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Abstract - This article presents the design and analysis of 
square split ring resonator(SRR)using fabric based substrates 
for biomedical sensing applications. This flexible materials 
polyester, polyethelene and polyamide were selected due to 
their stability for wearable technologies and safe interaction 
with human skin. simulations were carried out by focusing on 
the frequency range of 12 to 14 Ghz. The resonator showed a 
return loss of -42.39dB at 13.9Ghz for polyester,-49.52dB at 
13.9 Ghz for polyethene and -53.06dB at 12.1Ghz for 
polyamide . Among three polyamide exhibited the best 
performance with the highest return loss and better 
impedence matching. The antenna design was analyzed with 
experimental results aligning closely with the simulation data. 
The compact design, with structural dimensions in the range 
of millimeters, makes it suitable for wearable and conformal 
RF applications. Notably, this SRR configuration shows 
promising potential for non-invasive health monitoring 
systems, where flexible, lightweight, and fabric-compatible 

sensors are essential. 
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1. INTRODUCTION 
 

In recent years, wearable electronics have gained a lot of 
attention, especially in the healthcare field where there’s a 
growing demand for non-invasive and continuous 
monitoring systems. One of the promising technologies 
making this possible is the use of metamaterials, 
particularly Split Ring Resonators (SRRs). These structures 
are small, highly sensitive to changes in surrounding 
materials, and can be designed to work across specific 
frequency ranges making them great for things like 
biosensing and wireless communication in wearable 
devices[1],[3]. 

Several studies have looked into textile-based antennas, 
particularly using materials like polyester, polyethylene, 
and polyamide—three fabrics that are both flexible and 
biocompatible, which makes them popular choices for 
wearable devices [2], [7].For instance investigated body-
worn textile antennas[3], using 100% polyester at 2.4 GHz, 
demonstrating the potential of textiles in wireless 
applications. Another study explored low-profile textile 
antennas for 5G- enabled e-textiles, highlighting the growing 
importance of textile-based designs in next-generation 
communication systems [2]. 

However, many previous studies have tested only one 
substrate material, often without a fair comparison across 
multiple textile options under consistent design and 
simulation settings This gap is notable, as the choice of 
substrate can significantly affect the performance of the 
antenna. Many existing works examine a single material 
without considering how others might perform in similar 
conditions [4]. 

Most SRR designs that we see in the literature are based 
on rigid substrates like FR4 or Duroid. These materials are 
reliable in terms of performance but are not ideal for 
wearables since they’re hard, inflexible, and 
uncomfortable to wear on the body. To overcome this, 
researchers have been looking into more flexible materials 
like PDMS, Kapton, and different fabrics. These 
alternatives offer the flexibility needed to bend and 
stretch  with  the  body’s  movements  while  still maintaining  good  electrical  performance,  making  them  a better fit for wearable technology [5], [9]. Moreover,  these

fabrics are much safer for prolonged skin contact, which is a key consideration in real-world applications [6], [8]. 

That’s what this work aims to address. This project 
addresses that gap by designing and testing a square SRR 
on three flexible textile materials polyester, polyethylene, 
and polyamide all of which are safe for skin contact and 
common in wearable products. The study utilizes a dual-
ring SRR configuration to improve resonance quality and 
sensitivity, building on previous research in the field of 
textile-based antennas [5], [6]. The dual ring configuration 
was  selected  to  enhance  the  resonance  quality  and  improve  sensitivity  .  We  simulated  the  designs  at  a frequency range of 13.5ghz and analyzed  return  loss  and  impedance  matching.  The polyamide-based  design  stood  out,  showing  the  highest  return  loss  of  -53.06dB  at 12.1Ghz  while  polyester  and  polyethylene  had  lower  performance  of  -42.39dB  at 13.9Ghz and 49.52dB at 13.9 Ghz , respectively. 
Based on the overall performance, polyamide appears to be 
the most promising material out of the three offering both 
flexibility and strong signal characteristics. This work helps 
in understanding how fabric based substrates behave in 
real world sensor designs, and hopefully serves as a useful 
reference for future wearable biomedical systems,
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2. PROPOSED ANTENNA STRUCTURE 

