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Abstract: This paper investigates the performance of coplanar waveguide (CPW) structures loaded
with symmetric circular and polygonal split-ring resonators (SRRs) for microwave and RF applica-
tions, leveraging their unique electromagnetic properties. These properties make them suitable for
metamaterials, sensors, filters, resonators, antennas, and communication systems. The objectives of
this study are to analyze the impact of different SRR shapes on the transmission characteristics of
CPWs and to explore their potential for realizing compact and efficient microwave components. The
CPW-SRR structures are fabricated on a dielectric substrate, and their transmission properties and
spectrogram are experimentally characterized in the frequency range of 4 GHz to 10 GHz with the
rotation angles of the SRR gap. The simulation results demonstrate that the resonant frequencies and
magnitude of the transmission coefficient of the CPW-SRR structures are influenced by the geometry
of the SRR shapes and the rotation angles of the SRR gap, with certain shapes exhibiting enhanced
performance characteristics compared to others. Moreover, the symmetric circular and polygonal
SRRs offer design flexibility and enable the realization of miniaturized microwave components with
improved performance metrics. Overall, this study provides valuable insights into the design and
optimization of CPW-based microwave circuits utilizing symmetric SRR shapes, paving the way for
advancements in the miniaturization and integration of RF systems.

Keywords: coplanar waveguide (CPW); split-ring resonators (SRRs); microwave sensors; polygonal
shapes; spectrogram

1. Introduction

Versatile structures known as split-ring resonators (SRRs) have emerged as remarkable
entities, showcasing promising potential across a broad spectrum of operating frequencies
spanning from microwave (MW) to the optical regime. Initially proposed on theoretical
grounds in 1996 by Pendry et al. [1], the concept of SRRs gained tangible realization with
the successful fabrication of an SRR in 2000 by Smith et al. [2], followed by the pivotal
experimental verification of a negative index of refraction in 2001 by Shelby et al. [3]. SRRs
have further been integrated with planar transmission lines, facilitating the synthesis of
transmission line metamaterials. Notably, Martin et al. [4] in 2003 and Falcone et al. [5]
in 2004 demonstrated that coupling SRRs with coplanar waveguides (CPWs) on the back
substrate side effectively inhibits signal propagation in the vicinity of SRR resonance. This
coupling mechanism underscores the versatility and practical implications of SRRs in
manipulating electromagnetic waves across various frequencies and applications. The
introduced novel compact electromagnetic bandgap (EBG) structures using complementary
split-ring resonators (CSRRs) was proposed by Falcone et al. (2004) [6]. Baena et al. (2005)
expanded the field by presenting analytical models for isolated and coupled SRRs/CSRRs,
thus paving the way for the design of compact microwave devices based on metamaterial
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concepts [7]. Subsequent researchers, starting with Naqui et al. in 2011, have explored the
diverse applications of SRRs and CSRRs, particularly in sensor technologies [8]. These res-
onators exhibit the ability to suppress both odd and even modes in CPWs [9]. Experimental
validation supports selective mode suppression in CPWs. Notably, Naqui et al. further ana-
lyzed the significance of symmetric resonators in CPWs, highlighting their role in enabling
unhindered signal propagation and the detection of asymmetry with notable sensitiv-
ity [10]. Expanding on these findings, researchers proposed microwave sensors utilizing
the symmetry properties of transmission lines, ensuring robustness against environmental
changes and material variations [11]. Additionally, investigations into CPWs loaded with
electric-LC (ELC) resonators for sensor applications, including angular displacement and
velocity measurements, were put forth with a focus on robust design principles [12]. Fur-
ther innovations were introduced, including angular displacement and velocity sensors
employing S-shaped split-ring resonators (5-SRRs) [13] and a golden spiral-shaped tapered
ring resonator [14] for enhanced dynamic range. Additionally, compact filters utilizing
CPWs loaded with S-shaped split-ring resonators were proposed, with a validated lumped-
element circuit model supported by electromagnetic simulations [15]. The exploration
of CPW-based microwave components continued with the introduction of broadband
microstrip filters using open complementary split-ring resonators (OCSRRs) [16]. Demon-
strated designs included displacement sensors and dual-mode bandpass filters, showcasing
the potential of resonator configurations in practical applications [17]. A novel dual-band
filter design incorporating microstrip stepped impedance resonator (MSIR) and defected
stepped impedance resonator (DSIR) filters was proposed [18]. Dual-frequency printed
dipoles with SRRs were developed to maintain dipolar radiation patterns, consequently
improving antenna efficiency [19]. Advancements were not limited to antennas; proposals
for multiband printed monopole antennas and chipless RFID systems based on resonators
were put forth [20-23].

