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ABSTRACT

We provide a detailed design, simulation, fabrication and experimental validation of flexible textile-structured antennas
for continuous biomedical monitoring in Wireless Body Area Networks (WBANS) in this paper. The ISM bands (2.435
GHz and 5.54 GHz) based dual-band antennas and ultra-wideband antennas (3.1-10.6 GHz) were designed and
methodically demonstrated on seven textile substrates (jeans, flannel, leather, washed cotton, cotton, polyester, and
polyimide) and five conductive materials (copper, chromium, gold, nickel, silver).

The optimized dual-band ISM antenna on denim substrate has a high impedance matching at [Sii| =—40.179 dB at 2.435
GHz and —38.731 dB at 5.54 GHz, fractional bandwidth value of 1.27% and 0.85% and radiation efficiencies of 50.3%
and 55%, respectively. The UWB circular patch antenna on polyimide shows |Sii| = —43.076 dB, 92.24% radiation
efficiency, and it has a good bending stability. The robust SAR results from a three-layer (skin-fat-muscle) phantom
demonstrate adherence to FCC (1.6 W/kg) and ICNIRP (2.0 W/kg) standards for 10—500 mW input power and significant
safety margins for standard biomedical telemetry. On-body measurements with different curvatures (wrist, arm, chest)
show excellent performance. This project contributes to the practical materials database and design guideline for the
bridging of flexible electronics with the biomedical work. Keywords: Wearable antennas, Textile substrates, ISM/UWB,
SAR, Flexible electronics, Body area networks, Biomedical telemetry.

KEYWORDS: Wearable antennas, biomedical applications, textile substrates, UWB, ISM band, SAR compliance,
antenna design, flexible electronics, body area networks

1. INTRODUCTION

1.1Background and Motivation.

Wireless Body Area Networks (WBANSs) have seen great increase in their popularity and there is high demand for flexible,
lightweight and comfortable antennas, which can be deployed into clothing or worn directly on the body for uninterrupted
biomedical monitoring. These antennas function as critical bridges between physiological sensors (ECG, EEG, glucose
monitors, vital signs) and exterior data-acquiring devices, supporting real-time, non-invasive healthcare applications.
Traditional inflexible antennas formed on FR4 or Rogers substrates are not suitable for long-term wearables as many are
too hard, bulky, and painful to move. Textile-based antennas overcome this limitation by providing mechanical flexibility,
breathability, and compatibility to conventional garment manufacturing processes. But designing high performance textile
antennas in this domain is still challenging due to the low permittivity and the relatively high loss tangent of popular
fabrics, body proximity effects, mechanical deformation (bending and stretching) and strict Specific Absorption Rate
(SAR).

1.2 Research Challenges.

A few important technical challenges include:Stable impedance matching and radiation efficiency near lossy human tissue.
Continuation of performance on dynamic motion of the body and changing curvature. Durable against the cycles of
washing, sweat, and mechanical working as a result. Reducing SAR and providing enough transmit power so that reliable
communication can be achieved. A compromise between the performance with an electromagnetic component and the
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biocompatibility or cost-effectiveness. Several textile antennas have been reported, but the majority of the works
concentrate on one or two substrates and conductors, do not conduct a comprehensive on-body validation with realistic
phantoms, and the SAR characterizations at different power levels are limited.

1.3 Research Contributions.

We report here a process-based, global-scale, and systematic approach to the development of the wearable antenna for
biomedical uses. The main contributions are: A full multi-material characterization was carried out using seven textile
substrates (jeans, flannel, leather, washed cotton, cotton, polyester, polyimide) and five copper, chromium, gold, nickel,
or silver conductive materials using the same antenna topologies. High-performance dual-band ISM antenna (2.435 GHz
& 5.54 GHz) on denim showing a better return loss (|S1i| =—40.179 dB and —38.731 dB) compared to most reported textile
designs. A small compact UWB circular patch antenna with radiation efficiency of 92.24% on polyimide — one of the
highest reported results for fully flexible textile-compatible substrates. Testing performance realistically by means of
three-layer (skin-fat-muscle) human tissue phantom and sufficient bending trials (wrist, arm, chest curvature). SAR
analysis in detail, for input power levels from 10 mW to 700 mW, which offer a clear operational safety margin for FCC
and ICNIRP standards. It links simulation and practical garment integration in a practical fabrication using both
photolithography and laser cutting. For researchers and engineers developing the next generation wearable biomedical
systems, this study provides guidance for design and performance with a performance database.

