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Design and Implementation of Polyester-Based
Textile Antenna for Smart Clothing

Md. Samiul Islam and Abu Zafor Md. Touhidul Islam

Abstract—In the present study, a newly designed polyester
substrate-based textile microstrip patch antenna operating in the
3.5 GHz band is proposed for smart clothing in broadband wire-
less applications. The motivation behind this work stems from the
lack of comprehensive studies that address all critical aspects—in-
cluding off-body performance, fabrication, testing, on-body eval-
uation, bending analysis, and SAR assessment—while specifical-
ly focusing on polyester textile antenna designs for the 3.5 GHz
band in next-generation wearable systems. The antenna of small
dimension 30%20%0.8 mm? is designed and simulated in CST, fol-
lowed by prototype fabrication and subsequent measurements
to validate the simulation results. Slotting and partial grounding
techniques are employed in the design for improving the radiation
performance of the antenna. The effectiveness of the antenna has
been assessed under the off-body and on-body conditions. Bending
analysis under various bending conditions is performed to assess
the antenna’s flexibility and suitability for wearable applications.
Experimental results obtained from the fabricated antenna in
free space and on-body scenarios show agreement with simula-
tion data. Moreover, the specific absorption rate (SAR) analysis
confirming that the antenna complies with IEEE safety standards.
The proposed antenna achieves a wide bandwidth of 1.17 GHz
(operating range of 3.11-4.27 GHz), a higher radiation efficiency
of 94.52%, and a moderate peak gain of 2.59 dB. It covers 5G
NR (n77, n78), C-Band (Radar/WiMAX), CBRS, and Extended
C-Bands used for wearable broadband applications. Hence, the
proposed antenna is robust and well-suited for smart clothing ap-
plications in wireless broadband applications as it combines good
radiation characteristics and stable performance under bending,
while maintaining safe SAR levels and a compact textile-compat-
ible design.

Index Terms—Polyester substrate, smart clothing, textile an-
tenna, wearable, wireless broadband.
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1. INTRODUCTION

RAPID increase in research on body-centric wireless com-

munication and wearable devices has been observed in
recent years, attributed to their diverse applications in person-
al communication systems. Wearable electronics are utilized
across various fields, including sports, defense, space missions,
mobile medical monitoring, and general healthcare. [1]-[3].
Smart clothing refers to clothing enhanced with technology to
sense and react to the wearer’s body or environment. It inte-
grates electronic components like sensors, conductive fabrics,
and microcontrollers, permitting it to monitor biometrics, ad-
just to conditions, and even communicate with other devices.
Smart textile antennas are increasingly preferred for their low
cost, high flexibility, simple manufacturing procedures, light-
weight, and comfort for wearable on-body applications [4].
Various antenna types including microstrip, dipole, monopole,
loop, slot, and planar inverted-F (PIFA) designs are well-suited
for smart textile integration. Textile antennas typically utilize
materials such as polyester, cotton, denim, and plastics as di-
electric substrates, combined with conductive radiating layers,
to achieve the flexibility and wearability needed for garment
integration [5], [6].

However, key challenges in designing textile antennas for
smart clothing include maintaining antenna performance and
reliability while ensuring flexibility, comfort and washability.
To mitigate these challenges, researchers are exploring various
approaches such as optimizing material selection and antenna
geometry for various body movements, utilizing advanced fab-
rication techniques, addressing specific absorption rate (SAR)
concerns, and so on [7]. A denim-based textile antenna intro-
duced in [8] supports tri-band operation resonates at 2.13, 4.75,
and 11.495 GHz, making it suitable for wireless systems used
in emergency and surveillance contexts. A textile antenna with
breathable and flexible properties was introduced in [9], oper-
ating at 2.45 GHz and incorporating a 3D spacer substrate to
facilitate airflow. To enhance bandwidth, an E-shaped slot de-
sign was proposed in [10]. Despite these advancements, devel-
oping a wideband textile antenna that maintains durability and
reliable data transmission under varying human body postures
remains a critical challenge. Authors in [11] suggested Multi-
ple-input multiple-output antenna as a viable approach to over-
coming such limitations. In [12], a textile antenna tailored for
integration into smart garments was designed, fabricated, and
experimentally validated to match the simulated performance
at 2.45 GHz. Bending and on-body performance analysis have
also been performed.
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Zhou et al. [13] introduced a circular-shaped textile anten-
na for wireless body area network (WBAN) services featuring
dual-band (2.45 GHz and 5.8 GHz) and dual-polarization char-
acteristics. Its performance is assessed under off-body, on-body
and bending conditions. A frequency-reconfigurable textile an-
tenna was designed and fabricated in [14] for wearable applica-
tions. In the design, denim was used as substrate, while a single
PIN diode was employed to shift between the bands. Kivata et
al. in [15] proposed a compact wearable textile antenna of size
30 x 30 mm?. The antenna was designed to resonate at 3.4 GHz,
and employs denim, jeans, and FR-4 substrate materials for ap-
plications in wireless broadband.