The narrative of CPW-loaded resonator structures unfolds with a series of innovative
strides propelled by intensive studies on sensor technologies [24]. These investigations
have primarily focused on alignment detection, linear displacement measurement, and
rotational sensing, thereby showcasing substantial enhancements in linearity and dynamic
range [25-27]. Notably, these advancements have underpinned the evolution of CPW
resonator structures, with recent endeavors exemplifying their utility in the real-time moni-
toring of various concentrations through the integration of CPWs with SRRs [28-30]. This
integration has unveiled promising prospects for their application in biochemical sensing
domains. Furthermore, the exploration has expanded to encompass novel designs, such as
metamaterial-inspired microwave microfluidic sensors, illustrating the adaptability and
versatility of resonator-based technologies across diverse scientific and engineering disci-
plines [31,32]. The realm of resonator applications traverses a broad spectrum of challenges,
ranging from leveraging symmetric split-ring resonators (SRRs) to excite asymmetric res-
onance for specialized tasks like narrowband filtering and bio-sensors [33] to employing
a single-ring square resonator (5-SRR) in conjunction with multiple double-split square
ring resonators (D-SRRs) for permittivity characterization [34]. Innovations extend to novel
methodologies such as integrating a split-ring metasurface-loaded honeycomb sandwich
structure, which serves as an effective solution to counteract the stealth performance degra-
dation of aircraft with substantial curvature [35]. Moreover, the development of a compact
and highly sensitive microwave sensor, employing a complementary split-ring resonator
(CSRR) for liquid characterization, underscores the practical versatility of resonator-based
technologies [36]. Additionally, the implementation of a microwave dual-crack sensor,
harnessing the TE;j resonance of a CSRR on a substrate-integrated waveguide (SIW), high-
lights the potential of resonators in sensing applications [37]. These diverse applications
underscore the far-reaching impact and multifaceted utility of resonator technologies across
various fields of study and practical domains. In light of these advancements, concerted
efforts have been directed towards establishing comprehensive guidelines for the design of
resonator-based devices, with a particular emphasis on harnessing resonator symmetry to
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enhance device efficiency across diverse applications [38—42]. Recently, there have been
presentations on the applications of CPW structures loaded with SRRs for MEMS [43,44],
the detection of dielectric constants [45], and barcode applications [46]. However, amidst
these significant strides, a notable research gap arises regarding the performance charac-
terization of coplanar waveguides (CPWs) with an SRR gap rotation angle spanning from
0° to 90°. Intriguingly, this aspect remains largely unexplored and necessitates thorough
scrutiny and analysis. Thus, we are propelled by an intrinsic motivation to embark upon a
pioneering investigation aimed at shedding light on this uncharted territory.

Our study endeavors to undertake a meticulous examination of the influence exerted
by diverse SRR shapes on the transmission characteristics and spectrogram of CPWs. By
meticulously dissecting this phenomenon, we aspire to unravel novel insights poised to
facilitate the realization of compact and highly efficient microwave components. This explo-
ration not only contributes to the advancement of the frontiers of microwave engineering
but also underscores the intrinsic flexibility and adaptability inherent within CPW-loaded
resonator structures, thereby catalyzing further innovations in this burgeoning field.

2. Materials and Methods
2.1. CPW-Loaded SRR Structures

Figure 1 illustrates the configurations of coplanar waveguide (CPW)-loaded split-ring
resonator (SRR) structures. The array encompasses nine distinct SRR geometries, namely
circular, triangular, quadrilateral, pentagonal, hexagonal, heptagonal, octagonal, nonagonal,
and decagonal. The design process employs a DiClad880 substrate characterized by a
dielectric constant (e,) of 2.2 and a loss tangent (tan o) of 0.0009, with a substrate thickness
of 1.6 mm. The detailed layout schematics and dimensional specifications of the CPW-
loaded SRR structures are presented in Table 1.

Table 1. Geometrical parameters of a CPW loaded with symmetric circular and polygonal SRR shapes.

Parameter \4 W_GND L c g r s
Value (mm) 4.95 14.85 60.4 0.5 0.3 6 0.3
% - | : ' |
GND S GND S
W_GND /o W_GND S W_GND
s I e \
t S %g Iw 1 %g Iw
GND op
(b) (c)
- - | k - !
GND GND /SRR
W_GND SRR W_GND W_GND
Is Y Is o/ p
1 Al o ﬂirﬂ Iw 1 T Tg Iw
GND GND
(e) (f)

Figure 1. Cont.
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Figure 1. The proposed CPW SSRRs: (a) circular, (b) triangular, (c) quadrilateral, (d) pentagonal,
(e) hexagonal, (f) heptagonal, (g) octagonal, (h) nonagonal, and (i) decagonal.

2.2. Equivalent Circuit Model

The elucidation of the equivalent circuit model concerning the CPW loaded with an
SRR is presented in Figure 2. This model is intertwined with the theoretical underpinnings
of CPWs loaded with symmetric resonators. Within this construct, the designations L; and
L, outline the metallic transmission line. Additionally, C; serves as a pivotal component,
characterizing the coupling capacitance linking the metallic transmission line with the
metallic ground. Notably, the interplay between the metallic transmission line and ground
with the SRR is elucidated through the comprehensive representation of capacitances
denoted by Cp, C3, C4, and Cs. The sum of C; to Cs can be represented as Cy;. Moreover,
the SRR finds its essence within the realm of the equivalent circuit models, epitomized by
the designations Lggr and Cgrgr. The resonance frequency (F;), manifested by the notch
magnitude in the transmission coefficient, can be expressed as follows:

1
F = 1)
" 27/Lsgr(Csrr + i)
L, L,
Y'Y\ Y'Y\

50Q 50Q

&

Cy

.|_|;_|;_\

Figure 2. Equivalent circuit model of CPW loaded with SRR.