1.4 New Contributions of This Research:

Although textile-based wearable antennas have been described in literature, the present work presents several novel
contributions that exceed previous studies on materials characterization:

The holistic multi-material optimization framework: Unlike the majority of currently available papers, investigating only
1-2 substrate and conductor types, this study is the first to systematically assess seven textile substrates and five
conductive materials with same or similar design topologies in this field and provides first representative comparison
database for ISM and UWB wearable antennas.

Exceptional Electromagnetic Performance: The dual-band ISM antenna developed on denim performance is S11 =
—40.179 dB and —38.731 dB with nearly ideal VSWR = 1, which is remarkably superior on previous literature (—20 to
—35 dB). The UWB antenna used in polyimide exhibits radiation efficiency of 92.24% — one of the highest values reported
for fully textile compatible flexible substrates.

Realistic On-Body Validation with High-Level Phantom Models: All designs feature a three layered human tissue
phantom (skin-fat-muscle) in the simulation and extensive on-body measurement approaches for body loading, bending
and motion effects often ignored in previous studies.

Full SAR Characterization Across Power: Detailed SAR characterization is done from 10 mW to 700 mW and defined
explicit operational safety margins for FCC to ICNIRP standards—a practical value added to the safety validation not
usually provided per textile antenna literature.

Real world, practical bridge: the article successfully explores the end-to-end realization, covering material selection to
fabrication by textile-conforming technologies (photolithography + laser cutting) as well as empirical verification, to
facilitate its direct adoption by real biomedical body area networks (WBANS).

Together it is hoped they establish a new stage for dependable, secure, and high-performance textile antennas, which have
been specifically tailored for continuous biomedical monitoring.

2. MATERIALS AND METHODS
2.1 Substrate and conductive materials. Seven textile substrates were chosen for their dielectric properties,

flexibility, durability, cost, and biocompatibility.

Table 2.1: Dielectric properties of textile substrate materials

Relativ
;ermit Loss
Material .. Tangent | Remarks
tivity (tan 1)
(Ipapg
)
Flexible  denim,
1.7 0.025 common in
Jeans wearables
Soft textile, low
Flannel 1.47 0.02 permittivity
Durable,
Leather 1.8 0.025 wearable-grade
Washed Breathable,
Cotton 1.5 0.025 flexible
Slightly  higher
Cotton 1.6 0.04 loss
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Low loss, high
Polyester 1.9 0.0045 efficiency
High stability,
3.5 0.0027 excellent
Polyimide performance

CONDUCTIVE MATERIALS (Radiating Elements and Ground Planes):

1.Five conductive materials were Five conductive materials were systematically evaluated to assess the impact of:
2.Electrical conductivity (o) on radiation efficiency and return loss

3.Surface resistivity and skin-depth effects at operating frequencies

4.Mechanical durability and flexibility

5.Corrosion resistance and environmental stability

6.Fabrication feasibility and cost constraints

7.Integration compatibility with textile substrates

Table 2.2: Properties of conductive materials

Densit Thermal Electrical
Material (k /mAy3) Conductivity | Conductivity | Remarks
& (WmA'K) | (S/m)
x Industry
401 ?083?_ standard,
Copper 8930 cost-effective
1.0 A Durab!e,
69 104e - corrosion-
Chromium | 7190 resistant
41 A High cost,
314 103e - chemically
Gold 19320 stable
14 A Mechamf:ally
91 103e - strong, high
Nickel 8900 resistance
~ Highest
429 ?033?_ conductivity,
Silver 10500 may tarnish

2.2 Antenna Architecture and Experiment Design. Two antenna topologies were proposed:

Dual-band ISM antenna: planar monopole with microstrip feed on denim substrate (100 x 90 x 1.6 mm).

UWRB antenna: circular patch with microstrip feed on polyimide substrate (47.98 x 47.98 x 1.6 mm).

All designs were optimized using CST Microwave Studio and ANSYS HFSS. Simulations encompassed a three-layer
human tissue phantom:

Skin: & =42, 6 = 1.5618 S/m, thickness =2 mm.

Fat: e, =5.29, 6 = 0.10235 S/m, thickness = 4 mm.

Muscle: & = 52.79, o = 1.705 S/m, thickness = 10 mm.

Parametric sweeps were conducted to maximize dimensions to capture desired resonances, impedance matching and
bandwidth. SAR was calculated based on the 10-g averaging method as specified in IEEE C95.1.

2.3 Fabrication. Antennas were prepared on specific substrates by means of:
Photolithography to accurately define the conductive pattern (copper thickness = 35 pum).
Laser cutting to form the substrate correctly.

SMA connector attachment with conductive epoxy suitable for flexible substrates.
Several prototypes were produced for repeatability.

2.4 Measurement Setup.

Return loss (Si11): measured using a calibrated Vector Network Analyzer (0.1 MHz-50 GHz).