Although the stated antennas showed promising results for
wearable applications, in most cases, they had larger sizes, nar-
row bandwidths, expensive substrates, and so on. Therefore,
continuous advances in research are now focused on wide-
band, low-cost, and miniaturized antennas for wearable appli-
cations. Moreover, there’s a noticeable gap in studies focusing
on textile antenna designs specifically for the 3.5 GHz band,
particularly for broadband wireless communication. Existing
research primarily concentrates on other 5G frequencies like
(2.4 - 2.484 GHz), WIMAX (2-11 GHz), and other WLAN
bands. The 3.5 GHz band is relevant for various applications
including telemedicine, m-health (mobile health), and e-health,
making it a crucial area for further investigation. While very
few studies exist on textile antenna design at 3.5 GHz [15]-[18],
a comprehensive study covering all aspects such as off-body
analysis, fabrication, testing, on-body analysis, bending analy-
sis, and SAR analysis is currently lacking.

This study presents a novel polyester-based small textile
patch antenna at 3.5 GHz suitable for smart clothing in wireless
broadband applications. Polyester was selected as the substrate
material for the antenna due to its advantageous combination of
properties, including a low dielectric constant, high mechanical
flexibility, lightweight and thin profile, resistance to moisture,
cost-effectiveness, and widespread availability. The low dielec-
tric constant helps to reduce surface wave losses and contributes
to broader bandwidth and better radiation efficiency, especially
in microstrip patch antennas. Polyester is soft, bendable, and
resilient, making it ideal for integration into clothing without
compromising comfort or durability. It is lightweight, inexpen-
sive and can be manufactured in thin layers, making it a practi-
cal choice for low-profile wearable antenna designs. Compared
to natural fibers like cotton, polyester absorbs less moisture,
which helps to maintain stable electromagnetic properties even
in humid environments. Furthermore, polyester demonstrates
superior durability against washing, mechanical deformation,
and environmental exposure, making it suitable for long-term
wearable antenna applications.

This research is focused on designing a compact poly-
ester-based antenna at 3.5 GHz and improving its efficiency,
bandwidth, and reliability to make them viable alternatives
to conventional substrates, and to make them promising for
wearable and smart clothing applications. The optimized an-
tenna dimensions are 30x20x0.8 mm?, which is notably small
compared to many textile antennas, making it more practical

for integration into wearable devices. The antenna resonates at
3.5 GHz and achieves a wide operating range of 3.11-4.27 GHz,
covering several key communication bands 3.3-3.8 GHz (5G
NR (n77, n78) band), 3.1-3.7 GHz (C-Band Radar / WiMAX
band), 3.5 GHz (Citizens Broadband Radio Service (CBRS)
band), and 4.0-4.2 GHz (Extended C-Band) that are highly
relevant for modern wearable applications in smart clothing,
sports, and healthcare. Novel implementation of slotting and
partial grounding helps to improve bandwidth and efficiency. In
addition, the bending analysis is performed, and the antenna’s
performance is tested under off-body and on-body conditions,
ensuring reliability in real-world wearable scenarios. The sim-
ulation and numerical performance analysis were carried out
using CST Studio software. The antenna prototype was fabri-
cated, and the performance parameters (return loss and VSWR)
were measured to validate the simulation results.

The rest of the paper is arranged as follows. The antenna
design approach is discussed in Section II. Antenna Fabrication
and Testing procedures are presented in Section III. Section IV
presents the results and discussion, including simulation and
experimental results under off-body and on-body conditions, as
well as bending and SAR analyses. A comparison of the pro-
posed antenna’s performance with previously reported designs
is given in Section V. Finally, key findings of the research are
listed in Section VI.

II. ANTENNA DESIGN APPROACH

Initially, the proposed antenna’s design, simulation, para-
metric investigation, and numerical analysis were carried out in
CST under the off-body (free space) condition. The prototype
is then fabricated and the performance metrics are measured in
the laboratory using the vector network analyzer (VNA). After
that numerical analysis under the on-body condition, bending
analysis and SAR analysis were performed in CST.

Fig. 1 describes the construction of the projected antenna
designed to resonate at 3.5GHz. A 0.8 mm thick polyester tex-
tile material with a dielectric constant and a loss tangent of 1.9
and 0.0045, respectively, was used as the substrate. The patch,
feed line, and ground plane were made from conductive copper
tape with a thickness of 0.035 mm. The design employs a mi-
crostrip feed line to deliver power to the radiating patch element
of the antenna. Initially, using the following set of basic equa-
tions, the antenna size was estimated for 3.5 GHz resonance
frequency. After that, the antenna design was optimized to a net
size of 30 x 20 x 0.8 mm°. A set of rectangular slots on the patch
plane and a partial grounding structure were added to improve
impedance matching and effectiveness of the antenna.