The design methodology of the proposed antenna is 
shown in Fig. 2.1,illustrates a square split ring resonator 
and has a partial ground plane. This structure is utilized to 
realize a resonance frequency of12 to 14Ghz. This resonant 
frequency is calculated by 

fr = 1.8412 × c 
 2πS√εr 

 

Fig 2.1 

 

 

Fig 2.2 

 
Here, εr is the dielectric constant, c is the speed of light. 
Simulations are performed using Ansys HFSS V.14.0 EM 
software package. 

To calculate width,length: 

 

 
c is the speed of light in vacuum (approximately 3×1083 
\times 10^83×108 m/s),fr is the resonant frequency, εr is 
the relative permittivity (dielectric constant) of the 
substrate. 

 

 
 c is the speed of light in vacuum (≈3×108\approx 3 

\times 10^8≈3×108 m/s), 

fr is the resonant frequency (Hz),eff is the effective 

dielectric constant of the substrate, which accounts for 

both the substrate material and the air above it. 

3. 

furnishes required information to wearable antenna 
developers. The content in this article is organized as 
follows; Section 3 presents the proposed antenna 
structure. section 4 presents the Non conductive material 
as textile substrate and each substrate were compared 
through previous literature survey. In section 5,The 
parameters of the proposed square SRR are discussed. In 
section 6 and 7 the polyamide as optimal substrate is 
updated with different values in width, gap size and 
thickness. Final section 8 is ended up with the conclusion. 

3.1) Polyster as substrate: 

Polyester, a synthetic polymer derived from polyethylene 
terephthalate (PET), is extensively utilized in wearable 
electronics due to its mechanical strength, dimensional 
stability, and low manufacturing cost [12]. From an 
electromagnetic perspective, polyester exhibits a 
moderate dielectric constant typically ranging from 3.2 to 
3.5, along with relatively low dielectric loss, which 
contributes to consistent signal propagation and stable 
resonant frequencies in antennas and metamaterial 
designs [3]. Its hydrophobic nature ensures resistance to 
moisture absorption, which is crucial for maintaining 
performance in humid or sweat-prone environments [8]. 

The substrate material is a critical component in the 
design and performance of wearable metamaterial and 
antenna structures. In textile based technologies, the 
substrate not only supports the physical construction of 
the device but also plays a fundamental role in 
determining its electromagnetic behavior, mechanical 
flexibility, breathability, and overall user comfort. The 
integration  of  textile  substrates  with  electronic  functionality  is  particularly  essential  for  applications involving  body-worn  devices,  where  both  electrical performance  and  wearability  must  be  optimized  [12]. Among  the  various  materials  explored,  polyester, polyethylene,  and  polyamide  have  emerged  as  leading candidates  due  to  their  favorable  combinations  of electrical, mechanical, and environmental properties. 

NON  CONDUCTIVE  MATERIAL  AS  TEXTILE

 SUBSTRATES 
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Several studies have highlighted polyester’s viability as a 
substrate for body-worn antennas, particularly operating 
around 2.4 GHz, where maintaining efficiency and 
flexibility is paramount [3]. Furthermore, polyester 
textiles can easily accommodate various fabrication 
techniques such as screen printing, inkjet printing, and 
embroidery, allowing for scalable production of flexible 
electronic devices. Its mechanical robustness ensures 
durability during repeated bending, stretching, and 
washing, making it suitable for long-term deployment in 
wearable applications [8]. Consequently, polyester 
continues to be a preferred substrate in the development 
of wireless body area networks (WBANs) and telemedicine 
systems [8]. 

3.2) Polythelene as substrate: 

Polyethylene, particularly in its low-density (LDPE) or 
nonwoven textile forms, is recognized for its excellent 
dielectric properties, including a low dielectric constant 
(approximately 2.2 to 2.5) and extremely low dielectric loss 
[5]. These characteristics enable efficient radiation 
performance with reduced signal attenuation, making 
polyethylene an attractive choice for high- frequency 
antenna applications, including millimeter- wave and 5G 
communications [5]. 