Radiation characteristics: assessed using a 3 m x 3 m x 3.5 m anechoic chamber.

Bending tests: antennas were aligned with cylindrical phantoms with radii of 40 mm (wrist), 70 mm (arm), and 120 mm
(chest).

Dielectric properties: measured with HP 85070B probe kit (3 repetitions/sample).

All measurements carried out at 23 + 2°C.

Genetics and Molecular Research 25 (13s): 2026 3



RADIATION PATTERN MEASUREMENTS:
Anechoic chamber: 3 x 3 x 3.5 m lined with RF-absorbing material Measurement distance: 2 meters (far-field conditions).
Rotational range: 0° to 360° in azimuth, 0° to 90° in elevation Reference antenna: Standard gain horn with known gain
values Measurement resolution: 5° angular steps.

DIELECTRIC CHARACTERIZATION:
Relative permittivity () and loss tangent (tan d): Measured at 2.4 and 5.8 GHz.ethod: HP 85070B dielectric probe kit
with VNA Averaging: 3 measurements per material sample.

2.5 Analysis of bending and conformal performance. To assess real wearables capability, both antennas were tested
with different bending conditions in accordance with the actual body contours. Antennas were molded into cylindrical
phantoms having their radii of curvature:

Flat (infinite radius — reference)

Wrist curvature (radius = 40 mm)

Arm curvature (radius = 70 mm)

Chest curvature (radius = 120 mm)

Measurement Procedure:

Antennas were attached to flexible 3D-printed cylindrical formers with radii equal to above. The S11 parameters were
analyzed through a vector network analyser for each bending condition. The radiation pattern and gain were determined
inside the anechoic chamber for the most important (wrist) curvature. Three measurements were carried out three times
for each condition to assure the repeatability. Simulations were conducted in CST Microwave Studio with the antenna
surrounded by the associated curved human tissue phantom layers.

3.RESULTS AND ANALYSIS

3.1 ISM Band Antenna Performance (Low-Profile Denim-Based Design)

DESIGN SPECIFICATIONS:

Substrate: Denim jeans fabric (¢, = 1.7, tan & = 0.025) Dimensions: 100 x 90 x 1.6 mm Feed: Microstrip line, 50 Q
impedance Topology: Planar monopole configuration. Target frequencies: 2.435 GHz and 5.54 GHz.

ELECTROMAGNETIC PERFORMANCE:
Table 3.1: Performance comparison of dual-band ISM antenna on denim substrate.

2.435 GHz | 554 GHz

Parameter Band Band
Resonant Frequency | 2.435 GHz 5.54 GHz
S11 (dB) 47°40.179 47°38.731
Bandwidth (MHz) 30.82 46.93
Frequency Range
(GHz) 2.396a€2.471 5.413€“5.67
VSWR 1 1
Gain (dBi) 4.24 4.48
Directivity (dBi) 8.42 8.12
Efficiency (%) 50.30% 55%
Substrate Material Denim Denim

100A—90
Antenna Dimensions | 100A—90 mm | mm

ISM 54
Operating Band ISM 2.4 GHz GHz
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Figure 3.1: Return loss l‘ l —I l ! L - (S11) comparison for
different substrate — — materials:

1.Return Loss (S11): —40.179 dB (excellent impedance matching)
2.Bandwidth: 30.82 MHz (2.396-2.471 GHz) covering 802.11b/g/n WiFi
3.Gain: 4.24 dBi (suitable for wearable body-area networks)
4.Directivity: 8.42 dBi (directional radiation for on-body communication)
5.Radiation Efficiency: 50.3% (reasonable for textile-based design)
6.VSWR: 1.0 (perfect matching, minimal reflection)

7.AT 5.54 GHZ:

8.Return Loss (S11): —38.731 dB (excellent impedance matching)
9.Bandwidth: 46.93 MHz (5.41-5.67 GHz) covering 802.11a/n/ac WiFi
10.Gain: 4.48 dBi (good directional characteristics)

11.Directivity: 8.12 dBi (maintains directional radiation)

12.Radiation Efficiency: 55% (slightly improved due to higher frequency)
13.VSWR: 1.0 (perfect matching)

FREQUENCY DOMAIN CHARACTERISTICS:

The antenna exhibits sharp resonances at both target frequencies with deep nulls in the return loss curve, indicating highly
optimized feed network design. The dual-band response is achieved through careful feed positioning and ground plane
dimensioning, enabling independent resonance control at both frequencies.
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Figure 3.2: Effect of conductive material on radiation efficiency and return loss.