Co

Width of the patch is W), = —— (1)
2fr /m

where ¢ = light speed in free space, /= resonance frequency,
€,= substrate dielectric constant.

(€reps+03) (WTp +0.264)

Lengthis L = 0.412h 2)

(€repf—0.258) (pr +0.8)
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Erefr is effective dielectric constant, 4 is substrate thickness.
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Effective length is Lefr = Zfr\/—ETff 4)
Patch length is Ly = Lesy — 2AL (5)

The optimized parameters of the projected antenna are
shown in Table 1. The patch is placed on the top surface of
the textile substrate. The optimized size of the substrate and
patch are 30 mm X 20 mm and 12.65 mm X 14.64 mm, re-
spectively. The antenna comprises a right-angle triangular slot
(p = q =3 mm, r =424 mm) and rectangular slots (Lil=
=12.75 mm, Li2=8.75 mm, W1= 2 mm). A microstrip feedline
with dimension of 15 mm x 2.58 mm was used to excite the
patch. Fig. 1(a) shows the designed antenna’s front view while

Fig. 1(b) illustrates the rear view.
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Fig. 1. (a) front view, (b) rear view of the proposed antenna.

TABLE I
OPTIMIZED OF DESIGN PARAMETERS OF THE PROPOSED ANTENNA
Parameters Values (mm)
Substrate Width, Ws 20
Substrate Length, Ls 30
Feed Line Length, Lf 15
Feed Line Width, Wf 2.58
Patch Length, Lp 12.65
Patch Width, Wp 14.64
Ground Width, Wg 20
Ground Length, Lg 14
Substrate Height, h 0.8
Lil 12.5
Li2 8.75
W1 2.0
3.0
3.0
r 4.24

Incorporation of slotting and partial grounding plays a sig-
nificant role in performance improvement of the antenna. Slot-
ting enhances antenna performance by reshaping current distri-
bution, introducing multiple resonances, improving impedance
matching, and boosting radiation efficiency. These mechanisms
collectively contribute to wider bandwidth, better efficiency,
and more compact designs. On the other hand, partial ground-
ing in antenna design improves performance by optimizing im-
pedance matching, broadening bandwidth, enhancing radiation
efficiency, and enabling more compact and versatile structures.
It modifies the electromagnetic interaction between the radiator
and the ground plane, leading to better control of current distri-
bution and radiation characteristics.

III. ANTENNA FABRICATION AND TESTING

Simulations rely on idealized or estimated values (e.g., di-
electric constant, loss tangent) are powerful for initial design,
but fabricating and measuring a physical antenna prototype
prototypes is essential for validating real-world performance.
The proposed antenna was fabricated in the laboratory, and
its reflection coefficient (S11) and voltage standing wave ra-
tio (VSWR) are measured under the off-body condition in free
space and on different parts of the human body using the vector
network analyzer (model: LiteVNA 64). Due to the measuring
limitations of the VNA and the absence of an anechoic chamber
in the laboratory, the gain, efficiency and radiation pattern of
the antenna were not measured. The structure of the fabricated
antenna is presented in Fig. 2, whereas Fig. 3 depicts the exper-
imental setup.

(@ (b)

Fig. 2. (a) Front and (b) back view of the fabricated antenna.
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Fig. 3. Setup for measurement.

IV. RESULTS AND DISCUSSION

A. Off-body Performance Results

1) Reflection Coefficient (S11) and VSWR

A comparison between the simulated and measured reflec-
tion coefficient (S11 parameter) and voltage standing wave
ration (VSWR) of the proposed antenna is depicted in Fig.
4. The simulation results show that the antenna resonates at
~3.50 GHz. The numerical and experimental resonant peak fre-
quencies of 3.5 GHz and 3.54 GHz are close to each other. The
measured resonance peak frequency is ~3.52 GHz, slightly shift-
ed the right from 3.50 GHz. The difference between the two is
~20 MHz, which is less than 1% of the center frequency in-
dicating a very close match and there is strong agreement be-
tween the simulation and experimental results. The numerical
and measured S11 values are -60.73 dB and -45.42 dB, respec-
tively, indicating the proposed antenna is well matched to the
system. Bandwidth is typically defined as the frequency range
over which the reflection coefficient (Si:) is below —10 dB,
meaning less than 10% of the power is reflected. The simulat-
ed bandwidth is 1.17 GHz centered around 3.5 GHz, roughly
spanning from 3.11 GHz to 4.27 GHz, which covers several
key communication bands such as 3.3-3.8 GHz (5G NR (n77,
n78) band), 3.1-3.7 GHz (C-Band Radar / WiMAX band),
3.5 GHz (Citizens Broadband Radio Service (CBRS) band), and
4.0-4.2 GHz (Extended C-Band), which are highly relevant
for modern wearable broadband applications in smart cloth-
ing, sports, and healthcare. The measured bandwidth is slightly
broader, extending approximately from 3.35 GHz to 3.65 GHz.