In addition to its favorable electrical behavior, 
polyethylene exhibits exceptional chemical inertness, 
water resistance, and mechanical flexibility, enabling it to 
withstand harsh operating environments while 
maintaining user comfort [5]. Recent advancements have 
demonstrated the feasibility of employing additively 
manufactured polyethylene terephthalate (PET)-based 
substrates for flexible, high-gain multiband antennas, 
targeting mobile and wearable applications [5]. The 
lightweight nature of polyethylene also contributes to the 
overall reduction of device weight, which is a critical factor 
in the design of wearable metamaterials intended for 
extended use. 

Furthermore, polyethylene’s compatibility with emerging 
fabrication techniques, such as inkjet printing and additive 
manufacturing, supports the creation of complex, highly 
flexible RF devices that are necessary for the next 
generation of smart textiles and body-centric wireless 
networks [5]. 

3.3) Polyamide as substrate: 

Polyamide, widely known under the trade name "nylon," 
combines excellent mechanical strength, high elasticity, and 
good thermal stability, making it an ideal candidate for 
wearable applications [4], [10]. From a dielectric 
standpoint, polyamide typically exhibits a dielectric 
constant in the range of 3.4 to 3.8, providing a balance 
between size reduction and sufficient bandwidth for 
antenna and metamaterial structures [4]. 

The inherent flexibility of polyamide fabrics enables close 
conformity to the contours of the human body, ensuring 
minimal impedance mismatch caused by body movement 
[10]. Its moisture-wicking properties and resistance to 
environmental degradation further enhance its suitability 
for medical monitoring systems and continuous-wear 
devices [11]. Additionally, polyamide maintains its 
structural integrity and dielectric performance over a wide 
temperature range, which is beneficial for applications 
involving variable environmental conditions [11]. 

In the context of smart fabrics and wearable 
communications, polyamide substrates have been 
successfully integrated into textile antennas and body- 
centric systems, showing promising results in terms of 
durability, performance stability, and user comfort [4], [10], 
[11]. polyamide. based fabrics in supporting advanced RF 
functionalities in compact and flexible formats [10], [11]. 

4. 

Operating frequency:12 to14 Ghz 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

PARAMETER VALUES OF PROPOSED SQUARE SRR

 

 
 

Figure4.1 Top view and back view of square SRR 
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Figure 4.1 shows the top view and back view of a square 
Split Ring Resonator (SRR), a key structure in 
metamaterials. The top view typically reveals the square 
ring with a gap, essential for creating resonant 
electromagnetic behavior. The back view may show a 
continuous metal plane or mirrored pattern depending on 
the design. This configuration is commonly used to 
manipulate permittivity and permeability at specific 
frequencies. 

Table 4.1.Geometrical parameters of the square- 
shaped Split Ring Resonator (SRR) designed for 

operation at 10 GHz. 

The geometric configuration of the Split Ring Resonator 
(SRR) is defined by several key parameters, 

 L1-Outer side length of the square split ring 
resonator (SRR) 

 L2-Inner side length of the square ring placed 
within the outer ring. 

 G-Gap size at the split of the ring, crucial for 
controlling resonance. 

 W-Width of the metallic strip forming the SRR 
rings. 

 T-Thickness of the substrate material used 
beneath the SRR 

 S -Spacing between the inner and outer square 
rings of the SRR 

 A-Periodicity or lattice constant distance 
between adjacent unit cells 

Design Parameter Value 

L1 2.5 

L2 2.3 

G 0.3 

W 0.15 

T 0.035 

S 0.15 

A 2.5 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2.Simulated S11 (dB) response of a square 
SRR design on three different textile substrates 

This figure 4.2 illustrates the resonant behavior of the SRR 
structure when implemented on three textile substrates: 
polyethylene, polyester, and polyamide. The S11 
(reflection coefficient) values were plotted across a 
frequency sweep from 10 GHz to 20 GHz. 

