTiIyKeHHs, IIPOIIOHYI0YN TOUHE BUABJIEHHS PYyXy IJIS MOHITOPHHTY peabimitamii. Hesesmkuit posmip aHTeHH,
IIMPOKA CMyra MPOIyCKAaHHS IMIIeaHcy Ta baraTomiamna3oHHa pobora 3a0es3rneduyoTh HAJIMHY Iepenady JaHuX
Ta cymicHicTb 3 Tijiom. Bora Bigmosimae crargapry IEEE 802.15.6 myis WBAN Ta migrpuMye Taki mporpamu, sax
WLAN, WiMAX Ta 3B’#30K Ha KOpoTKiil Bimcrami. KoHCTpykilis Mae masomomibHMil mas [jIsd MOKPAIIEHOrO
V3TOJ[PKEHHS IMIIeIaHCY Ta CMYTH IIPOIYCKAHHS, a TAKOMX YCIUYeHl Kpal Ta YaCTKOBO 3a3€MJIEHY ILIOIIMHY JJIS
ONTHUMI3allil MPOAYyKTHUBHOCTI. 3 MmMKOBMM Koedimienrom mimcmieHHs 10,1 gbi Boma 3abesmeuye edextusHe
BUIPOMIHIOBAHHA B yMoBax HociHHsa. [loOymoBama Ha THydYKi#d migksaamgmi Baxpama, anTeHa amamTyeTbes 10
(OPMEL JTIONCHKOTO TijIa, BUPINIYIOUM TAKi IIPOGIIEMH, Sk OCIAa0IeHHS CHrHAIy Ta medopMarfis. 1i HUSbKMA
nuromuii koedimient moramHaHHSA (SAR) 3abesmeuye Gearmery, 1o poOWTH il MPHUIATHOIO JJIsT MOHITOPHHTY
310pOB's, BiACTeKeHHA (Pi3MIHOI POPMHE Ta CHCTEM HOCIHHS 3B’SI3KY.

Kmiouori ciosa: WBAN, WLAN, WiMAX, ITigknanka Baxpama, IEEE 802.15.6, SAR.
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