2.3. Transmission Coefficient and Resonance Frequency for CPW-Loaded SRR Structures in Free
Space with Rotation Angles of Gap Ranging from 0° to 90°

CPW-loaded SRR structures encompass a diverse array of nine distinct configurations,
namely circular, triangular, quadrilateral, pentagonal, hexagonal, heptagonal, octagonal,
nonagonal, and decagonal. Each SRR structure features a gap, with the rotation angles of
said gap spanning from 0° to 90° in increments of 10°. To comprehensively characterize
the performance of these structures, a frequency sweep is conducted within the range
of 4 GHz to 10 GHz, utilizing 2001 sampling points. The resonance frequencies and
magnitude of transmission coefficients for the nine SRRs, accounting for gap orientations
ranging from 0° to 90°, are meticulously recorded and subjected to thorough analysis. This
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exhaustive examination aims to elucidate the intricate interplay between SRR geometry, gap
orientation, and microwave transmission characteristics, thereby contributing to a deeper
understanding of the underlying principles governing CPW-loaded resonator behavior.

2.4. The Spectrogram of CPW-Loaded SRRs

The spectrogram provides a comprehensive visualization of the spectra of transmission
coefficients across a range of gap rotation angles, spanning from 0° to 180° in increments
of 10°. To construct the spectrogram, the collected transmission coefficient spectra are
meticulously analyzed, with the transmission coefficients plotted as a function of both
frequency and angle position. This graphical representation facilitates the identification of
resonance frequencies and the examination of how these resonances vary with changes in
gap orientation. By scrutinizing the spectrogram, valuable insights can be gleaned regard-
ing the influence of gap rotation angles on the transmission characteristics of CPW-loaded
SRR structures. The positioning of the SRR gap influences the coupling capacitance of the
CPW loaded with an SRR, thereby altering the resonance frequency. Furthermore, the re-
sulting symmetry of the system impacts the magnitude of the transmission coefficient. This
analytical approach serves to deepen our understanding of the intricate interplay between
structural parameters and microwave transmission properties, thereby contributing to the
advancement of CPW-based microwave component design and optimization.

2.5. Fabrication and Experimental Measurement Set-Up

The CPW loaded with the SRR was fabricated via the dry film photoresist lithography
technique, and it was bonded with an SMA connector. The CPW loaded with the SRR
with the gap at 0° and 90° is as illustrated in Figure 3a,b, respectively. The device was
connected to a vector network analyzer (Agilent E5071B vector) through a high-frequency
(HF) coaxial cable, as depicted in Figure 3c. The connection between the device and the
coaxial cable was established using an SMA connector interfaced with the vector network
analyzer (VNA).

Figure 3. Cont.
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HF coaxial cable

A CPW loaded with SRR

()

Figure 3. Device prototype (W = 4.95 mm, W_GND = 13.23 mm, L = 60.40 mm, ¢ = 0.3 mm, g = 0.3 mm,
r =6 mm, and s = 0.5 mm) and measurement set-up. (a) CPW loaded with SRR with gap at 6 = 0°,
(b) CPW loaded with SRR with gap at 6 = 90°, and (c) measurement set-up.

3. Results
3.1. Transmission Coefficient for CPW-Loaded SRR Structures with Gap at 0 = 0° and 6 = 90°

Figure 4 provides a detailed examination of the Sy; spectra for CPW-loaded split-ring
resonator (SRR) structures in free space, presenting data for the rotation angles of the gap
at 0 = 0° and 6 = 90°. Figure 4a,b offer three-dimensional renderings of the structures,
while Figure 4c,d present them in two dimensions. The analysis of the simulation results
reveals distinct trends in resonance frequency (F;) as a function of gap rotation angle and
SRR shape. Notably, it is observed that the resonance frequency at 8 = 0° is consistently
lower than that at 6 = 90° across all SRR shapes. Furthermore, among the various SRR
geometries, the circular SRR consistently exhibits the lowest F;, while the triangular SRR
consistently displays the highest F; values, irrespective of gap orientation. Intriguingly,
the F; values exhibit a discernible trend across the different SRR shapes, with a consistent
ranking from low to high F, observed across both 6 = 0° and 0 = 90° configurations.
Specifically, the F, values ascend in the following order: circular, decagonal, nonagonal,
octagonal, heptagonal, hexagonal, pentagonal, quadrilateral, and triangular SRRs. These
findings shed light on the nuanced interplay between SRR geometry, gap orientation, and
resonance frequency, thereby enriching our understanding of the underlying mechanisms
governing the microwave transmission characteristics of CPW-loaded resonator structures.
Such insights hold significant implications for the design and optimization of compact and
efficient microwave components tailored to specific application requirements.
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Figure 4. The Sy; spectra of CPW SSRRs with the rotation angle of the gap at (a) 6 = 0° in 3D,
(b) 6 =90° in 3D, (c) 0 = 0° in 2D, and (d) 0 = 90° in 2D.