From the graph, the approximate resonant frequencies 
and return losses are: 

 

Polyster 13.9ghz -42.39dB 

polythelene 13.6ghz -49.52dB 

polyamide 12.1Ghz -53.06dB 

 
Among the three, polyamide clearly shows the strongest 
resonance, with the deepest S11 dip of approximately -
53.06 dB. This indicates better impedance matching and 
minimal signal reflection, meaning the SRR structure 
radiates or absorbs energy most efficiently when 
polyamide is used as the substrate. 

Thus, based on its lower return loss and sharper 
resonance, polyamide was chosen as the best- performing 
substrate for further design optimization. 
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Figure 5.1: Top view of the SRR-based metamaterial unit 
cell designed on a polyamide substrate in HFSS. 

In this work, Polyamide has been selected as the most 
suitable substrate based on its balanced electrical and 
mechanical properties. Compared to Polyester and 
Polyethylene, Polyamide exhibits a moderate dielectric 
constant, low loss tangent, and excellent flexibility, all of 
which are critical for wearable antenna designs. 
Additionally, antennas fabricated with Polyamide showed 
better return loss performance and higher radiation 
efficiency, confirming its ability to support stable and 
efficient signal transmission. These advantages make 
Polyamide a reliable choice for future wearable and 
biomedical antenna applications. 

The figure(5.1) illustrates the layout of the proposed 
metamaterial unit cell featuring a split ring resonator (SRR) 
structure. The design is implemented on a polyamide 
substrate, chosen for its flexibility and stable dielectric 
performance at high frequencies. Two copper rings are etched 
with a precise gap between them, forming the core resonant 
geometry. The pink base represents the polyamide material, 
while the yellow parts indicate the copper rings. The model is 
enclosed in a vacuum box to mimic real-world 
electromagnetic propagation, and axis indicators (X, Y, Z) assist 
in understanding the orientation of the unit cell in 3D space. 
This structure was used to evaluate the resonance behavior 
and return loss performance, especially for applications in the 
millimeter-wave and terahertz range. 

 

structure showing the polyamide substrate and copper 
ground layer. 

The Figure(5.2) shows the back side of the metamaterial 
unit cell structure. From this angle, It shows the 
continuous copper layer that supports the split ring 
resonator on the front side. This view is crucial for 
verifying the ground design, which plays an essential role in 
resonance and overall electromagnetic performance. 

6. EFFECT OF STRUCTURAL PARAMETERS ON S11 
RESPONSE USING POLYAMIDE SUBSTRATE 

This section discusses the influence of three critical 
geometric parameters gap size, thickness, and strip width 
on the reflection coefficient (S11) of the SRR unit cell using a 
polyamide substrate. Simulations were performed by 
varying one parameter at a time while keeping others 
constant. 

6.1 Effect of Width Size 

The impact of conductor width on the resonant response of 
the SRR structure was analyzed using three widths: 0.1 mm, 
0.2 mm, and 0.3 mm. Figure 1.3 shows that the 
configuration with 0.2 mm width achieves the deepest 
return loss (below -40 dB) around 30 GHz and 50 GHz, while 
the other widths show less pronounced or shifted 
resonance behavior. 

This indicates that 0.2 mm width provides the best 
impedance matching, possibly due to optimal balance 
between inductance and capacitance in the SRR loop. Too 
narrow or too wide a conductor alters the current 
distribution and resonance. The results are shown in Fig. 
6.1 and summarized in Table 6.1. 

 
Figure 5.2: Back view of the metamaterial unit cell 

5. SELECTION OF POLYAMIDE AS OPTIMAL 
SUBSTRATE 
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Width(mm) Resonant 
frequency(ghz) 

Minimum 
s11(db) 

0.1 66.0 -25 

0.2 43.0 -42 

0.3 42.0 -24 

 
Table 6.1. Resonant Frequency and S11 for width 

Fig.6.1. Simulated S11 vs Frequency for different width using 
polyamide substrate. 

