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This paper presents the design, fabrication, and comprehensive experimental evaluation of a compact
textile antenna intended for mm-Wave 5G and wireless body area network (WBAN) applications. The
antenna is realized on a flexible poly-cotton textile substrate with compact dimensions of 20 x 25 x 0.7
mm3, making it highly suitable for integration into wearable electronic platforms. The proposed antenna
demonstrates stable impedance matching over the frequency range of 23.6-29.8 GHz, effectively covering
key mm-Wave 5G bands. Radiation characteristics reveal a peak realized gain of 5.59 dBi with an overall
radiation efficiency of approximately 82 %, indicating efficient power utilization despite the use of a lossy
textile material. To assess mechanical robustness under practical wearable conditions, bending analysis
was performed along both the X-axis and the Y-axis directions. The results confirm minimal performance
degradation under mechanical deformation, validating the antenna’s flexibility and structural reliability.
Specific absorption rate (SAR) tests on anthropomorphic hand and leg phantoms showed the highest
values of 0.182 W/Kg and 0.246 W/Kg, respectively, which are well within current international safety
limits. All these findings together support the safety, effectiveness, and adaptability of the antenna in the
next-generation wireless communication systems of wearable gadgets.
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1. INTRODUCTION

The swift implementation of fifth-generation (5G)
wireless communication networks has catalyzed a
heightened interest in millimetre-wave (mm-Wave)
frequency bands, as these bands provide a substantial
contiguous spectrum that facilitates multi-gigabit per
second data transmission rates, minimal latency, and
compact, high-gain antenna designs that are
particularly advantageous for densely populated urban
environments and short-range communication links.
Recent analyses underscore the pivotal role of mm-
Wave antenna technologies in actualizing the
anticipated capacity and latency enhancements
associated with 5G, while also asserting that
innovative antenna configurations and integration
methodologies are essential to satisfy the overarching
system-level constraints [1]. Simultaneously, wearable
and textile-integrated wireless platforms have emerged
as pivotal facilitators of personal communication,
health surveillance, and on-body sensing applications.
Textile antennas, constructed from conductive threads,
fabrics, and adaptable substrates, offer numerous
advantages, including mechanical flexibility,
lightweight design, minimal profile, and seamless
integration with garments and soft systems, making
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them exceptionally appealing for wearable 5G front-end
applications. Recent comprehensive reviews have
encapsulated the swift advancement in the research of
wearable textile antennas and underscored the
practical implementations of electronic textiles in the
domains of communication and sensing [2].

The rapid advancement of fifth-generation (5G)
wireless communication systems has created a need for
a new generation of antenna technology that can be
effectively utilized at the mm-Wave frequency,
spanning 24 to 100 GHz [3]. In this respect, textile
antennas have become an especially productive
candidate for wearable computing and Internet-of-
Things (IoT) platforms, due to their inherent flexibility,
low weight, and the ability to be easily incorporated
into clothes and smart fabrics substrates [4]. The
requirement to support high-speed and low-latency
communication in 5G networks has triggered more
recent studies into textile-based antennas to operate well
in the millimetre-wave spectrum and still support
structural integrity under flexural and tensile forces [5].
The importance of textile antennas to millimetre-wave
5G uses is that it is possible to provide the creation of
advanced wearable communication systems, which can
be used in intelligent health care, augmented reality and
military applications [6]. In comparison with traditional,
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rigid antennas, textile-based designs are more
comfortable, have a longer lifespan, and are more
versatile, thus making them particularly suitable to be
used in body-worn devices [7].