Figure 5 presents the outcomes of a rigorous linear regression analysis aimed at
elucidating the relationship between the number of angles (NOA) characterizing polygonal
split-ring resonator (SRR) shapes and their corresponding Sy; values. The analysis harnesses
a comprehensive dataset comprising diverse polygonal SRR shapes, each associated with a
distinct NOA, alongside their measured Sy; values obtained under controlled experimental
conditions. The linear regression analysis is conducted employing the least squares method,
endeavoring to establish the optimal-fitting line that captures the relationship between the
predictor variable (the number of angles) and the response variable (Sy1). The regression
line depicted in the graph serves as the best linear approximation of this relationship. The
formulation of the regression line is expressed by the following equations:

Sp1 = —0.2007 x NOA — 31.8885 (2)

3)

Equation (2), with the rotation angle of the gap set at 0°, yields a coefficient of determi-
nation (R?) for the regression model of 0.19. This R? value signifies that approximately 19%
of the variation observed in Sy; can be elucidated by the number of angles characterizing
polygonal SRR shapes. Consequently, a weak linear relationship between the two variables
is inferred. Conversely, Equation (3), corresponding to a rotation angle of the gap at 90°,
generates an R? for the regression model of 0.02. This R? value indicates that merely 2% of

Sy = —0.0564 x NOA — 19.3638
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the observed variation in Sy; can be attributed to the number of angles of polygonal SRR
shapes, implying an exceedingly weak linear relationship between these variables. The
dashed line incorporated into the graph signifies the 95% confidence intervals. In statistical
analysis, confidence intervals provide a range within which it can be reasonably inferred
that the true value of a parameter resides. Notably, from Equations (2) and (3), when con-
sidering the 95% confidence intervals, the quadrilateral SRR structure exhibits the lowest
confidence interval for Sy;. This meticulous statistical examination provides invaluable
insights into the relationship between polygonal SRR shapes” geometric characteristics
and their microwave transmission properties. Such insights are instrumental in informing
the design and optimization of CPW-loaded resonator structures, paving the way for the
development of highly efficient and tailored microwave components.

-1 5 L} L] L] L] L] L] L} L] L]
I - @ -
20} b 4’ )— 4‘ t o |
B B ‘ .
@ o
a 25 F Regression line .
T — — Confidence intervals
— ® o
Q Regression line
@ 30 B L o @ — — Confidence intervals 1
35 | J
40 PR R S S \' N D @
\ \2 ' A ‘\Q (\0 ‘\0 (\'b
O 0P @B g o o R 0o
W% e we vt 08 W0 oe

SRR Shapes

Figure 5. The correlation between Sy; and circular and polygonal SRR shapes with the rotation angle
of the gap at 0° and 90°.

Figure 6a visually represents the correlation between resonance frequency (F) and
polygonal split-ring resonator (SRR) shapes, taking into account rotation angles of the gap
set at 0° and 90°. A further exploration of this relationship is provided in Figure 6b,c, which
delve into the correlation between F, and the number of angles characterizing polygonal
SRR shapes, ranging from three to ten angles, in conjunction with the rotation angle of
the gap set at 0° and 90°. To quantitatively analyze this relationship, Equations (4) and (5)
are formulated:

F, = 5.1001 4 7.6229 x e~ 0-5895xNOA (4)
F, = 7.1644 + 36.2381 x e~ 0-9083xNOA (5)

Here, NOA denotes the number of angles in the polygonal SRR shapes. The regression
analysis yields a high R? of 0.9852 and 0.9978 for Equations (4) and (5), respectively, sig-
nifying a strong correlation between F; and the geometric parameters characterizing SRR
shapes. The simulation results presented in Figure 6a—c intricately explore the intricate rela-
tionship between F, and various configurations of polygonal SRR structures. In Figure 6a,
it is observed that the value of F; at a 90° rotation angle surpasses that at a 0° rotation angle.
This analysis offers valuable insights into the variations in F; concerning different shapes
and orientations of SRR structures. Figure 6b,c provide a more detailed examination by
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investigating the correlation between F; and the number of angles in polygonal SRR shapes.
Spanning from three to ten angles, this range offers a comprehensive perspective on how
the geometric complexity of SRR shapes influences F;. Notably, this investigation also
considers the rotation angle of the gap at 0° and 90°, thereby underscoring the significance
of orientation in the observed trends. The empirical findings are further elucidated through
Equations (4) and (5), which quantitatively characterize the relationship between F, and
the geometric parameters of SRR shapes. The elevated R? values affirm the robustness
of the proposed equations in capturing this relationship. Overall, it is apparent that the
relationship between the number of angles of the SRR and F;, with gaps at the 0° and 90°
angle positions, is governed by the same exponential decay function. Additionally, the
analysis reveals that the 0° angle position yields a lower F;, with the circular structure
consistently exhibiting the lowest F; in both the 0° and 90° cases.