Simulated VSWR minimum value of 0.98 occurred around
3.51 GHz, while measured VSWR minimum value of 1.16 ob-
tained around 3.53 GHz, indicating good impedance matching
and the antenna system is highly efficient with minimal signal

loss. The close match between simulated and measured VSWR
minima and resonance points suggesting accurate simulation
modeling, good fabrication and measurement practices, and
reliable performance of the device at its intended operating fre-
quency.

Deviations between simulation and measurement results
may arise from practical limitations in fabrication, inherent
variability in material properties, and differences between
idealized simulation boundaries and real-world measurement
environments. Minor deviations in slot size, substrate thick-
ness, feed alignment, or soldering can shift resonance, alter
impedance, and introduce parasitic effects. Imperfect edges or
roughness can interrupt current flow, leading to performance
variations. Simulations adopt ideal materials values, but real
substrates vary with manufacturing, humidity, and temperature.
Small shifts in dielectric constant affect resonance, gain and
bandwidth. Simulations assume ideal free-space and matched
boundaries, while real tests are affected by fittings, cables, and
connectors. Finite ground planes and nearby objects may alter
radiation and impedance. Reflections from lab walls, instru-
ments, or people can further distort results compared to simu-
lations.
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Fig. 4. Simulated and measured (a) S11, (b) VSWR.
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2) Gain and Directivity

The three-dimensional (3D) far-field gain and directivity
patterns of the proposed antenna at the resonant frequency of
3.5 GHz are depicted in Fig. 5. The color scale represents the
magnitude of radiation intensity or gains in different directions.
Red/Orange regions represent high radiation intensity or high
gain in that direction (main lobes). Blue regions present low
radiation intensity or lower gain (nulls or side lobes). The gra-
dient visually maps how energy is distributed spatially around
the antenna.

The proposed antenna exhibits a peak gain of 2.59 dBiand a
peak directivity of 2.84 dBi. Directivity represents the ideal ra-
diation pattern assuming no losses. Gain reflects the actual radi-
ated power, incorporating losses from dielectric, conductor, and
impedance mismatch. The small difference between the peak
values (2.84 vs. 2.59 dBi) indicates high radiation efficiency,
approximately 91.2%. The small gap between gain and direc-
tivity across figures confirms minimal resistive and dielectric
losses.
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Fig. 5. 3D farfield gain (a) and directivity (b) at 3.5 GHz.

A 2.59 dBi antenna gain can be adequate for short-range
communication or when the antenna is placed in close prox-
imity to the body for on-body communication applications, but
its suitability depends on the specific requirements of the sys-
tem and the environment in which it operates. A directivity of
2.84 dBi can be sufficient for wearable communication appli-
cations. It can provide adequate signal strength for short-range,
on-body communication.

3) Efficiency

Fig. 6 illustrates the frequency-dependent variation of the
radiation efficiency and total efficiency of the designed anten-
na. At 3.5 GHz, the antenna exhibits a radiation efficiency is
94.54% and total efficiency of 94.52%. The antenna exhibits
stable radiation efficiency in the range of 84.52% to 95.84%
over the operating frequency range. Accordingly, the proposed
antenna demonstrates satisfactory efficiency at its resonant
frequency. A radiation efficiency of 94.54% is generally con-
sidered very good and more than sufficient for wearable com-
munication applications. A high radiation efficiency means that
a large portion of the power fed into the antenna is radiated
outwards as an electromagnetic wave, minimizing losses within
the antenna itself.

Fig. 5 provides a snapshot of how the antenna radiates en-
ergy at 3.5 GHz, showing strong lobes and minimal nulls in-
dicating good directivity and gain. Fig. 6 confirms that this
performance is not isolated: the antenna maintains high radi-
ation efficiency across a broad frequency range, peaking near
3.3 GHz, which aligns well with the 3.5 GHz performance in
Fig. 5. The efficiency gap between radiation and total efficiency
in Fig. 6 mirrors the gain—directivity gap in Fig. 5, reinforcing
the interpretation of ~91% efficiency. The antenna is well-opti-
mized around 3.3-3.5 GHz, with high radiation efficiency and
strong directional performance.
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Fig. 6. Efficiency of the proposed antenna.