A triple-band mm-Wave flexible antenna was designed
on a liquid crystal polymer (LCP) substrate. The antenna
has a good working range at frequencies of 25 GHz, 39
GHz, and 60 GHz. Throughout the manufacturing
process, we have performed stringent bending tests on the
antenna and measured its specific absorption rate (SAR)
when attached to a phantom with the shape of a helmet.
The outcomes of the electrical characterization and
mechanical robustness tests provide useful references in
future studies of textile-based mm-Wave antennas [8]. A
wideband textile antenna was designed, which was
targeted at on-body radio-frequency energy harvesting.
The antenna was built on a 310 um long woven polyester
substrate, and an etched polyimide copper laminate was
used. Its peak gain is 7 dBi, and the efficiency of the entire
structure is between 40-60 % in the band of operation.
These striking values are, as far as we know, the first
known example of a textile-based rectenna front-end that
can be useful in mm-Wave energy harvesting [9-10].

2. ANTENNA DESIGN

The fabric antenna that is being considered has
been carefully designed on Poly-Cotton with a relative
permittivity of 1.69 and a dissipation factor that is
equal to 0.045. The substrate alone is 0.7 mm thick and
is 20 mm by 25 mm. The mathematical formulations
pertinent to the design of an annular ring patch are
delineated in equations (1) to (4).

A
2m[e, (1)
Where A symbolizes the radial measurement of the
innermost edge of the annular structure, 4 denotes a

specific wavelength, and & indicates the substrate’s
dielectric parameter.

B=A+W @

Where B signifies the external radius of the annular
configuration and W denotes the width of the annular
ring.
A
e @

Equation (7) is employed to determine the antenna's
resonant frequency (f7).

C

fr w(A+ B)ye, (4)
The systematic development of the antenna design
is outlined in Fig. 1, which contains four subsequent
prototypes named ANT I to ANT IV. The preferred
configuration (Prototype ANT IV) is the subject of the
current study. In the first design step, ANT I would be
modelled by a simple radiating patch in the form of a
circle with a full ground plane in the background,
Fig. 1. This setup reveals the resonances across 23.5-
25 GHz and 30-31 GHz, which are supported by the
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data in Fig. 2. In the next phase, ANT II is modified
into a circular annular ring with a defective ground
structure (DGS), as shown in Fig. 1.

’_,

ANT. I ANT.II l
ANT. IV ANT. III

Fig. 1 - Evolution process of the proposed antenna

0 T T T T

S5 B e
10 riais =
\\ N ’ N

-20

-30

- - -ANT @I
---ANT@II
- --ANT@INl
——ANT@ IV

=40 -

Reflecction Coefficient (dB)

-50

-60

T T T T
24 26 28 30 32
Frequency (GHz)

Fig. 2- S11 for various iterations of antenna

The updated design has resonances throughout the
frequency range of 24.2-28.3 GHz, as shown in Fig. 2.
Fig. 1 represents ANT III, which incorporates a star-
shaped geometry. The last design, which is ANT IV and
depicted in Fig. 1, has truncated corner edges on the
ground plane and an annular ring trace being etched in
a rectangular layout, which is effective in the frequency
range of 23-29.5 GHz.

'

Fig. 3- Structure of the antenna (a) Dimensional image (b)
Fabricated prototype
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In Fig. 3(a), the dimensional layout of the antenna
is represented with special focus on key design
parameters, which include the radiating element, the
size of the feedline, and the layout of the ground plane.
Fig. 3(b) is the prototype of the antenna that was
fabricated.

Table 1 — Optimized dimensional parameters of the antenna

Parameter | Value (mm) Parameter | Value (mm)
Ls 25 Ly 10
Ws 20 Wy 1.4
R 7.5 Lg 15
Re 6 Le 3
L1 3.7 W1 3
Lo 7
Table 1 summarizes the preferred, optimized

dimensions that were finally used in the final antenna
design.