10 T T T T T T T T T

[ P
9r @ 90 1
st [ .
N ® o
5 7t e ® o & ¢ |
Thy )
6f Y .
[ J
sl @ ® o0 ¢ 0 ¢ |
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< i (\9\) ‘\a‘e o o o° o o° o°
($) '“\6000‘)\ ?e‘\'@ Y\e'*a ‘\e‘,\a 00\0 ‘\0“0 ¢
SRR Shapes
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(b) (9

Figure 6. The correlation between F; and (a) polygonal SRR shapes with the rotation angle of the gap
at 0° and 90°; the correlation between F; and the number of angles of polygonal SRR shapes ranging
from three to ten angles, also in relation to the rotation angle of the gap at (b) 0° and (c) 90°.

3.2. Transmission Coefficient for CPW-Loaded SRR Structures with Rotation Angles for Gap
Ranging from 0° to 90°

Figure 7 visually portrays the configurations of coplanar waveguide (CPW)-loaded
split-ring resonator (SRR) structures, showcasing a comprehensive range of rotation angles
for the gap spanning from 0° to 90°. Each subfigure from Figure 7a—i provides a detailed
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depiction of the respective structures, encompassing circular, triangular, quadrilateral,
pentagonal, hexagonal, heptagonal, octagonal, nonagonal, and decagonal SRR shapes,
respectively. In Figure 7a, the circular SRR structure is depicted, characterized by its sym-
metrical and continuous circular geometry. This configuration serves as a fundamental
building block in SRR-based microwave components due to its simplicity and unifor-
mity. Subsequent subfigures, from Figure 7b—i, progressively introduce polygonal SRR
shapes with increasing numbers of edges, resulting in geometric variations that influence
microwave transmission characteristics. The triangular SRR depicted in Figure 7b intro-
duces a degree of angular complexity compared to the circular counterpart, contributing
to altered resonance behavior and enhanced versatility in microwave applications. As
the polygonal SRR shapes become more intricate, such as the quadrilateral, pentagonal,
and hexagonal shape and beyond, Figure 7 provides a visual representation of how the
geometric complexity impacts the structural and electromagnetic properties of CPW-loaded
SRR configurations. Each subfigure in Figure 7 offers valuable insights into the geometric
intricacies and structural variations inherent to CPW-loaded SRR structures, highlight-
ing the diverse design possibilities and the potential for tailored microwave component
optimization. These visual representations serve as a foundational resource for further
exploration and analysis, facilitating a deeper understanding of the interplay between
geometry, gap rotation angles, and microwave transmission characteristics in CPW-based
resonator systems.

GND

GND GND

GND

GND GND GND

4 = 0=0°
"Tg‘

(d) (e) ®
T T
Tg - Te
e “srr o iSRR GND
(8) (h) @)

Figure 7. The CPW-loaded SRRs with rotation angles for the gap ranging from 0° to 90°, featuring
the following shapes: (a) circular, (b) triangular, (c) quadrilateral, (d) pentagonal, (e) hexagonal,
(f) heptagonal, (g) octagonal, (h) nonagonal, and (i) decagonal.

Figure 8 presents the Sy; spectra for coplanar waveguide (CPW)-loaded split-ring
resonator (SRR) structures in free space, showcasing a range of rotation angles for the
gap varying from 0° to 90°. Each subfigure from Figure 8a—i offers a detailed representa-
tion of the corresponding SRR structure, encompassing circular, triangular, quadrilateral,
pentagonal, hexagonal, heptagonal, octagonal, nonagonal, and decagonal shapes, respec-
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tively. Observing the Sy spectra within the frequency range of 4 to 10 GHz, considering
the rotation angle of the gap spanning from 0° to 90°, reveals two distinct characteris-
tics of F; peaks. Notably, these characteristics manifest in instances of both single and
double peaks, indicating the presence of varied resonance behavior across different SRR
configurations and gap orientations. The spectral analysis depicted in Figure 8 provides
valuable insights into the microwave transmission characteristics of CPW-loaded SRR
structures, shedding light on the nuanced interplay between geometric parameters, gap
rotation angles, and resonance phenomena. Each subfigure offers a comprehensive view of
the structural and electromagnetic properties inherent to different polygonal SRR shapes,
contributing to a deeper understanding of the design considerations and optimization
strategies for CPW-based microwave components. These spectral observations underscore
the importance of meticulous analysis and characterization in elucidating the complex
behavior of SRR-based microwave devices. Furthermore, they serve as a foundation for
further investigation into the optimization of CPW-loaded resonator structures for diverse
applications in microwave engineering.
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Figure 8. The Sy; spectra of CPW-loaded SRRs: (a) circular, (b) triangular, (c) quadrilateral, (d) pen-

tagonal, (e) hexagonal, (f) heptagonal, (g) octagonal, (h) nonagonal, and (i) decagonal.