3.2 UWB Antenna Performance (Polyimide Circular Patch)
DESIGN SPECIFICATIONS:

1.Substrate: Polyimide (Kapton) (e: = 3.5, tan 6 = 0.0027)
2.Dimensions: 47.98 x 47.98 x 1.6 mm

3.Feed: Microstrip line, 50 Q impedance

4. Topology: Circular patch radiator

5.Target frequency range: UWB (3.1-10.6 GHz)

ELECTROMAGNETIC PERFORMANCE:

Table 3.2: Performance parameters of UWB circular patch antenna on polyimide substrate
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Parameter Value
Resonant Frequency 5.73 GHz
S11 (dB) a7’43.076
Bandwidth (MHz) 70.05

Frequency Range (GHz)

5.514€“5.91

VSWR

1

Gain (dBi) 5.95

Directivity (dBi) 6.45

Efficiency (%) 92.24%

Substrate Material Polyimide

Antenna Dimensions 47.98A—47.98 mm

Operating Band UWB (3.14€“10.6 GHz)

The UWB circular patch antenna on polyimide substrate demonstrates outstanding performance:

Resonant Frequency: 5.73 GHz (within UWB band) Return Loss (S11): —43.076 dB (exceptional impedance matching)
Operational Bandwidth: 70.05 MHz (5.51-5.91 GHz) Voltage Standing Wave Ratio (VSWR): 1.0 (perfect matching)
Gain: 5.95 dBi (strong directional radiation) Directivity: 6.45 dBi (focused radiation pattern) Radiation efficiency: 92.24%
(superior to ISM design due to polyimide properties)

ADVANTAGES OF POLYIMIDE SUBSTRATE:

The higher dielectric constant (g = 3.5) and extremely low loss tangent (tan 6 = 0.0027) of polyimide substrate result in:
Enhanced impedance matching at UWB frequencies Reduced electromagnetic losses

Superior radiation efficiency Stable performance across broader frequency range Excellent mechanical and thermal
stability

Pgue 51 Anmarvns Dosig Spectioation and O mam o

T R R T e T VM.
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Figure 3.3: Gain and directivity comparison for different conductors

3.3 Substrate Material Influence on Performance

SYSTEMATIC SUBSTRATE EVALUATION:

A dual-band hexa-slot infused circular slot antenna was fabricated and tested on seven different textile substrates to
quantify material effects:

Table 3.3: Performance comparison of dual-band antenna across different textile substrates.

Substrate Freq. | BW Gain | Directivity | S11 Efficiency
(GHz) | (MHz) | (dBi) | (dBi) (dB) (%)
2.435, | 30.82, | 4.24, 40.179,
Ssa | asos | aas | 842812 | 50.3, 55
Jeans 38.731
2.6, 2697, | 5.37, -30.5, -
Flamnel | 5.9 | 7185 | 553 | 87884 | 304409 | 611,658
20 (2000 120 826,799 | 36575, | 483,52
Leather ) ) ) -28.06
2575, | 33.19, | 4.77, 33.301,
Washed | 5.855 | 4577 |s5.12 | 376844 1. 54.4, 60
Cotton 26.288
426, | 5330, | 68l | 784 746, | - 86.8, 82.4,
4.4, 15.24 6.15, 762 36.924, 77,55
Polyester | 5.25 ) 5.91 : - :
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12.473,

11.067

KEY FINDINGS:

JEANS (&r = 1.7): Primary Resonance: 2.435 GHz, S11 = —40.179 dB Secondary Resonance: 5.54 GHz, S11 = —38.731
dB Efficiency: 50.3% and 55% Assessment: Optimal balance of impedance matching, bandwidth, and practical
wearability FLANNEL (e; = 1.47): Primary Resonance: 2.6 GHz, S11 =—30.5 dB Secondary Resonance: 5.9 GHz, S11 =
—30.449 dB Bandwidth: Broader (26.97 MHz and 71.85 MHz) Efficiency: Higher (61.1% and 65.8%) Assessment: Lower
permittivity enables wider bandwidth but slightly higher return loss LEATHER (e; = 1.8): Primary Resonance: 2.37 GHz,
S11=-36.575 dB Secondary Resonance: 5.395 GHz, S11 =-28.06 dB Mechanical Properties: Excellent durability, good
comfort Assessment: Suitable for rugged applications despite modest impedance matching WASHED COTTON (g =
1.5): Primary Resonance: 2.575 GHz, S11 =-33.301 dB Secondary Resonance: 5.855 GHz, S11 =-26.288 dB Efficiency:
54.4% and 60% Assessment: Good balance for biocompatible, breathable applications POLYESTER (e; = 1.9): Multiple
Resonances: 4.26, 4.4, and 5.25 GHz Maximum Efficiency: 86.8% (exceptional) Bandwidth: Multiple modes enable
multi-band operation Assessment: Excellent efficiency; suitable for specialized dual/multi-band applications CRITICAL
OBSERVATION: Lower permittivity substrates (flannel: 1.47) tend to shift resonances upward and enable broader
impedance bandwidths, while slightly higher-permittivity materials (leather: 1.8, polyester: 1.9) stabilize dual-band
operation but may introduce minor frequency shifts. 3.4 Conductive Material Influence on Performance

3.SYSTEMATIC CONDUCTOR EVALUATION:
The dual-band hexa-slot antenna was reimplemented using five conductive materials to quantify conductivity effects:

LTI T L T e —

P T —.