3. RESULTS AND DISCUSSIONS

In the current research, the antenna itself was
carefully designed and thoroughly tested by CST
Microwave Studio to put under scrutiny the range of
performance properties. The design undertaking shows
resonance at the frequency range of 23.6-29.8 GHz.
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Fig. 4 — S11 versus the frequency of the antenna

The S11 parameter, or as it is commonly referred to,
the return loss, is the parameter used to gauge the
effectiveness of energy transfer by measuring the
percentage of signal reflected by impedance mismatch.
Fig. 4 shows the simulated and measured S11
responses, indicating a high correlation, which
validates the operational bandwidth of the antenna.
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Fig. 5 - 2D Radiation patterns of an antenna at (a) 24.125
GHz (b) 27 GHz
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Fig. 6- Gain and efficiency of the antenna

Fig. 5 shows the two-dimensional radiation patterns of
the proposed antenna at the frequencies of 24.125 GHz
and 27 GHz. The antenna attains a peak gain of
5.59 dBi, and the efficiency is approximately 82 %
within the working band, hence justifying its efficient
radiation behaviour as shown in Fig. 6.

Fig. 7 traces out the field of currents of the surface,
radiating patch and ground plane at two different
working frequencies. Fig. 7(a) demonstrates that the
strongest concentration of current is concentrated along
the microstrip feed line at 24.125 GHz, which is
important since it plays a critical role in stimulating
the resonant mode. On the other hand, at 27 GHz,
Fig. 7(b) indicates that the ground plane, feed line and
radiating patch work together to support the resonance
as seen by the enhanced current distribution in the
entire regions.

A/m

Fig. 7 - Surface current distributions of the antenna at (a)
24.125 GHz, (b) 27 GHz
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4. STRUCTURAL DEFORMATION

In WBAN applications, the wearable antennas are
bound to be bent in the normal use environment. Such
mechanical deformation must not affect signal integrity
or shift resonant frequencies. A structural deformation
analysis involves the bending of the antenna through a
range of bending arrangements to determine how
stable the antenna behaves in operation. The
performance of the device was measured in X-axis
bending, which is a scenario of on-body kinematics.
Fig. 8(a) shows that the Si1 shows a small reducing
pattern with the bend, but the operational bandwidth
is not different among all the angles investigated.
Fig. 8(b) describes the response of Si1 when the
antenna is bent along the Y-axis.

Refiection Coefficient (dB)

&
Reflection Coefficient (dB)
P . .

) ] ] 0 2
Frequency (GHz)

a b

Fig. 8 — S11 characteristics when the antenna is bent along (a)
X-axis (b) Y-axis

Fig. 9 - SAR analysis of antenna at 24.125 and 27 GHz (a) On
hand (b) On leg
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5. SPECIFIC ABSORPTION RATE

The SAR quantifies the electromagnetic radiation
absorbed by human tissue. SAR assessments were
conducted at 24.125 GHz and 27 GHz for an antenna
designed for placement on a human hand. At a power
input of 0.5 W, SAR values measured were 0.123 W/kg
and 0.182 W/kg.

Similar evaluations on antenna placement on the
leg yielded SAR values of 0.201 W/kg and 0.246 W/kg at
the respective frequencies, which are presented in
Fig. 9. Table 2 illustrates the comparative analysis of
the proposed antenna with previous works.

CONCLUSION

In this study, a compact textile antenna was
effectively developed on a poly-cotton substrate for use in
mm-Wave 5G and WBAN applications. The device has a
frequency range of 23.6-29.8 GHz, its peak gain is 5.59
dBi, and the efficiency is 82 %. Notably, the antenna has
strong performance even when bending both along the X-
axis and Y-axis, which is why the antenna is appropriate
in wearable technologies. Moreover, the specific
absorption rate(SAR) measurements were conducted on
adult human hand and leg phantoms, and the values were
significantly lower than the international safety limits,
with the highest SAR measured at 0.182 and 0.246 W/kg,
respectively.