The analysis of the Sy; spectra reveals distinct patterns in resonance behavior corre-
sponding to rotation angles of the gap in coplanar waveguide (CPW)-loaded split-ring
resonator (SRR) structures. Notably, it was observed that a single F, peak emerges during
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specific convolution periods, ranging from 0° to 20°and from 80° to 90°. The initial single
peak manifests within the convolution period spanning from 0° to 20°, while the second
single peak arises within the rotation range of 80° to 90°. Conversely, between the gap
angles of 30° and 70°, two peaks are evident, indicating a more complex resonance behavior
within this range. Figure 9 illustrates the correlation between Sy; values at rotation angles
of 0° and all other rotation angles for the gap of CPW-loaded SRRs while varying the
frequency from 4 GHz to 10 GHz. Specifically, Figure 9a depicts the correlation between the
Sy1 values of circular SRRs from 0° to 90°, while Figure 9b shows the correlation between
the Sy; values of circular SRRs from 100° to 180°. Notably, cyclic patterns are observed
between 0° and 90°, suggesting a symmetrical response in Sp; values across this rotation
angle range. The observed cyclic patterns in the correlation between S;; values and ro-
tation angles of the gap in CPW-loaded SRR structures imply the presence of inherent
symmetrical characteristics. This symmetry is particularly pronounced within the range
spanning from 0° to 90°, indicating a consistent and predictable behavior in microwave
transmission properties for polygonal SRR shapes coupled with coplanar waveguides.
These findings contribute to a deeper understanding of the structural and electromagnetic
characteristics of CPW-loaded SRR configurations, highlighting the importance of sym-
metry considerations in microwave component design and optimization. Such insights
are crucial for the development of highly efficient and tailored microwave devices with
enhanced performance and functionality.
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Figure 9. The correlation between the S;; values at the rotation angles of 0° and all rotation angles
for the gap of CPW-loaded SRRs when varying the frequency from 4 GHz to 10 GHz, a (a) circular
SRR (0° to 90°) and (b) circular SRR (100° to 180°).

(a)

Figure 10 presents a comprehensive analysis of the intricate relationship between the
S;1 magnitude, representing the highest amplitude, and resonance frequency (F;) values,
with respect to the rotation angles of the split-ring resonator (SRR) gap ranging from 0°
to 90°. This examination is conducted while modulating the frequency between 4 GHz
and 10 GHz, providing a detailed insight into the dynamic behavior of CPW-loaded SRR
structures under varying geometric configurations. The graphical representation in Figure 8
unveils a compelling correlation, demonstrating that changes in the angles of the SRR gap
induce corresponding shifts in Sy; across all structures under investigation. Notably, a
rapid and pronounced alteration in magnitude is observed within the initial 0° to 30° span,
followed by a subsequent decrement. This consistent pattern of variation persists across all
examined structures, depicting a coherent trend amidst diverse structural configurations.
Moreover, a nuanced examination of the plotted data reveals intriguing fluctuations within
the triangular and quadrilateral SRR structures, particularly evident between 30° and 90°,
as delineated in Figure 10a. This observation underscores the sensitivity of these structures
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to variations in gap angles, elucidating the subtle nuances inherent in their performance
characteristics across varying geometric configurations. Delving deeper into the analysis,
an exploration of F; variation concerning the gap position of the SRR within the 0° to 90°
ambit uncovers the presence of two distinct F; ranges within each structural configuration.
Noteworthy is the discernible fluctuation in F; levels within the narrower angle range of
20° to 40°, suggestive of localized perturbations in the electromagnetic response of the
structures under scrutiny. Overall, the findings presented in Figure 10 provide valuable
insights into the complex interplay between geometric parameters, resonance behavior, and
microwave transmission properties in CPW-loaded SRR structures. This comprehensive
analysis enhances our understanding of the underlying mechanisms governing the perfor-
mance of these structures and lays the groundwork for future advancements in microwave
component design and optimization.
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Figure 10. The correlation between the Sy; and F; values with the rotation angles of the gap at 0° to
90° when varying the frequency from 4 GHz to 10 GHz, (a) Sp; and (b) F.