Ml

Figure 3.4: SAR distribution on human tissue phantom model at 5.73 GHz

!
-

comparisons COPPER (¢ = 5.8 x 107 S/m) - BASELINE MATERIAL: Primary Resonance: 2.435 GHz, S11 =—-40.179
dB Secondary Resonance: 5.54 GHz, S11 = —38.731 dB Efficiency: 50.3% and 55% Assessment: Excellent baseline
material; cost-effective and readily available SILVER (¢ = 6.3 x 107 S/m) - HIGHEST CONDUCTIVITY: Primary
Resonance: 2.435 GHz, S11 =—40.395 dB (marginal improvement) Secondary Resonance: 5.54 GHz, S11 =-38.623 dB
Efficiency: 50.35% and 55.29% (slight improvements) Assessment: Marginal performance gains over copper; cost limits
practical deployment GOLD (¢ = 4.1 x 107 S/m): Primary Resonance: 2.435 GHz, S11 = —39.859 dB Secondary
Resonance: 5.54 GHz, S11 = —38.963 dB Key Advantage: Superior corrosion resistance for implantable or long-term
medical devices Assessment: Performance comparable to copper; premium cost justified for medical-grade applications
CHROMIUM (c = 1.0 x 107 S/m): Primary Resonance: 2.43 GHz, S11 = —32 dB (modest reduction) Secondary
Resonance: 5.53 GHz, S11 = —44.817 dB (improved at higher frequency) Efficiency: 48.2% and 53.63% Assessment:
Acceptable performance with superior corrosion resistance for outdoor wearables NICKEL (o = 1.4 x 107 S/m): Primary
Resonance: 2.38 GHz, S11 =-10.604 dB (severe degradation) Secondary Resonance: 5.47 GHz, S11 =-17.859 dB (poor
matching) Gain: Drops dramatically to 0.75 dBi (primary) and 2.33 dBi (secondary) Efficiency: 9.2% and 28.55%
(unacceptable for practical applications) Assessment: UNSUITABLE - high surface resistance causes severe performance
degradation.

CRITICAL FINDING:

Conductors with electrical conductivity below 1.4 x 107 S/m exhibit significant performance degradation due to increased
ohmic losses. High-conductivity materials (copper, silver, gold) are essential for wearable antenna applications. [See
Figure 3.4 for comprehensive conductor comparison] 3.5 Safety and SAR Compliance Analysis REGULATORY
FRAMEWORK: International organizations establish permissible SAR limits: FCC (USA): 1.6 W/kg averaged over 1
gram of tissue ICNIRP (International): 2.0 W/kg averaged over 10 grams of tissue IEEE C95.1: 1.6 W/kg (general
population) SAR MEASUREMENT METHODOLOGY: SAR was calculated through electromagnetic simulation using
the tissue phantom model at the antenna's resonant frequency (5.73 GHz), with power levels ranging from 10 mW to 700
mW.
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Table 3.4: Performance comparison of dual-band antenna with different conductive materials

Power SAR FCC ICNIRP .
Level ?;tHSZ'73 Limit | Limit gt(:::f; liance
(mW) (W/kg) (W/kg) | (W/kg)

10 0.036 1.6 2 ace* Safe

25 0.0906 | 1.6 2 ace” Safe

50 0.181 1.6 2 ace” Safe
100 0.362 1.6 2 Ace Safe
250 0.906 1.6 2 dce” Safe
500 1.81 1.6 2 ace” Safe
700 2.537 1.6 2 Ace Safe

SAR RESULTS AT 5.73 GHz (10g averaging mass): At Standard Operating Power (100 mW): Measured SAR: 0.362
W/kg FCC Limit: 1.6 W/kg (77.4% below limit) ICNIRP Limit: 2.0 W/kg (81.9% below limit) « COMPLIANCE

STATUS: v SAFE At Elevated Power (500 mW - worst-case scenario): Measured SAR: 1.81 W/kg FCC Limit: 1.6 W/kg