6.2 Effect of Gap sizes 

To evaluate the influence of gap size on the resonant 
characteristics of the SRR (Split Ring Resonator), 
simulations were carried out using three different gap 
dimensions: 0.2 mm, 0.3 mm, and 0.4 mm, all using a 
polyamide substrate. As shown in Figure 1.4, the resonant 
dips  shift  noticeably  with  the  variation  in  gap  size.  The  configuration  with  a  0.3  mm  gap  demonstrated  the  deepest  resonance,  reaching  a  return  loss  of approximately -40 dB around 87 GHz. 
This behavior highlights how even small changes in the SRR 
gap can significantly impact the reflection coefficient 
(S11). The gap controls the capacitance of the resonator 
circuit smaller gaps increase capacitance and typically 
lower the resonant frequency, while larger gaps reduce 
capacitance, shifting the resonance higher. Optimal gap 
sizing enhances energy confinement and improves 
resonance depth. Results are shown in table 6.2. 

 

Gap size(mm) Resonant frequency(ghz) Minimum s11(db) 

0.2 66.5 -33 db 

0.3 87.5 -43 db 

0.4 -54.0 -40db 

 
Table 6.2. Resonant Frequency and S11 for Gap sizes 

 

Fig.6.2. Simulated S11 vs Frequency for different gap sizes 
using polyamide substrate. 

6.3. Effect of Thickness 

To evaluate the influence of substrate thickness on the 
resonant characteristics of the SRR (Split Ring Resonator), 
simulations were conducted using three different 
thicknesses of polyamide: 0.033 mm, 0.035 mm, and 0.036 
mm. As shown in Figure 1.5, all three configurations exhibit 
a distinct resonance dip between 9 GHz and 10.5 GHz, with 
the 0.035 mm thickness achieving the deepest return loss of 
approximately -32 dB at around 9.8 GHz. 

This indicates that minor changes in substrate thickness 
can significantly affect the reflection coefficient (S11), as 
thickness influences the effective dielectric loading and 
impedance matching of the resonator. Increasing thickness 
generally lowers the resonant frequency slightly due to 
increased electrical length, but too much thickness can 
also reduce resonance depth. Results are shown in table 
6.3. 
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Thickness(mm) Resonant 
frequency(ghz) 

Minimum s11(db) 

0.033 9.3 -28 db 

0.035 9.8 -32 db 

0.036 9.4 -27 db 

 
Table 6.3. Resonant Frequency and S11 for Thickness 

These parameters significantly influence the resonant 
frequency and performance of the SRR. Increasing the gap 
size generally raises the resonant frequency due to 
reduced capacitance, while increasing the ring width 
lowers the frequency by increasing inductance. 

Substrate thickness affects both bandwidth and loss; a 
thicker substrate can enhance bandwidth but may 
increase dielectric losses. Therefore, careful optimization 
of these dimensions is crucial for achieving desired 
electromagnetic response in metamaterial applications 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.6.3. Simulated S11 vs Frequency for different 

Thickness using polyamide substrate. 
 

7. CONCLUSION 

In this study, a square split ring resonator (SRR) was 
designed and analyzed using three different textile- based 
substrates: polyamide, polyethylene, and polyester. 
Among these, polyamide demonstrated the most favorable 
performance, exhibiting the deepest return loss and a 
clear, stable resonance response in the desired frequency 
range. 

To further optimize the SRR with the polyamide substrate, 
we systematically varied three key physical parameters 
gap size, ring width, and substrate thickness across three 
different values each, resulting in a total of nine different 
simulation combinations. Through this detailed parametric

Overall, polyamide emerged as the most efficient and 
reliable substrate in terms of electromagnetic 
performance. The findings of this work highlight the 
importance of material selection and dimensional fine- 
tuning in metamaterial and wearable antenna designs. 
These results can serve as a reference for future research 
in flexible, textile-based resonator applications. 
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