Moreover, a comparative evaluation across the range of angles reveals intriguing
disparities in resonance frequency (F;) values among different split-ring resonator (SRR) ge-
ometries. Notably, the triangular SRR structure emerges as the frontrunner in F, magnitude,
exhibiting heightened sensitivity to gap angle variations. This is because the triangular
SRR structure is small, with the least amount of copper area. As a result, the triangular
SRR structure’s capacitor and the coupling capacitor have less coupling. This results in
a higher F, compared to other structures. Moreover, the triangular SRR structure has
sharp corners and a high electric field distribution. This indicates a higher sensitivity
than other structures. In contrast, the circular SRR structure consistently occupies the
opposite end of the spectrum, displaying the lowest F; values across the entire 0° to 90°
spectrum, as illustrated in Figure 10b. However, we found that octagonal, nonagonal,
and decagonal structures have similar spectral responses, with Sy and F; values varying
in a very similar way with the gap rotation angle. This is because the three structures
have similar sizes and copper areas. This stark contrast underscores the pivotal role of
structural geometry in dictating electromagnetic response characteristics, offering valuable
insights into the design and optimization of SRR-based devices across a diverse array of
applications. The observed variations in F; values highlight the intricate interplay between
SRR geometry, gap angle, and microwave transmission properties, emphasizing the im-
portance of a tailored structural design in achieving desired performance outcomes. These
findings contribute to a deeper understanding of the complex behavior of CPW-loaded
SRR structures and provide crucial guidance for optimizing their performance in various
microwave engineering applications. By elucidating the influence of structural geometry on
F; values, this comparative assessment facilitates informed decision-making in the design
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and development of SRR-based devices, ultimately leading to enhanced efficiency and
functionality in microwave systems.

Figure 11 shows the electric field distribution on the top layer of CPW-loaded SRRs
with symmetrical circular and polygonal SRR shapes at gap positions at 0°. Upon observing
the electric field distribution, it was discovered that the CPW loaded with a triangular
SRR exhibited the highest electric field distribution value when the gap was at 0°. This is
because the structure features sharp corners and is constrained within its confines.

(8) (h)

Figure 11. The electric field distribution on the top layer of CPW-loaded SRRs within the gap rotation
angle at 0°: (a) circular, (b) triangular, (c) quadrilateral, (d) pentagonal, (e) hexagonal, (f) heptagonal,
(g) octagonal, (h) nonagonal, and (i) decagonal.

Furthermore, we have discovered that the coplanar waveguide (CPW) loaded with
a split-ring resonator (SRR) structure yields a more robust electric field compared to
the microstrip loaded with an SRR structure. The enhanced electric field renders the
region highly sensitive, making it suitable for sensor applications. Hence, we have opted
to investigate the CPW structure loaded with an SRR in this study. Nevertheless, our
investigation revealed that the microstrip structure loaded with a triangle SRR exhibits an
exceptionally high electric field in comparison to all other structures. Additionally, it also
entails an elevated resonant frequency when compared to the CPW loaded with a triangle
SRR. These yielded inverse results compared to microstrips loaded with other SRRs. This
is likely because the triangle SRR structure is small and possesses sharp corners. This
involves positioning the copper area of the structure as close to and covering the microstrip
area as possible. Figure 12 displays the spectra of Sy1. Simulation and measurement tend
to agree; the position of the gap at 0°, the F, is lower than that at 90°. We have found
that the measurement results have shifted from the simulation, influenced by fluctuations



Symmetry 2024, 16, 534

16 of 21

stemming from fabrication and variations in the size of the structure at different points
during the etching process in copper. The proposed structure is capable of generating a
high electric field, rendering it suitable for highly sensitive sensing applications across solid,
liquid, and gaseous states. Additionally, its responsiveness to changes in both position and
angle qualifies it for measuring various parameters such as displacement, rotation, angular
displacement, velocity, alignment, and position. Simultaneously, featuring a two-port
design and demonstrating signal propagation inhibition near the resonant frequency of the
SRR, the structure presents an alternative avenue for utilization as a microwave frequency
filter circuit.

0
-5
- -10
3
~ 15
—‘o_‘ O 0 degree Exp.
(7] 0 degree Sim.
— 20} O 90 degree Exp.
90 degree Sim.
25 A
-30 | . . . ]
4 5 6 7 8

Frequency (GHz)

Figure 12. Sy; spectra of CPW loaded with SRR with gap at 6 = 0° and 0 = 90° based on simulation
(Sim.) and experiment (Exp.), W = 4.95 mm, W_GND = 13.225 mm, L = 60.40 mm, ¢ = 0.3 mm,
g=03mm, r=6mm,and s =0.5 mm.

Figure 13 shows the spectrogram of a coplanar waveguide (CPW) loaded with sym-
metrical circular and polygonal split-ring resonator (SRR) shapes at gap positions at various
rotation angles. This visual representation offers insights into the transmission coefficient
spectra across gap rotation angles ranging from 0° to 180° at 10° intervals. By synthesizing
these transmission coefficient spectra, a comprehensive spectrogram emerges, plotting
transmission coefficients as a function of both frequency and angle position. In this spectro-
gram, the contrast between the red and blue hues is indicative: the red regions denote areas
with minimal Sy; magnitude, while the blue regions signify pronounced S;; magnitudes.
This observation is pivotal, as it delineates the areas where resonant frequencies manifest.
Notably, alterations in the gap angle prompt discernible shifts in both Sy; and the resonant
frequency (F;), as evidenced across Figure 13a—i. Upon closer examination, the blue region,
symbolizing the resonant frequency zone, can be delineated into three distinct segments:
the first spanning from 0° to 20°, the second from 80° to 100°, and the third from 160°
to 180°. Remarkably, the angle intervals of 0° to 20° and 80° to 100° coincide within the
same frequency range, albeit featuring varying F; values across each structural configura-
tion. Moreover, upon scrutinizing the spectrogram of each individual structure, a notable
symmetry emerges within the gap rotation angle ranges of 0° to 90° and 91° to 180°. This
observation underscores the inherent balance and coherence in the structural arrangements
across these specific angular domains. The presence of such symmetry highlights the pre-
dictable and consistent behavior exhibited by CPW-loaded SRR structures under varying
gap rotation angles, underscoring their potential for robust and reliable performance across
diverse applications in microwave engineering. Based on the spectrograms depicted in
Figure 13, it can be concluded that all nine SRR-loaded CPW structures exhibit symmetry
within the angle range of 0° to 90°. Additionally, the magnitude of Sy and the resonant
frequency differ for each position of the gap.
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Figure 13. The spectrogram of CPW-loaded SRRs: (a) circular, (b) triangular, (c) quadrilateral,
(d) pentagonal, (e) hexagonal, (f) heptagonal, (g) octagonal, (h) nonagonal, and (i) decagonal.