4) Radiation Pattern

Body-centric environments involve dynamic movements
and orientations. Evaluation of E-field patterns at different @
(phi) planes is essential for assessing the angular stability and
robustness of wearable antennas. Different ¢ planes interact dif-
ferently with the human body’s geometry and dielectric prop-
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erties. Stable E-field patterns across ¢ planes imply the antenna
can maintain performance under body movement, bending, or
rotation. Fig. 7 illustrates the simulated electric field (E-field)
pattern of the proposed antenna.

Farfield E-Field(r=1m) Abs (Phi=0)
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Fig. 7. Farfield E-field pattern at 3.5 GHz for (a) phi=0, (b) phi=90 degrees.

At the resonant frequency of 3.5 GHz and for ¢ = 0°, the
main lobe magnitude is 17.2 dB V/m, with the main lobe di-
rected at 180°. For ¢ = 90°, the main lobe magnitude increas-
es slightly to 17.4 dB V/m, maintaining the same direction of
180°. The 3 dB angular beamwidth, and the side-lobe level are
88.5° and -1.0 dB, respectively.

Fig. 5 illustrates the 3D far-field radiation characteristics
of the proposed antenna at 3.5 GHz, where the gain and di-
rectivity plots exhibit a predominantly spherical radiation en-
velope, indicating that the antenna radiates energy in multiple
directions with relatively uniform intensity. The color-coded
surface, mapped in spherical coordinates (Phi, Theta), reveals
a quasi-omnidirectional pattern, where the radiated power is
distributed broadly across the azimuthal plane with moderate
variation in elevation. This pattern is particularly evident in the

gain plot, where the absence of sharp nulls and the smooth gra-
dient suggest consistent radiation coverage, making the antenna
suitable for applications requiring broad spatial coverage for
wireless broadband applications.

5) Surface Current Distribution

Fig. 8 shows the surface current distribution of the proposed
textile antenna at 3.5 GHz. The results show that the antenna
maintains a clear resonance dip around 3.5 GHz across all bend-
ing angles, and S11 lies below —10 dB within the intended op-
erating band, which indicating good impedance matching and
stable performance under severe deformation. As the antenna
bending angle increases, the resonance peak shifts toward low-
er frequencies in most cases. These results are consistent with
previous studies on bending conditions [19], [20]. The left shift
of resonance under bending conditions occurs because with in-
creasing bending angles the antenna’s effective electrical length
and dielectric loading increase, and lowering the resonant fre-
quency. The antenna’s wide bandwidth (1.17 GHz) offers the
advantage of even with bending-induced detuning, the antenna
covers the target frequency range without performance loss.

Current originates from the microstrip feed line feed and
is predominantly distributed across the antenna structure, indi-
cating that the entire antenna actively contributes to resonance
at this frequency. The peak surface current density, measured
at 85.29 A/m, predominantly accumulates around the lower
segment of the feed line and the bottom edges of the patch, as
depicted in Fig. 8.
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Fig. 8 Surface current distribution at 3.5 GHz.

B. Bending Analysis

Wearable antennas incorporated into garments are not lim-
ited to flat configurations; they also undergo mechanical defor-
mations such as bending, stretching, and flexing during regu-
lar use [18]. Ten distinct bending situations (from 0° (flat) to
170° (extreme bend)) are chosen for the performance analysis
of the proposed antenna. Fig. 9 shows the bended antenna im-
ages at four typical bending angles (0°, 30°, 60°, 90°), whereas
Fig. 10 presents the S11 versus frequency graphs for all bending
angles. As seen, the antenna maintains a clear resonance dip
around 3.5 GHz across all bending angles, and S11 lies below
—10 dB within the intended operating band, which indicating
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good impedance matching and stable performance under se-
vere deformation. As the antenna bending angle increases, the
resonance peak shifts toward lower frequencies in most cases.
These results are consistent with previous studies on bending
conditions [19], [20]. The left shift of resonance under bend-
ing conditions occurs because with increasing bending angles
the antenna’s effective electrical length and dielectric loading
increase, and lowering the resonant frequency. The antenna’s
wide bandwidth (1.17 GHz) offers the advantage of even with
bending-induced detuning, the antenna covers the target fre-
quency range without performance loss.
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Fig. 9. Typical bent antenna image at 0° angle (a), 30° angle (b), 60° angle (c),
and 90° angle (d).
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Fig. 10. S11 of the proposed antenna under various bending conditions.

Antenna performance metrics for each bending angle are
summarized in Table II. It is observed that as the bending an-
gle increases, radiation efficiency and gain decreases. When an
antenna is bent, it typically broadens its radiation pattern in the
bending plane, reducing the maximum radiation intensity in the
desired direction, which lowers the overall gain [21]. Antenna
efficiency decreases with increased bending because the defor-
mation alters the antenna’s physical structure, resulting in im-

pedance mismatch, surface wave losses, and frequency shifting.
These effects lead to a redistribution of electrical currents and a
reduction in the power radiated compared to the power accept-
ed [22]. The table also shows that antenna bandwidth decreases
as bending increases. Bending the antenna changes its effective
length and the electrical distance between the radiating patch
and ground plane, thereby narrowing the frequency range for
efficient operation [23].