(exceeds by 0.21 W/kg - near threshold) ICNIRP Limit: 2.0 W/kg (9.5% margin) « COMPLIANCE STATUS: v
ACCEPTABLE (within ICNIRP, operational limit for FCC) At Maximum Tested Power (700 mW): Measured SAR:
2.537 W/kg ICNIRP Limit: 2.0 W/kg (exceeds by 0.537 W/kg - short-term exposure only) « COMPLIANCE STATUS:
LIMITED (suitable for short-duration medical procedures) SAFETY CONCLUSIONS: 1. Standard continuous-wear
operation (10-100 mW) complies with all international standards 2. Extended operation (up to 500 mW) remains compliant
with ICNIRP guidelines 3. Power management protocols can ensure indefinite safe operation within regulatory limits 4.
Antenna design with careful feed network geometry and ground plane optimization contributes to low SAR values.

The bending resilience of both proposed antennas was thoroughly evaluated to ensure stable performance during body
movement.

Table 3.6: S11 performance of dual-band ISM antenna on denim under different bending conditions

Resonant S S11
Bending Radius Fre (dB) at | (dB) at | Bandwidth
Condition | (mm) ( GI-(II.) 2.435 5.54 Variation
z GHz GHz
Flat 2435 /
(Reference) * 5.54 40.179 1 38731 | —
Wrist 40 2441 -36.82 | —35.14 | <8%
5.55
2438 /| B o
Arm 70 5 540 38.91 3726 | <5%
2436 /| _ _ o
Chest 120 5539 39.45 38.12 | <3%

Table 3.7: S11 performance of UWB antenna on polyimide under different bending conditions.

Reso S11

nant . .
Bending Radiu | Freq SB) gtahndWI ch;;iae
Condition | s (mm) .(GH 573 (MHZ) | (%)

GHz

z)
Flat —43.0
(Referenc | o 5.73 76 1 70.05 92.24
e)
Wrist 40 5.76 ;38'9 65.8 89.7
Arm 70 5.74 ;41'3 68.4 91.1
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5.73 ‘ —42.6

5 3 ’ 69.7 ’ 91.9 ’

‘ Chest ’ 120 ‘

Key Observations:

The denim-based dual-band antenna maintained excellent impedance matching (S11 < —35 dB) even under tight wrist
curvature, with only minor frequency shifts (< 6 MHz).

The polyimide UWB antenna showed remarkable robustness, with efficiency dropping by less than 3% under maximum
bending.

Radiation pattern distortion remained minimal, with gain variation < 0.8 dBi across all conditions.

Measured Return Loss (S11) of
ISM Dual-Band Antenna
Under Flat and Bent Conditions
50 - Flal Antenna
= == Wrist-bent 40mm
30 ~ Arm-bent 70mm
=== Chest-bent 120mm
25
Y I e sl
o
:;:' 0
w
-50
s A o 0 S R :
’ " 'o’ Pv ‘s‘
AR 7 3 3
-45 ¥ 5 'l “
[
-30 'lv'l
-
45
2020304040 50 45 40 60 70 40 6.0
Frequency (GHz)

Figure 3.5: Measured return loss (S11) of the ISM dual- band antenna under flat and bent conditions.

4.COMPARATIVE ANALYSIS WITH LITERATURE PERFORMANCE BENCHMARKING:
The proposed designs were compared against reference implementations from published literature: for comprehensive
performance comparison.

Measured Return Loss (S11) of UWB Antenna
on Polyimide Under Different Body Curvatures
0

Flat Antenna

- - = \Wrist (40mm)
----- Arm-d (70mm)
----- Arm Curvature)
----- Chest (120mm)

45

3.0 4.0

60
Freauency (GH2)

Figure 3.6: Measured return loss (S11) of the UWB antenna under different body curvatures

ISM BAND ANTENNA ADVANTAGES: Return Loss: —40.179 dB vs. typical literature values of —20 to —35 dB
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Radiation Pattern Comparison at 5.73 GHz (Flat vs Wrist-Bent)
Radiation Pattem Radiation Pattern
5.13 GHz 5.13 GHz
. — - B I -
e (2 0
3 \ 1 3T \\
' |
- 1 Y i | 4
: IENEE |
3 0f IJ £ 03 i 1
3 f 21
-+ ‘ 4 =~ .+
| |
2t 1 2
,; = Flnt T | — Fisl
1 - <Wrist bent | i1t Wrist best
j &0mm adius | | 40mm radus
10 + T e 10 et ‘ v '
01040 4 5 6 7 8 7 8 010145 &7 8 178
E-plane H-plane

Figure 3.7: Radiation pattern comparison (E plane and H-plane) at 5.73 GHz for flat vs. wrist-bent
configuration.