The sensitivity (S) of the rotation angles of the gap from 0° to 90° was analyzed from
the results shown in Figure 14. The sensitivity was defined as the ratio of the resonant
frequency change to the angles of the gap change, as follows:

AF,

5= 0

(6)
where AF, is the shift in the resonant frequency (F, g — F; g0), and Af is the change in the angles
of the gap (6 — 0°). From Figure 14, it is shown that the sensitivity of every structure is divided
into two ranges. The sensitivity is ordered from the highest to lowest as follows: triangle
(0.47 GHz/degree), quadrilateral (0.36 GHz/degree), pentagon (0.33 GHz/degree), hexagon
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(0.31 GHz/degree), heptagon (0.30 GHz/degree), octagon (0.29 GHz/degree), nonagon
(0.29 GHz/degree), decagon (0.29 GHz/degree), and circle (0.25 GHz/degree), respectively.
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Figure 14. A sensitivity comparison of the CPW-loaded SRRs for rotation angles of the gap at 0°
to 90°.

Comparisons of the performance of a CPW loaded with symmetric circular and
polygonal SRR shapes are shown in Table 2. It was found that the structure with the
lowest F; was the CPW loaded with circular SRRs, while the structure with the smallest
size of SRRs and the least copper area of SRRs was the CPW loaded with triangular SRRs.
Additionally, it was observed that the CPW loaded with triangular SRRs also provides the
highest electric field distribution value. It was further noted that structures with an odd
number of corners position their corners exactly in the center of the transmission line and
provide a higher electric field distribution than structures with an even number of corners.
Moreover, the sharper the angle, the higher the electric field distribution value will be.

Table 2. Comparisons of the performance of a CPW loaded with symmetric circular and polygonal
SRR shapes.

SkRShapes  Angles et UGG A SURT sl R ERA g,

(Degrees) (mm) (m?) Degree)
Circular 0 6 37.70 113.10 19.63 —33.90 5.02 65,668 0.25
Triangular 180 6 31.18 46.77 8.12 —30.88 6.37 103,594 0.47
Quadrilateral 360 6 33.94 72.00 12.50 —30.45 5.78 51,260 0.36
Pentagonal 540 6 35.27 85.60 14.86 —32.62 5.43 66,340 0.33
Hexagonal 720 6 36.00 93.53 16.24 —33.63 5.30 48,937 0.31
Heptagonal 900 6 36.45 98.51 17.10 —33.58 5.18 56,371 0.30
Octagonal 1080 6 36.74 101.82 17.68 —34.75 522 50,226 0.29
Nonagonal 1260 6 36.94 104.13 18.08 —34.04 5.18 59,927 0.29
Decagonal 1440 6 37.08 105.80 18.37 —33.57 5.10 44,621 0.29
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4. Conclusions

In this investigation, we examine the performance of coplanar waveguide (CPW)
structures loaded with split-ring resonators (SRRs) for microwave and RF applications. Our
study reveals that the resonance frequency (F;) of CPW-loaded SRR structures is influenced
by the geometry of SRR shapes and the rotation angles of the gap, with certain shapes
exhibiting enhanced performance characteristics. Linear regression analyses demonstrate
correlations between polygonal SRR shapes and their transmission characteristics, under-
scoring the significance of structural geometry in dictating the electromagnetic response.
Additionally, spectrogram analysis highlights symmetry and sensitivity to gap angle vari-
ations within the frequency range of 4 to 10 GHz, offering insights into the design and
optimization of SRR-based devices for microwave engineering applications. This study
found that the CPW-loaded triangular SRR structure is highly sensitive, exhibits the highest
electric field distribution, and has the highest resonant frequency. Additionally, it possesses
a spectrogram characteristic that differs from other structures. These findings contribute
significant advances to the burgeoning field of CPW-loaded SRR structures, providing a
robust framework for understanding their performance characteristics and paving the way
for innovative advancements in microwave engineering and communication systems.
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