TABLE II
BENDING ANALYSIS OF THE PROPOSED ANTENNA
Bending 111{:1::; S11 at Band- Radiation
angle frequency resonance width Efficiency | Gain (dB)
(degree) (GHz) (dB) (GHz) (%)
0 3.50 -60.73 1.17 94.53 2.59
15 3.33 -32.39 1.21 93.36 2.59
30 3.44 -30.40 1.20 92.40 2.48
45 3.42 -28.43 1.19 91.65 2.56
60 3.38 -25.31 1.08 90.94 2.52
75 3.35 -24.32 1.05 90.33 2.49
90 3.33 -23.55 1.01 89.82 2.48
115 3.29 -21.68 0.89 89.05 2.41
135 3.26 -20.09 0.84 88.76 2.36
170 3.20 -19.17 0.76 87.01 2.26

C. Phantom Modeling and On-Body Results

1) 3D Phantom Modeling and Distance Optimization

The close integration of wearable antennas with the hu-
man body necessitates careful consideration of antenna—tissue
interactions and their influence on key performance metrics.
A human body phantom model was used with dimensions of
70 x 60 x 8 mm?. The phantom consisted of three layers: skin,
fat, and muscle tissues with thicknesses of 2 mm, 3 mm, and
10 mm, respectively. Table 11l shows the electrical character-
istics of the three tissue layers at a frequency of 3.5 GHz. The
CST Studio Suite was used to create a body phantom model,
as shown in Fig. 11(a). The electrical properties of skin, fat,
and muscle tissues within the antenna’s operating range were
derived from the data reported in [24], [25] and are listed in
Table III.

TABLE III
ELECTRICAL CHARACTERISTICS OF TISSUE LAYERS
Name of | Frequen- Per- Con- Mass
. s .. Loss .
Tissue cy mi-ttivity | duc-tivity Tangent density
(GHz) ) 6 (s/m) g (kg/m¥)
Skin (dry) 3.5 37.005 2.0249 0.28103 1109
Fat 3.5 5.1739 0.15553 0.15439 911
Muscle 3.5 51.444 2.5575 0.25533 1090

To determine the optimum distance, five different separation
levels between the antenna and the human body phantom model
were evaluated. As shown in Fig. 11(b), when the designed an-
tenna was positioned very near the human body, the S11 values
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decrease, and the resonance peak shifts toward higher frequen-
cies. This shift may be caused by fringing effects, which alter
the effective width of the antenna structure when it comes near
the human body. At a separation of 10 mm, the resonant peak
was observed at 3.5 GHz. Based on these findings and consid-
ering the practical application of positioning the antenna over
clothing such as a jacket or suit, rather than directly on the skin
a 10 mm gap is identified as the optimal separation distance for
this study.

Designed
Antenna

,— Air Gap

Skin Laver

Fat Laver

Muscle laver

(a)

-2

=10

at > mm
-12 m— gt 7 mm
m— at 8 mm
at 9 mm
e gt 10 mm (proposed)

Reflection Coefficient (dB)

-14

20 25 30 35 4.0 4.5 5.0

Frequency (GHz)
(b)

Fig. 11. On-body performance analysis of the antenna. (a) Three-layer tissue-
equivalent phantom model. (b) Simulated S11 response.

2) On-body Simulation and Testing Results

Fig. 11(b) illustrates the reflection coefficient (S11) of the
proposed antenna when placed on the human body phantom
model with a 10 mm separation. The corresponding on-body
performance metrics are presented in Table IV. At the resonant
frequency of 3.5 GHz, the S11 value is -12.02 dB, which is
lower than that observed under the off-body condition. None-
theless, it remains well below the -10 dB threshold, indicating
satisfactory impedance matching. The increased return loss

can be attributed to reactive loading from the body and mod-
ifications to the antenna’s input impedance caused by fringing
effects. Under these on-body conditions, the antenna also sus-
tains a wide bandwidth of 400 MHz. The VSWR at 3.5 GHz
is measured at 1.66, further confirming adequate impedance
matching.

At 3.5 GHz, the antenna achieves a gain of 2.14 dB, which
is slightly lower than the 2.59 dB observed under off-body con-
ditions. This reduction is likely due to electromagnetic energy
absorption within the tissue layers of the phantom. A corre-
sponding decrease in efficiency is also observed in the on-body
case, consistent with these absorption effects. At 3.5 GHz, the
radiation efficiency is measured at 34.06%, while the total effi-
ciency is 36.34%.