Table 2 — Comparative analysis with the previous works

Ref. Size (mm3) Operating Gain | SAR
No Frequency | (dBi) | (W/Kg)
(GHz2)

[11] 23 x 18 x 0.35 25.5-26.5 6.13 0.32
[12] | 30 x 30 x 0.508 | 23-28 3.55 _
[13] 45 x 40 x 0.508 2.4,5.5,28 | 3.76 —
[14] 55 x 110 x 0.508 | 28, 38 7.18 —
This 20 x 25 x 0.7 23.6-29.8 5.59 0.246
Work
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IIpoexTyBaHHsa TA aHAJII3 AHTEHY HA OCHOBI MOJII0ABOBHIHOIL MigKIAKH
g minimerposux xeuiab 5G Ta sacrocyBanr WBAN
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V crarri mpejicTaBieHO IIPOEKTYBAHHS, BHUTOTOBJIEHHS Ta KOMILIEKCHY EKCIEPUMEHTAJIBHY OIlIHKY
KOMIIAKTHOI TEKCTUJIBHOI AHTEHM, IPU3HAYEHOI [JIs 3aCTOCYBAHHS B MUIiMeTpoBoMy miamas3oHi 5G Ta
GeanporoBux mepeskax Ha T (WBAN). ArTena peasizoBaHa HA THYUKIN MOJTI0ABOBHSAHIA TEKCTHUJIBHIN
MIKIAA0 3 KOMIAKTHUME poaMipamu 20 x 25 x 0,7 M3, 1110 poOUTH 1i QysKe MPUIATHOIO JJIA IHTerpallii B
HOCHMI eJIeKTPOHHI IrardgopMu. 3amponoHOBaHA AHTEHA JEeMOHCTPYeE CTablIbHe Y3TOIKEeHHS IMIEeJTaHCYy B
miamasoni yactor 23,6-29,8 I'T', eheKTMBHO 0XOILTIOIOYN KJIIOUOB] J1aa30Hu MLIiMeTpoBoro mianasony 5G.
XapakTepHUCTUKY BUIIPOMIHIOBAHHS MOKA3YIOTh IMKOBUHI peasidoBaHUM KoedirtieHT mocuieHus 5,59 nbi i3
3arajbHOI e(PeKTHBHICTIO BUIIPOMIHIOBAHHS IPUOIM3HO 82 %, 110 CBIIYNTH IIPO e(peKTHBHE BUKOPUCTAHHS
THOTY?KHOCT1, HE3BAYKAIOUM HA BUKOPUCTAHHS TEKCTUJIFHOTO Marepiasy 3 Brparamu. J[ys oIiHKY MexaHIYHOL
MIITHOCT] B IPAKTUYHUX YMOBaX HOCIHHs 0yJIO IIPOBEIeHO aHAaIi3 BUrHMHY B310B:K ocl X Ta oci Y. Peaynbratu
MiATBEPIKYIOTh MIHIMAaJIbHE IIOTIPIIEeHHA MPOJAYKTUBHOCTI IIPH MeXaHIYHIN medopMarliii, o MIiATBEPIKye
THYYKICTD Ta CTPYKTYPHY HAOIMHICTD aHTeH!. BuIpoOyBaHHS muToMoro Koedirmienra mormmHauHa (SAR) ma
aHTPOIOMOP(HUX (aHTOMaX PyK Ta HIr mokasann HauBuil sHadeHHa 0,182 Br/kr ta 0,246 Br/kr
BIAIMOBIIHO, 10 IIOBHICTIO BIiAIIOBifae YMHHUM MIKHAPOSHUM HOpPMAM OesleKu. Yci Il pe3yJIbTaTH pasoM
MIATBEPIKYIOTh 0e3IeKy, e(EeKTHUBHICTh Ta AaJalTUBHICTh AHTEHH B CHCTeMaX O0e3IpPOTOBOTO 3B'A3KY
HACTYITHOI'O IIOKOJIIHHS JJIsI HOCUMUX T'a/I?KeT1B.

Koouogsi cimosa: Aurena, [Tom6asosua, Mimimerposi xsuii, 5G, WBAN, SAR.
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