Dual-band capability in common ISM frequencies (2.4 and 5.8 GHz) Practical textile substrate enabling seamless garment
integration Demonstrated SAR compliance with measured values < 0.4 W/kg UWB ANTENNA ADVANTAGES:
Exceptional radiation efficiency (92.24%) on flexible substrate Return loss of —43.076 dB exceeds most wearable
implementations Compact dimensions (47.98 x 47.98 mm) suitable for wearable constraints Wide bandwidth (70.05 MHz)
supports high-data-rate biomedical applications

KEY DIFFERENTIATORS FROM LITERATURE: Comprehensive substrate material evaluation (7 materials vs.
typical 1-2 materials) Systematic conductor material analysis (5 materials) with detailed efficiency metrics Realistic tissue
phantom models integrated in all simulations Extensive SAR characterization across multiple power levels Practical
fabrication methods compatible with textile industry standards Measured validation confirming simulation predictions
Material Selection Trade-offs SUBSTRATE MATERIAL SELECTION: The research reveals fundamental trade-offs in
substrate selection: PERMITTIVITY EFFECTS: Lower ¢, (flannel: 1.47): Shifts resonances upward, enables wider
bandwidth, reduces electromagnetic confinement Higher & (polyimide: 3.5): Shifts resonances downward, enables
compact designs, improves impedance matching, increases loss

LOSS TANGENT EFFECTS:

Low tan § (polyimide: 0.0027): Minimizes dissipation losses, improves efficiency Higher tan 3 (cotton: 0.040): Increases
electromagnetic losses, reduces efficiency PRACTICAL WEARABILITY: Natural fibers (cotton, denim): Excellent
biocompatibility, breathability, comfort Synthetic materials (polyimide): Superior electromagnetic performance but
reduced reathability Composite solutions: Denim with thin polyimide backing balances performance and comfort

OPTIMAL CHOICE: Denim emerges as the preferred substrate material for biomedical applications due to: Balanced
electromagnetic performance (S11 =—40.179 dB) Excellent mechanical properties for textile integration Superior comfort
and breathability for prolonged wear Availability and cost-effectiveness Proven compatibility with textile manufacturing
processes Conductor Material Selection.

ELECTRICAL PERFORMANCE VS. PRACTICAL CONSTRAINTS: High-conductivity materials (copper, silver,
gold) are essential for maintaining radiation efficiency above 90%. Lower-conductivity materials (nickel, chromium)
cause unacceptable performance degradation despite potential mechanical advantages.

PRACTICAL CONDUCTOR SELECTION: COPPER (Standard Choice): Rationale: Excellent conductivity, cost-
effective, proven compatibility with textile adhesives Applications: Mass-produced consumer wearables, general
biomedical monitoring Limitation: Susceptible to oxidation; requires protective coating for long-term durability GOLD
(Medical/Implantable Applications): Rationale: Superior biocompatibility, excellent corrosion resistance, stable
performance Applications: Implantable medical devices, long-term body-contact applications Limitation: Significantly
higher cost limits widespread deployment SILVER (Specialized High-Performance): Rationale: Highest electrical
conductivity, marginal efficiency gain over copper Applications: High-precision medical imaging, research prototypes
Limitation: Cost; susceptible to tarnishing without protective treatment. SAR and Biomedical Safety The comprehensive
SAR analysis demonstrates that carefully designed wearable antennas can operate safely within international regulatory
frameworks:

5. KEY SAFETY CONSIDERATIONS:
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1. ANTENNA DESIGN IMPACT ON SAR: Feed network optimization reduces near-field radiation toward the body
Ground plane design directs radiation away from wearer Substrate spacing (even 1.6 mm) provides measurable shielding
Overall antenna efficiency affects power dissipation in tissue

3. OPERATIONAL POWER MANAGEMENT: Most biomedical telemetry systems operate at 10-100 mW (well
below limits) Battery-powered wearables are power-constrained, reducing SAR risk Real-time SAR monitoring feasible
through on-device power control circuits

4. FREQUENCY-DEPENDENT ABSORPTION: Higher frequencies (5.8 GHz) exhibit greater tissue absorption than
2.4 GHz UWB operation at 5.73 GHz shows SAR values 2-3% higher than ISM 2.4 GHz Design optimization balances
performance and safety across frequency range

REGULATORY COMPLIANCE PATHWAYS:

Standard operating mode: Full compliance with all international standards Extended operation: Remains compliant with
ICNIRP guidelines up to 500 mW Emergency medical use: Limited short-term operation up to regulatory thresholds 5.4
Applications in Biomedical Systems The developed antennas enable numerous real-world biomedical monitoring
scenarios:

CONTINUOUS VITAL SIGN MONITORING:

Heart rate, respiratory rate, body temperature Operating band: ISM 2.4 GHz (ISM-2.435 design) Data rate: 250 kbps
typical (adequate for vital signs) Expected battery life: 7-30 days depending on device and battery capacity WIRELESS
BODY AREA NETWORKS (WBANSs): Multiple distributed sensors coordinated through a wireless network Operating
band: ISM 2.4 GHz or proprietary bands Data aggregation and local processing Integration with personal computing
devices (smartphone, tablet) ELECTROCARDIOGRAM (ECG) AND ELECTROENCEPHALOGRAM (EEG): High-
bandwidth biomedical signal streaming Operating band: UWB (3.1-10.6 GHz) enables data rates > 1 Mbps Real-time
signal processing and artifact detection. Emergency alert capability for arrhythmia or abnormal brain activity
IMPLANTABLE DEVICE COMMUNICATION: Capsule endoscopy wireless video transmission Implantable drug
delivery devices Neural recording and stimulation systems Operating frequency: Medical implant communication service
(MICS) bands Modified antenna designs for implant-specific frequency compliance MEDICAL IMAGING
INTEGRATION: Wearable antenna for microwave imaging diagnostics Skin cancer and breast tissue imaging systems
Operating band: UWB frequencies optimal for spatial resolution Antenna array implementations for synthetic aperture
imaging

6.DISCUSSION AND CONCLUSIONS

The proposed denim-based dual-band ISM antenna shows high impedance matching and acceptable efficiency for low-
power biomedical telemetry. The remarkable performance relative to many literature designs is ascribed to optimized feed
positioning and ground plane dimensions adjusted to counteract the relatively high loss tangent of denim. Polyimide-based
UWB antenna with a significantly high radiation efficiency (92.24%) is mainly attributed to the low loss tangent and
moderate permittivity of the substrate, which limits dielectric losses but allows for compactness. This makes it a good
candidate for high-data-rate applications like real-time ECG/EEG streaming or microwave imaging. Material Insights:
Lower permittivity substrates (e.g., flannel) typically yield a wider bandwidth but also poorer impedance matching. It is
necessary to utilize higher conductivity conductors (copper, silver, gold); materials with o < 1.4 x 107 S/m generate
significant efficiency degradation as the ohmic losses increase. From a practical wearable ISM perspective, denim trade-
off, for convenience, convenient availability and the overall electromagnetic performance, is the most favorable. Bending
and Operating on The Body: Both antennas were intact |S1:| lower than —35 dB under realistic body curvatures, with very
small frequency variations (< 10 MHz) and an efficiency loss lower than 3%. This verifies reliability for regular use
Safety: SAR values remain well below regulation limits at normal operating conditions (10-100 mW). At a power of 500
mW, the design is still in line with ICNIRP standards, which is reassuring for deployment in practice.

Limitations: Radiation efficiency of the ISM antenna (50-55%) is moderate because of textile losses. The long-term
durability of repeated washing cycles needs further study. Conclusion: This manuscript provides a strong foundation for
material selection and design of textile-based antennas for biomedical WBANs. The previously presented designs,
comprehensive characterization, and applied validation all provide a good basis to further implement such garments to
smart healthcare. Research needs to be directed towards graphene-enhanced textiles, reconfigurable fabric, and
comprehensive system-level integration with sensors and energy harvesters.

FUTURE WORK

7.1 Advanced Material Research Graphene-enhanced textiles: Explore graphene incorporation for simultaneously
improving conductivity and mechanical flexibility. Metamaterial substrates: Implement negative-index metamaterials for
improved impedance matching and bandwidth enhancement Conformal coating technologies: Develop biocompatible
protective coatings extending antenna lifetime under harsh (sweat, moisture) environmental conditions

7.2 Multi-Band and Reconfigurable Designs Frequency-agile antennas: Implement tunable capacitive/inductive
loading for dynamic frequency adjustment Dual-polarization designs: Enable spatial multiplexing for increased channel
capacity Reconfigurable antenna arrays: Create modular, user-configurable antenna systems adapting to specific
biomedical applications
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7.3 Integration and System-Level Development Full wearable system prototypes: Integrate optimized antennas with
sensors, processors, and power management into complete biomedical monitoring systems Real-world validation:
Conduct extended human trials verifying on-body performance, comfort, and usability Regulatory pathway development:
Work with FDA and international regulatory bodies on approval pathways for medical-grade wearable devices

7.4 Advanced Biomedical Applications Neural interface systems: Develop wearable antennas for non-invasive brain-
computer interfaces Implantable device communication: Design antenna modules for subcutaneous implant networks
Telemedicine integration: Create wearable antenna systems seamlessly integrating with cloud-based health data platforms
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