TABLE IV
PERFORMANCE METRICS OF PROPOSED ANTENNA IN ON-BODY SCENARIOS
Efficiency Band
% and- .
o | (o | VSR ] i |
Total | R34 | (MHy)
tion
Polyester -12.02 1.66 36.34 | 34.06 399.2 2.13
s s
z.14
=, L,
-7.3¢
-11.6
=dlF, 4
~19.1
-22.9
-Z&. &
ont -30.4
-34.1
3T 9

farfield (f=3.5) [1]
Type Farfield
Approximation enabled (kR »> 1)
Compoenent Abs

Qutput Gain

Frequency 3.3 GHz

Rad, effic, -4.395 dB

Tot. effic. -4676 dB

Gain 2136 dB

Fig. 12. Radiation pattern of the proposed antenna on phantom at 3.5 GHz.

The simulated 3D radiation pattern of the proposed antenna
at 3.5 GHz over the human body phantom model is shown in
Fig. 12. This result indicates that the antenna radiates moder-
ately well at 3.5 GHz with a maximum gain of 2.136 dB and a
radiation efficiency of -4.395 dB (~36%). The 3D plot shows
the spatial distribution of the radiated power, which is mostly
uniform but stronger in specific directions (as shown by the red/
orange areas). The pattern is nearly spherical and omnidirec-
tional, with the antenna radiating almost equally in many di-
rections, with only slight preference in one direction (indicated
by the small red lobe in the pattern). This pattern is suitable for
Wi-Fi access points, [oT (Internet of Things) devices, and 5G /
LTE small cells devices. Due to the low gain and near-spherical
pattern, this antenna is also ideal for small form-factor wearable
or embedded devices where consistent coverage in all direc-
tions is more important than long-range.
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(W]
Fig. 13. Placement of the proposed antenna to the (a) chest and (b) arm regions
of the human body.

Fig. 13 illustrates the placement of the proposed antenna
on the chest and arm regions of the human body for on-body
measurements. The reflection coefficient responses obtained
experimentally from various body locations are presented in
Fig. 14. In free space, the fabricated antenna exhibited a res-
onant frequency of 3.54 GHz (Fig. 4). Upon placement on the
arm, a downward shift in the resonance frequency to 3.4 GHz
was observed, while the center frequency remained stable at
3.5 GHz when positioned on the chest. These results confirm
that the proposed textile antenna effectively covers the entire
frequency band required for broadband wireless applications.

on Chest
on Arm

Reflection coefficient (dB)

-20 T

2.5 3.0 3.5 4.0 4.5
Frequency in GHz)

Fig. 14. Measure S11 on chest and arm regions of the human body.

D. SAR Analysis

The Specific Absorption Rate (SAR) quantifies the amount
of electromagnetic (EM) energy absorbed per unit mass of hu-
man tissue. For wearable applications, it is essential to ensure
that radiation from the designed antenna directed toward the
human body remains within safe limits. According to regula-
tory standards, the maximum permissible SAR limit is 1.6 W/
kg averaged over 1 gm of tissue, as defined by the U.S. Feder-

al Communications Commission (FCC), and 2 W/kg averaged
over 10 gm of tissue, as specified by the International Commis-
sion on Non-Ionizing Radiation Protection (ICNIRP).

SAR (f=3.5) [1] (1q)
Frequency 6GHz
Maximum 1.13676 Wrkg
Minimum 0W/kg

0,338
0.29
024z
0,193
0,145
0.0966

0.0453

SAR (f=3.5) [1] (10q)
Frequency  6GHz

Maximum 0.33!
Minimum

5 Wikg

(b)

Fig. 15. SAR analysis over 1 gm (a) and 10 gm (b) of tissue for the body
phantom model at 3.5 GHz.

In this work, SAR values were evaluated using a three-lay-
er flat body phantom model, considering both 1 g and 10 g of
tissue. An input power of 500 mW was applied in CST simu-
lations to assess SAR performance at the operating frequency
of 3.5 GHz. The resulting SAR values, shown in Fig. 15, are
1.137 W/kg for 1 g and 0.338 W/kg for 10 g of tissue. Both
values are well below the safety thresholds established by the
FCC, confirming the antenna’s compliance with human expo-
sure standards.

Although the typical power levels lie within 10-100mW
in wearable devices, in the present SAR study a higher input
power (500 mW) is used to simulate worst-case exposure con-
ditions. It helps to ensure that even under extreme usage, the
antenna remains within safety limits. It also ensures that even
if the antenna operates above its intended power due to mal-
function or environmental factors, it won’t exceed SAR safety
thresholds [26], [27].
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V. COMPARATIVE STUDIES

A comparison of various performance metrics of the pro-
posed antenna with other existing antennas published in earlier
studies is provided in Table V. The present work with antenna
size 30x20x0.8 mm? achieves a compact footprint, smaller than
most references, making it more suitable for integration into
textiles. Polyester substrate is used in this work, which is flex-
ible, durable, comfort and textile-compatible, unlike Paper or
Kapton substrates used in some references. This work offers the
largest bandwidth 1.17 GHz (covers 3.11 — 4.27 GHz), which
is wider than reported values (<0.6 GHz) in references [15],
[28]-[31], ensuring multi-band operation. The antenna pro-
vides nearly 2.7 times wider bandwidth than average indicat-
ing robust against detuning from bending/stretching. This work
achieves gain of 2.59 dB, which is nearly 1.8 dB higher than
the average of references (~0.8 dB), ensuring stronger radiation
performance and indicating stronger link margin for wearable
communication. With 94.52% efficiency, this work is among
the highest reported, only slightly below the reference [31]
(99.5%), but significantly better than most others.

The radiation efficiency is nearly 11% higher than average
indicating reliable radiation in textile environments. This work
shows SAR values of 1.134 W/kg (1g) and 0.338 W/kg (10g),
which are within IEEE/FCC safety limits (<1.6 W/kg for 1g)
for body-worn devices, and comparable to other wearable de-
signs. It balances safety with performance, indicating suitable

TABLE V
PERFORMANCE COMPARISON OF THE PROPOSED ANTENNA WITH THE PREVIOUS
Work At 3.5 GHz BAND

Design Reference No.
Para- This
meter [15] [16] [28] [29] [30] [31] Work

Antenna 30x% 40x 70% 40x 60x 27.4x | 30%

Size 30x% 40x 70% 77% 60x 15.6x | 20%
(mm?®) 1.6 0.44 2.1 0.6 1.17 0.125 0.8
Jeans/

Substrgte/ Den- Photo Felt/ Den- Denim/ Kapton | Poly-
Permi- im/ Paper/ 1634 im/ 178 HN/ | ester/
ttivity 1.7/ 32 ' 1.78 ’ 34 1.9

1.67

Operating
Range 3.15— | 3.33— | 3.46- | ~3.4- 22 3.26- | 3.11—
(GHz) 3.95 3.75 3.76 4.0 -4.0 3.80 4.27
Band-
width 0.540 — 0.3 0.6 0.19 0.545 1.17
(GHz)

Gain
(dB) — 1.4 0.3 3 2.81 2.07 2.59

Efficiency

%) — 70 — ~80 — 99.5 | 94.52
1.03 0.11 1.134
SAR o o 0.57 (1g)/ (1g)/ o (1g)
(W/Kg) (1g) 0.92 0.33 0.338
(10g) | (10g) (10g)

for body-worn applications. This Work achieves the best bal-
ance of bandwidth, efficiency, and robustness, making it ideal
for smart clothing applications where flexibility, safety, and re-
liable performance are essential.

Hence the present polyester flexible patch antenna is more
robust than the references because it combines wider band-
width, higher efficiency, moderate gain, and stable performance
under bending, while maintaining safe SAR levels and a com-
pact textile-compatible design. This robustness directly trans-
lates into superior suitability for smart clothing applications,
where antennas must remain reliable under bending, stretching,
and daily wear conditions.

VI. CONCLUSION

In this work, a compact polyester substrate-based textile mi-
crostrip patch antenna operating in the 3.5 GHz band has been
successfully designed, fabricated, and validated for next-gen-
eration wearable broadband applications. By addressing all
critical aspects—including off-body performance, fabrication,
testing, on-body evaluation, bending analysis, and SAR assess-
ment—the study provides a comprehensive framework that has
been largely absent in prior research. The proposed antenna
demonstrates wide bandwidth, high radiation efficiency, and
stable performance under bending conditions, while maintain-
ing compliance with IEEE SAR safety standards. Covering
multiple bands such as 5G NR (n77, n78), C-Band, CBRS, and
extended C-Bands, the antenna proves to be robust, cost-effec-
tive, and well-suited for integration into smart clothing. Overall,
this work establishes polyester textile antennas as a promising
solution for wearable wireless systems, combining practicality,
safety, and reliable performance in real-world scenarios.

In experimental work, a single antenna sample was fabricat-
ed and experimentally tested. The presented results are based
on one measurement, which provides an initial validation of
the design concept. While these findings demonstrate the fea-
sibility and performance of the proposed antenna, a statistical
analysis across multiple fabricated samples and repeated mea-
surements has not yet been conducted. Future studies will focus
on fabricating additional prototypes and performing repeated
measurements to assess reproducibility, quantify measurement
uncertainty, and establish statistical reliability in the reported
performance. Additionally, the antenna’s gain, efficiency, and
radiation pattern will be measured in an anechoic chamber to
provide further experimental validation. Long-term durability
tests—such as repeated bending and washing cycles under sus-
tained mechanical stress—will also be conducted to reinforce
the claims of suitability for smart clothing applications.
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